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I Introduction 
 

 

I.I Arenaviruses and their biological implications 
 

The worldwide presence of arenaviruses combined with their human pathogenic potential makes their study 

an utmost importance. This is further impressed by the fact that certain arenaviruses, such as Lymphocytic 

choriomeningitis virus (LCMV), are the natural pathogens of mus musculus, which makes LCMV easily 

translatable to the most developed mammalian research model. Arenaviruses belong to the arenaviridae 

virus family and are characterized by being a bi-segmented ambisense single-stranded RNA virus (1). These 

viruses can infect a broad range of mammals and, as more recently discovered, reptiles (2). Indeed, due to 

this wide tropism, multiple species of arenaviruses can be encountered in every inhabited continent of the 

world. However, mammalian arenaviruses, despite being capable of infecting a wide range of mammalian 

species, are mostly found in rodents. Each species of arenavirus is carried by one or a limited number of 

rodent species and is contiguous to its reservoir’s geographic range. This geographic constriction contributed 

to the arenavirus’s ample phylogenetic diversity and has ultimately driven the separation of the mammalian 

arenaviruses into two subfamilies: the “New-World” (NW) arenaviruses (present exclusively in North and 

South America); and the “Old-world” (OW) arenaviruses (present on all other continents) (3, 4). The 

exception to this is LCMV, which despite having a phylogenetic resemblance with OW arenaviruses, can be 

found world-wide (5). This again, is reflective of its host’s geographic spread, the house mouse (mus 

musculus). A further driver of diversification are genetic recombination events and vertical and horizontal 

transfer of viruses within and between populations (4, 6). The estimated emergence of new arenaviruses 

species every three years is a further testimony to their diversification potential (3).  

Despite arenaviruses being able to infect humans, such events are considered an incidental and are usually 

contained with little human-to-human transmission reported (7). Infection occurs primarily by exposure to 

urine, feces or saliva from infected animals, most frequently in rural or underdeveloped settings. After human 

infection by an arenavirus, a broad spectrum of clinical manifestations can be observed in humans, from 

mild or asymptomatic infection to fatal hemorrhagic fever. The first arenavirus identified to cause 

hemorrhagic disease was Junin, a NW arenavirus, which incidentally is the only arenavirus for which a 

vaccine is currently in clinical use (8-10). This was followed by the identification of other hemorrhagic fever 

causing arenaviruses such as Guanarito, Machupo, and Lassa viruses (LASV) (11). The LASV is currently 

considered as the most important human pathogen amongst the arenaviruses for which little to no effective 

therapy or prevention is available (12). Yearly, thousands of infections with LASV and subsequent deaths 

are reported in Africa with plenty more estimated to be underreported.  

As for the prototypical arenavirus, LCMV, rare cases of adult human LCMV infection have been reported 

with most being manifested with neurological disease such as meningitis or encephalitis, perfectly matching 

LCMV’s namesake (13). In immunocompetent individuals infection with LCMV is described as mostly 
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moderate and full recovery is achieved after several weeks. Indeed, up to one third of LCMV infected people 

report no symptoms, despite serological evidence of infection (14).  

When an infection with LCMV causes disease symptoms, the progression of the disease is described as a 

biphasic illness with initial symptoms such as fever and general malaise, followed by a second phase with 

symptoms typical of aseptic meningitis such as fever, headache, nausea and photophobia (15). In 

immunocompromised individuals, such as transplant patients, infection with LCMV can further progress to 

lethal meningoencephalitis (16). Another clinically relevant scenario is the case of prenatal infection, in 

which LCMV infects the fetal brain and retina leading to substantial injury and neurological malformation 

(17-19). In summary, the clinical manifestations of a LCMV infection are depended on the developmental 

stage and immunocompetence degree of the patient. Given that the most severe LCMV infections are 

observed in immunocompromised individuals or infants infected in utero, this speaks towards the theory that 

competent cellular immunity is critical for viral clearance. 

Infection with LCMV can be diagnosed indirectly by serological testing or directly by PCR. If active 

infection is suspected, a direct confirmation of viral presence in the blood or cerebrospinal fluid (CSF) can 

be confirmed by an RT-PCR directed to LCMV mRNA (20). However, PCR based diagnosis relies on active 

viral infection, which can lead to false negative results in the process of viral clearance. Therefore, if proof 

of prior infection is required, an Enzyme-linked Immunosorbent Assay (ELISA) directed at LCMV specific 

antibodies can be performed.  

As it is the case for other arenavirus-associated diseases, an effective antiviral therapy for LCMV is still not 

developed. Although the off-label use of an extremely high dose of ribavirin is used for Lassa fever 

treatment, its usage is greatly limited by the severe side-effects and therapy efficacy is only proven if given 

in an early time window post infection (21). The recently developed drug favipiravir was shown to have a 

better antiviral activity against arenavirus in both cell cultural and animal studies with less cytotoxicity in 

comparison to ribavirin, and might thereby be a promising therapeutic approach (22-24).  

 

 

I.II The Lymphocytic choriomeningitis model of viral infection 
 

Infection of mice with LCMV is one of the best-studied models for virus-induced immunity. Major 

milestones in the understanding of the mammalian immune system, such as the MHC class system (25) and 

T cell exhaustion (26), were reached through the use of the LCMV infection model. By having a diverse set 

of LCMV strains available which translate into different lengths of viral persistence in mice, the molecular 

mechanisms that underpin acute versus chronic infection can be duly dissected in a standardized model. 

Moreover, due to the non-cytolytic nature of LCMV there is a better distinction between virus mediated 

versus host mediated cellular destruction for the cause of tissue pathogenesis (27). Due to such a versatility, 

it is thus not surprising that many of the immunological findings using the LCMV infection model had a 

major impact in the understanding of human chronic diseases that go beyond virus infections, such as cancer 

or autoimmune diseases (28-30). Indeed, the mechanisms governing CD8 T cell exhaustion, which were 
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discovered and greatly studied using the LCMV model (discussed in section I.IV) formed the basis for cancer 

therapies targeting immune cell checkpoint inhibitors such as programmed cell death protein 1 (PD-1) 

(reviewed in (31, 32)).  

Originally three different LCMV-strains were isolated: Traub, WE/UBC and Armstrong (Arm). Other strains 

that were derived from the original three and that are used in research are: Docile, a highly replicating strain 

derived from LCMV-WE (UBC) (33) and LCMV Clone 13 (LCMV Cl-13) (34). In comparison to its parent 

strain LCMV-Arm, which causes a transient infection, LCMV Cl-13 is characterized by causing chronic 

viral infection (>20 days) (34). By using reverse genetic tools three coding mutations were identified 

between Cl-13 and Arm, from which two of them contribute to viral persistence and immunosuppression, 

one in the viral polymerase (35) and the other in the glycoprotein (36, 37). Whereas the polymerase mutation 

conferred faster replication capacity in LCMV Cl-13, the glycoprotein mutation increased the receptor 

binding affinity with the former having a much greater impact on pathogenicity. Moreover, the mutation 

located in the glycoprotein allows LCMV Cl-13 to preferentially infect dendritic cells (38-40). Therefore, 

on the basis of differential replication kinetics, vastly different outcomes in terms of viral persistence are 

observed between Arm and Cl-13. Infection with high doses of highly disseminating strains such as LCMV 

Cl-13 or Docile result in prolonged viremia while LCMV-Arm is acutely cleared independently of the dosage 

(34, 41). Importantly, the T cell epitopes between LCMV Arm and LCMV Cl-13 are identical allowing a 

side-by side comparison of an acute and chronic infection (42, 43). Importantly, as it was shown by the group 

of Lehman-Grube, acutely infected CD8-deficient mice are unable to clear the infection pointing out that 

CD8 T cells are the driving force of early viral clearance in a LCMV infection (44).   

 

 

I.III Arenavirus-based vector platform 
 

CD8 T cells are a critical component of protective immunity against exogenous agents, such as viral 

infections, or endogenous threats, such as cancer cells. Thus, a major goal of vaccines against chronic 

infections such as Human immunodeficiency virus (HIV), Hepatitis C as well as tumor cells is the induction 

of a potent and durable CD8 T cell response. With the advent of recombinant viral vector technology, a 

panoply of viral vaccine delivery platforms became available, several of which are currently in clinical use 

(45, 46). Yet, a major challenge for the translation of various viral vectors into human therapy is the pre-

existing immunity targeting the parental viral vector (47).  

Since the development of arenavirus reverse genetic tools (48, 49), these vectors became a promising vaccine 

platform against both chronic diseases and cancer. Indeed, given the low seroprevalence of arenaviruses in 

the human population (50-52) combined with a glycan shield which strongly evades humoral immunity (53), 

arenavirus-based vectors are an optimal candidate for clinical use. In addition, LCMV was shown to directly 

infect antigen-presenting cells (APC), which is essential for the activation of CD8 T cells (54, 55). Due to 

the arenavirus unique transcription strategy, arenavirus-based vectors can only carry foreign genetic material 

if one of the genes is replaced in their original bi-segment arrangement. This led to the first generation of 
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LCMV-based vectors to be pseudotyped, with the LCMV glycoprotein (GP) gene replaced by the antigen of 

choice. However, such strategy greatly limits in vivo replication of these vectors (56).  

Although these vectors are inherently safe, they are only able to deliver the genetic material in a single round 

of infection, having thus a limited antigenic delivery capacity. For this reason, further research was 

absolutely necessary. In the past the antigenic capacity of LCMV-based vectors was improved by switching 

to a tri-segmented genomic configuration (57). These vectors were further optimized leading to stably 

expressing LCMV-based attenuated immunotherapy vectors (artLCMV). As it was shown by (58), artLCMV 

shows both a stable attenuation and a constant expression of the transgene, thereby fulfilling the criteria for 

a potential vaccine vector. In addition to their natural tropism for antigen presenting cells, it was shown that 

artLCMV vectors are able to trigger the release of IL-33, which is an important stimulator for CD8 T cell 

proliferation (58, 59).  

Importantly, the vector-induced cytotoxic T lymphocyte (CTL) response can be further optimized by 

repeated administration of hetero- or homologous boosts (discussed in (60)). Over the past years, the use of 

heterologous prime-boost approaches has gained significant momentum against a wide range of pathogens 

(61-64). By combining two distantly related arenaviruses with minimal genetic overlap the 

immunotherapeutic potential of the arenavirus-based vaccine platform can be further potentiated as 

demonstrated in chapter 2 (65).  

 

Recently, replication-deficient LCMV vectors expressing the human cytomegalovirus antigen glycoprotein 

B and the 65-kD phosphoprotein were tested in a dose-escalation Phase I clinical trial (66).The fact that the 

vaccine was well tolerated and induced a cytomegalovirus-specific CD8 and neutralizing antibody (nAb) 

response in most of the healthy adult volunteers, further justified the clinical evaluation of replication-

deficient LCMV vectors. Moreover, this study could clearly highlight the benefit of replication-deficient 

LCMV vectors by being able to induce a humoral as well as a cellular immune response.  

 

 

I.IV The adaptive immune responses in acute and chronic LCMV infection and the importance of 
T- cell factor-1 expressing CD8 T cells for viral clearance 
 

As mentioned in I.II, LCMV infection, particularly by the acute infection causing strains, is strictly 

controlled by CD8 T cells (67). Viral clearance by CD8 T cells is achieved by eliminating the infected host 

cells via perforin-mediated lysis (68) as well as the production of IFN-γ, TNF-α and IL-2 that help to shape 

the developing immune response. Most of the effector CD8 T cells that peaks around day 8-10 post infection 

(p.i)., undergo a contraction phase, where only 5-10 % will persist and form the memory CD8 T cell pool 

that protect the host against reinfection (69-71). The clearance of an acute LCMV infection is depended on 

CD8 T cells and viral clearance can be achieved in the absence of CD4 T cells (72) and a humoral immune 

response (73). In contrast to the primary CD8 T cell response, which does not require CD4 T cell help, the 

LCMV specific B cell response is strictly CD4 T cell dependent (74). In the first weeks after LCMV infection 

(either acute or chronic) the vast majority of the induced LCMV-specific Abs show no antiviral activity in 
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cell culture neutralizing assays, and are thus referred to as non-neutralizing Abs (nnAbs) (75). The majority 

of described nnAbs bind either to the LCMV-nucleoprotein (NP) or LCMV-GP and are thought to provide 

protection by shaping the adaptive immune response (76-78). Similar to chronic infection in humans, 

infection of mice with LCMV strains which cause a persistent infection are associated with a compromised 

T-cell response (79) and have an ambivalent effect on the B cell response. Even though high affinity LCMV 

neutralizing antibodies are described to be generated only in the context of chronic infection (75) their 

appearance in physiological settings, coincides with the later stages of infection or even after clearance. This 

suggests that although chronic infection drives successful B cell responses, high viral loads might still be 

detrimental towards B cell development in the initial stages of infection (80).  

Unlike to an acute infection, in a chronic LCMV infection CD8 T cells are exposed to an excessive amount 

of antigen and inflammatory signals. This leads to a hierarchical loss of CD8 T cell effector functions, a state 

called in literature “T cell exhaustion” (26, 81). Initially, CD8 T cell exhaustion was described as a clonal 

deletion of CD8 T cells occurring during high antigen-persistence (82). More recently, with the development 

of advanced methods such as major histocompatibility complex multimers (tetramer) to detect antigen-

specific CD8 T cells, it became clearer that exhausted CD8 T cells are not necessarily physically deleted but 

are instead functionally impaired with a reduced ability to produce cytokines as well as killing infected target 

cells (83). Moreover, exhausted CD8 T cells (CD8 Tex) differ in their transcriptome, metabolism (84) and 

epigenetic imprint (85, 86) when compared to effector CD8 T cells generated upon an acute infection. 

Besides these aspects, CD8 Tex show high expression of multiple co-inhibitory receptors such as PD-1, 

TIGIT, LAG-3, CTLA-4, TIM-3 or CD39 (87-92) which dampen T cell activation by the following 

mechanism: changes at transcriptional level (PD-1), inhibition of competitive fitness resulting in impaired 

proliferation (93), altering T cell metabolism (94, 95), limiting co-stimulation (92) as well as inhibition of 

the signal cascade downstream of TCR signaling (96).  

Several factors dictate the development of CD8 T cell exhaustion, including antigen-persistence (97), the 

presence of CD4 T cells (98, 99), T-cell receptor (TCR) signaling (100) and the expression of certain 

immunosuppressive cytokines such as IL-10 (101, 102) and TGF-β (103). Notably, the state of CD8 T cell 

exhaustion is distinct from tolerance and anergy, two mechanism that are acquired via central and peripheral 

immune tolerance mechanisms (104).  

As previously mentioned, exhaustion of CD8 T cells has been also reported in human chronic diseases. It is 

now a recognizable hallmark in patients with chronic hepatitis B (105, 106), C (107) or human 

immunodeficiency virus (HIV) (108, 109) infection as well as oncologic diseases. Moreover, in cancer 

immunology reversion of intra-tumoral CD8 T cell exhaustion has been one of the major therapeutical 

objectives of the last decade. However, exhaustion can also be seen as a functional adaptation of the immune 

system to high antigen stimulation. Studies from mice deficient for PD-1 (110), clearly suggested a protective 

role of the inhibitory receptor PD-1. In this regard, CD8 T cell exhaustion can be seen as a mechanism to 

prevent immunopathology in the presence of high antigenic load and therapeutic interventions have to be 

chosen carefully.  
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As shown by (111, 112) depletion of CD8 T cells during the chronic phase of simian immunodeficiency 

virus (SIV) infection immediately led to increased viral titer. Such data clearly point out that CD8 TEX are 

not functionally inert, moreover they play an important role to keep chronic viral infection in check.  

Since the parameters that lead to CD8 T cell exhaustion have been defined, methods that prevent CD8 T cell 

exhaustion but also enhance the effector function have become available. Indeed, inhibition of inhibitory 

receptors such as PD-1, Tim-3, CTLA-4 or Tim-3 showed a beneficial effect on exhausted CD8 T cells by 

restoring their ability to proliferate, secrete cytokines and kill infected target cells (28, 113). Several studies 

aimed to identify the CD8 T cell subset that provides the proliferative burst upon anti-PD-1/PDL-1 

administration to further optimize the PD-1 directed immunotherapy. In 2016, several groups revealed at 

least two different groups of exhausted CD8 T cells. One subset is classified as a terminal differentiated CD8 

T cells that perform cytotoxic functions but are unable to persist in the long term. The second subset, called 

stem cell-like CD8 T cells (CD8 TSCL), is characterized by the following three features: proliferative capacity, 

self-regeneration and ability to produce differentiated cells (discussed in (114)). Moreover, this 

subpopulation of virus-specific CD8 T cells was shown to sustain the ongoing immune response and exhibit 

increased proliferative capacity in response to checkpoint blockade. Phenotypically, CD8 TSCL display high 

expression of the transcription factor Tcf-1 (encoded by Tcf7), a transcription factor that was shown to be 

critical for T cell development, mature T cell differentiation and memory formation (discussed in (115)). 

Importantly, the generation as well as persistence of CD8 TSCL is dependent on Tcf-1 as shown by studying 

the phenotype of Tcf-1 deficient CD8 T cells. Besides high expression of Tcf-1, CD8 TSCL are characterized 

by high expression of ID3 (116), Bcl-6 (117), FOXO1 (118) and TOX (119) and the surface marker CXCR5, 

giving them access to B cell follicles. CXCR5 expression goes along with a significant enrichment of CD4 

T follicular helper (Tfh)-related genes. Further transcriptional profiling provided evidence for a significant 

enrichment of a memory and exhausted gene signature, whereas genes related to effector CD8 T cells 

(CD8 TEF) were not upregulated (120, 121). Besides the substantial differences on a transcriptional level, 

these two CD8 T cell subsets showed a unique epigenetic signature (116, 122). Collectively, these data 

clearly point towards a heterogeneity within the pool of CD8 T cells in a chronic viral infection (discussed 

in (114)). To further study the interconnection between the different CD8 T cell compartments, transfer 

experiments of both subsets were performed. In contrast to terminal differentiated CD8 T cells, CD8 TSCL 

retained their proliferative capacity, regenerated and gave rise to more differentiated CD8 T cells. Recent 

studies suggested that the divergence of these two CD8 T cell subsets occur rapidly after CD8 T cell 

activation in the early phase of the chronic viral infection (116).  

In summary, the observations made in 2016 were confirmed and extended by several studies highlighting 

the presence of stem-like CD8 T cells also in chronic infections in humans as well as in tumors (123-126). 

Remarkably, Tcf-1 defines CD8 T cells responding to checkpoint blockade therapy in melanoma patients 

highlighting the importance of Tcf-1 in preserving CD8 T cell functionality in the context of chronic tumor 

antigen exposure.  
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I.V The role of cytokines and antigen availability in adaptive immune response 
 

Identifying molecular pathways that contribute to the generation of a potent CD8 T cell response in a chronic 

infection is important to confer live-long protective immunity. Throughout the course of a viral infection, 

CD8 T cells receive instructions from the cytokine milieu that initially operate as immunological warning 

signs. At later stages of the infection, a delicate balance of pro- and anti-inflammatory cytokines supports 

the survival and maintenance of CD8 T cells while simultaneously dampening their antiviral activity. 

Moreover, cytokines act in conjunction with antigenic signals to determine the fate of lymphocytes (127). 

Upon viral clearance, cytokines play a crucial role in maintaining the memory T cell population without 

further need of an antigen stimulus (128, 129).  

Based on their pleiotropic functions, cytokines are attractive therapeutic candidates to improve viral control 

and immunity (130). To modulate the biological action, it is of high importance to study the stage dependent 

effects on CD8 T cells but also how these signals integrate other factors.  

In the course of a LCMV infection, the first cytokines that serve as immunological warning signs are type I 

interferon (IFN-I) and Interleukin 33 (IL-33). Based on the aim of the study to further characterize the 

importance of IL-33 for the induction of a potent antiviral CD8 T cell response and to understand the 

interplay between IL-33 and IFN-I (discussed in chapter 3 and 4), the next two paragraphs will briefly 

summarize how both cytokines regulate the antiviral CD8 T cell response. 

 

 

I.VI The diverse role of the IL-33-ST2 axis in viral infection 
 

Initiation of a protective CD8 T cell response is dependent on various pro-inflammatory cytokines. This 

includes also members of the IL-1 family to which the IL-33 belongs (131). Based on the fact that IL-33 

lacks a traditional signal sequence that would allow secretion by a conventional secretory pathway, cell death 

by necrosis and/or active necroptosis are considered as the key mechanism by which IL- 33 reaches the 

extracellular milieu (132). IL-33 is considered to function as an endogenous danger signal to alert the 

immune system and is therefore classified as an alarmin (133). Moreover, as pointed out by (132), release 

of IL-33 may also reflect a physiological response to biomechanically stressed conditions. By this, IL-33 

may function not only as an inflammatory cytokine but also as a mechano-sensitive paracrine factor. 

However, IL-33 might behave differentially depending on the cell type as well as on the stimulus applied.  

This cytokine is constitutively expressed as a nuclear precursor-protein in epithelial and endothelial cells 

(134, 135). In the spleen and in lymph nodes, fibroblastic reticular cells (FRC) were identified as the primary 

source of IL-33 (58, 136). Based on its nuclear localization and binding of DNA-associated histones, IL-33 

was shown to be able to regulate gene transcription (137, 138) in addition to its function as an alarm mediator 

when released into the extracellular space. The full-length IL-33 protein consists of an N-terminal chromatin-

binding motif with an IL-1 cytokine domain at its C-terminus (139). Comparison of the human and the mouse 

full-length protein showed 55% homology (131). In 2009, it was reported that the release of IL-33, unlike 

other IL-1 family members, is independent of Caspase-1 cleavage (140, 141). Subsequently, it was shown 
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that the proteolytic cleavage of the C-terminal cytokine domain is mediated by neutrophil elastase and 

cathepsin G (142, 143) resulting in an augmented bioreactivity of the alarmin. IL-33 activity is regulated by 

several mechanisms, including alternative splicing that leads to the production of a soluble ST2 (sST2) that 

act as a decoy receptor to limit IL-33 signaling (144). Another mechanism by which IL-33 activity is 

controlled is the formation of two disulfide-bridges that result in the disruption of the receptor-binding site 

(145). To avoid inappropriate inflammatory reactions in the context of apoptotic cell death, caspase-3 

cleavage inactivates IL-33 (146).  

After its release IL-33 binds to a heterodimeric cell surface receptor, consisting of a ubiquitous IL1R 

accessory protein (IL-1RAcP) and a selectively expressed receptor ST2 (131). The IL-33 receptor is 

expressed on various immune cell types such as eosinophils, basophils (147), innate lymphoid cells (148), 

regulatory cells (149), mast cells (150, 151), macrophages as well as Th1 (152) and Th2 CD4 T cells (153-

155). Expression on CD8 T cells is only detectable upon activation (59).  

Originally, IL-33 was described as a potent inducer of type II immunity, such as in the context of allergy or 

immunity to parasites and is therefore described as a cytokine elucidating mainly Th2 associated immune 

responses. However, over the years it became clear that IL-33 is a central mediator that is involved in a huge 

variety of infections and pathologies as well as tissue homeostasis (144, 153). IL-33 was also described to 

recruit antigen-presenting cells (156) and to mediate diverse pro-inflammatory responses (157, 158) but has 

also been shown to promote rheumatoid arthritis (159) and neuroinflammation (160). In addition, IL-33 is 

also linked to pulmonary viral infections and chronic lung diseases (161). More recently, it was published 

that IL-33 expression correlates with seropositivity in COVID-19 convalescent individuals. However, to 

which extent IL-33 play a role in SARS-CoV-2 infection is not clear and further work is needed (162). 

Signaling of IL-33 can be activated through either p38 mitogen activated protein kinase (MAPK), c-Jun-N 

terminal kinase (JNK) or nuclear factor kappa-B (NF-kB) cascades (163).  

In 2012, our lab was able to highlight the importance of IL-33 as an CD8 T cell stimulator for several RNA 

and DNA viruses, amongst them LCMV (59). In an acute infection, ST2 deficient CD8 T cells showed 

reduced cytotoxic potential combined with an inability to differentiate into multi-functional effector cells. 

The fact that ST2-deficient CD8 T cells showed decreased expression of the anti-apoptotic protein Bcl-2 

pointed towards a pro-survival effect of IL-33. In the same study, it was shown that exogenous IL-33, in 

form of recombinant protein, can augment CD8 T cell responses to vaccination and serves thereby as an 

adjuvant in vaccines designed to boost CD8 T cell immune responses. Based on this result, further studies 

reported that IL-33 co-delivered in DNA vaccines or triggered by viral vectors represents as a promising 

immunoadjuvant at improving antiviral as well as tumor T cell immunity (58, 164-167).  

Beyond their effector-promoting activity, the alarmin was shown to be critical for memory reexpansion as 

well as for the differentiation of reactivated memory T cells into effector cells (168). By this, IL-33 was 

found to be critical for memory T cell recall responses what has important implications for immunity to 

recurrent diseases.  

Overall, the pleotropic actions of IL-33 open new possibilities for harnessing the power of IL-33 to increase 

the efficiency of vaccines. 
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I.VII The role of type I interferon in controlling virus replication and fostering effective antiviral 
immunity 
 

Once emerging viruses have broken the host barrier and invaded the target organism, recognition is initiated 

by pathogen associated molecular patterns (PAMPs) which bind to the pattern recognition receptors (PRRs). 

In case of a LCMV infection, two classes of PPRs play a role. Toll-like receptors (TLR) and the retinoid 

acid inducible gene 1 (RIG-1) like receptors (RLRs). Both receptors signal through IRF3 and IRF7 resulting 

in a robust production of type I interferon (IFN-I), which signals in an autocrine and paracrine manner to 

induce the expression of interferon-stimulated genes, a hallmark of microbial diseases (reviewed in (169).  

The IFN-I family, which includes several IFNαs and a single IFNβ amongst other subtypes, is one of the 

key components of the antiviral host response. All IFN-I subtypes signal through the same receptor, 

comprised of IFNAR1 and IFNAR2, that is found on most nucleated cells. Upon ligation, several signal 

transduction pathways including STAT-1-homodimers, STAT-3 homodimers, PI3K-AKT, MAPK pathway, 

PI3K-AKT and the IFN-stimulated gene factor 3 consisting of the STAT-1-STAT-2 heterodimers and the 

transcription factor interferon regulatory factor 9 are activated (170, 171).  

Similar to other viruses, LCMV has evolved strategies to counteract the induction of IFN-I (172, 173). 

However, this inhibition is not complete based on the observation that a robust production upon infection is 

observed (174). 

In many aspects the LCMV model has enabled us to get a broader understanding of the importance of IFN- I 

in the innate as well as the adaptive immune response against viral infection. The earliest possible detection 

of IFN-I is after 6h post infection, reaching a maximum level 24h after virus-inoculum (174-176).  

The action of IFN-I in the outcome of LCMV infection dramatically differ depending on 1) timing of 

administration or blockade, 2) used virus strain and 3) route of infection and can be either beneficial or 

harmful.   

For an acute infection, such as caused by LCMV-Arm, it was shown that deficiency in IFN-I results in viral 

persistence. Besides the increased replication, the virus spreads to all organs including the CNS (174, 177, 

178). Comparable need for IFN-I in controlling viral replication in an acute setting is also seen for other 

viruses and by this not restricted to the LCMV model (179-181). Coinciding with the inability to clear the 

virus, IFN-I deficiency in LCMV-Arm infected mice resulted in exhaustion of CD8 T cells (177, 179). 

Similar to what was observed for the effector CD8 T cell response, long-lasting memory CD8 T cells are 

dependent on IFN-I signaling what might coincide with an inability of the host to clear a secondary infection 

(182).  

To understand to which extent intrinsic IFN-I is influencing the overall phenotype of antigen-specific CD8 

T cells, transfer studies with IFNAR-deficient P14 TCR transgenic CD8 T cells specific for the LCMV 

glycoprotein (P14, (183) ) were performed. In contrast to their wild-type (Wt) counterparts, P14 IFNAR-/- 

CD8 T cells were severely impaired in their capacity to expand, however cell division, expression of 

activation markers as well as effector cell function was were not impaired (182, 184).  

Later on, microarray analysis showed that IFN-I expressed on CD8 T cells triggered the expression of 

selected inhibitory NK-cell receptor ligands. Consequently, transferred P14 IFNAR-/- cells were eliminated 
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by NK-cells in a perforin-dependent manner. By this, IFN-I was identified as a key player regulating the 

protection of T cells against NK-cells. Accordingly, NK-cell depletion prevented the rapid elimination of 

transferred P14 IFNAR-/- CD8 T cells (182, 185).  

In comparison to an acute infection, where IFN-I is critical to prevent persistent infection, in chronic LCMV 

infection it was reported that loss of IFN-I signaling leads to reduced viral loads and enhanced viral clearance 

(174, 186). However, a reduction in viral titers was not observed within the first days after infection. 

Moreover, blockade of IFNAR increased initially viral titers. Further analysis clearly pointed towards the 

extensive role that IFN-I plays in immunomodulation by inhibiting multiple pro-inflammatory cytokines and 

chemokines as well as negative regulatory molecules. In more detail, it was shown that IFNAR blockade 

resulted in a significant suppression of the immunosuppressive molecules IL-10 as well as PDL-1 and 

preserved the lymphoid architecture. Both studies concluded that the accelerated control of persistent 

infection induced by blocking IFN-I signaling, is not based on an increased anti-viral CD8 T cell response, 

but is dependent on CD4 T cells. In addition, it was shown that an enhanced IFN-γ production is associated 

with viral clearance (174, 186).  

While a lot has been learnt from dampening the IFN-I response, other studies focused on augmenting the 

IFN-I response such as by administration of recombinant IFN-I. Such treatment during the first week post 

LCMV Cl-13 infection showed a beneficial effect on the CD8 T cell response as well as on the control of 

the infection (175). However, the treatment after the first week of LCMV Cl-13 infection showed no impact 

on the outcome in terms of viral control (175, 187). In contrast, when CD8 T cells were primed with IFN-I 

prior to LCMV Cl-13 infection, a robust CD8 T cell response was observed that results in viral clearance of 

LCMV Cl-13 within two weeks (188). Overall, these data clearly indicate that IFN-I mediated clearance of 

LCMV Cl-13 coincides with the priming of the antiviral CD8 T cell response.  

In terms of therapeutic benefit, blockade of IFN-I as a therapeutic approach showed mixed outcomes in pre-

clinical settings, with potentially severe drawbacks that would preclude its clinical use. Even though type I 

interferon blockade was shown to enhance clearance of chronic LCMV infection, blockade of IFN-I during 

simian immunodeficiency virus infection resulted in enhanced viral replication (189), whereas treatment 

with IFN-I in humanized mice showed an increase of the anti-HIV CD8 T cell response (190). Additionally, 

IFN-I therapy (alpha) is a clinically approved treatment for chronic hepatitis C and B infection, and is used 

worldwide due to its cost-effective results (191, 192).  

In summary, given the fact that studies revealed both negative as well as positive effects of IFN-I, it is 

imperative to critically delineate the effect of IFN-I in chronic disease settings.  
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I.VIII LCMV-derived antigen-availability and -retention shape T and B- cell differentiation  
 

Besides the inflammatory milieu, the antigen-availability is one of the key elements shaping an adaptive 

immune response. The levels and duration of antigen stimulation is a critical determinant for the initiation 

of a protective immune response, as it has been observed when comparing the CD8 T cell response in an 

acute versus a chronic LCMV infection. In case of an acute infection, the level of antigen is sufficient to 

promote an effective immune response that finally enables the host to clear the infection. However, in the 

context of a chronic viral infection, the high amount of antigen over a longer time-period is one of the major 

causes of CD8 T cell exhaustion as discussed in section I.IV. Studies from other infections highlighted that 

a short-term antigen presentation negatively impact the magnitude of the CD8 T cell response (193). 

Delivery of a maximal amount of antigen at a single dose is thereby considered as the most efficient strategy 

for the induction of a potent CD8 T cell response.  

Upon clearance of an acute infection, it was not known whether the viral antigen is stored and might be even 

capable of regulating an immune response. Antigen-retention in the LCMV infection model was first shown 

for CD4 T cells by transferring CFSE-labelled TCR-transgenic CD4 T cells specific for the LCMV-GP 

protein (referred as SMARTA CD4 T cells (194)) in initially LCMV-Arm infected mice at different time 

points after infection. Up to 2 months after infection transferred SMARTA CD4 T cells were still capable to 

undergo cell division (195). Such data clearly point towards the existence of a natural antigen-depot. Similar 

results were shown for an acute vesicular stomatitis virus infection (196) and influenza infection (197, 198). 

In comparison to CD4 T cells, CD8 T cells were not stimulated by resident LCMV-derived antigen (195).  

Based on the observation that residual viral antigen is present for several weeks at sufficient levels to 

stimulate antigen-specific CD4 T cells, we studied to which extent the residual antigen is sufficient to induce 

a functional T cell help for differentiation of B cells into antibody-secreting cells and forming a protective 

memory pool (see chapter 2).  

Overall, these studies provided important aspects for the development of effective vaccines. Moreover, they 

are important for our understanding on how the period immediately following the peak of an acute infection 

is shaping the immune response in terms of transmission into an adaptive memory response.  

In the context of vaccination, facilitating a persistent depot of the protein of interest is still challenging. Often 

the antigen is cleared from the injection side and/or lymph nodes. Besides this, in comparison to an acute 

infection the antigen kinetics differ and has probably to mimicked to the natural conditions to achieve 

maximum vaccine potency.  
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II. Aim of the Thesis 
 

The aims of the thesis were threefold:  

 

Firstly, we were interested in studying the potency of residual LCMV antigen-depots in transiently CD4 T 

cell depleted mice for the induction of an antiviral B cell response.  

 

Secondly, we studied whether a heterologous arenavirus vector prime-boost was beneficial for the 

establishment of an effective tumor-specific CD8 T cell response.  

 

Thirdly, we aimed to define the role of the IL-33 ST2 axis for the formation of an anti-viral CD8 T cell 

response in the context of a chronic viral infection.   
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Abbreviations: 

Ab, antibody; AF, AlexaFluor; ASC, antibody secreting cells; Arm, Armstrong; B6, C57BL/6; BCR, B cell 

receptor; BM, bone marrow; GC, germinal center; GP, glycoprotein; IC, immune complexes; i.p., 

intraperitoneally; LCMV, lymphocytic choriomeningitis virus; mAb, monoclonal Ab; min., minutes; NP, 

nucleoprotein; OVA, ovalbumin; PC, plasma cells; PE, phycoerythrin; tg, transgenic; p.i., post infection; 

pfu, plaque forming unit; PBS, phosphate buffered saline; VSV, vesicular stomatitis virus; wk, week; wt, 

wild-type; 

 

 

1.1 Abstract  
 

Infection of C57BL/6 mice with lymphocytic choriomeningitis virus (LCMV) strain Armstrong (Arm) 

induces an acute infection with rapid virus clearance by CD8+ T cells independently of CD4+ T cell help. 

Residual viral antigen may, however, persist for a prolonged time. Here, we demonstrate that mice that had 

been transiently depleted of CD4+ T cells during acute LCMV Arm infection generated high levels of virus-

specific IgG antibodies (Ab) after viral clearance. Robust induction of LCMV-specific IgG after transient 

CD4+ T cell depletion was dependent on Fcγ receptors but not on the complement receptors CD21/CD35. 

In contrast to the potent production of LCMV-specific IgG, the generation of LCMV-specific isotype-

switched memory B cells after transient CD4+ T cell depletion was considerably reduced. Moreover, mice 

depleted of CD4+ T cells during acute infection were strongly impaired in generating a secondary LCMV-

specific B cell response upon LCMV rechallenge. In conclusion, our data indicate that LCMV antigen depots 

after viral clearance were capable of inducing high levels of virus-specific IgG. They failed, however, to 

induce robust virus-specific B cell memory revealing a previously unappreciated dichotomy of specific Ab 

production and memory cell formation after priming with residual antigen. 

 

 
Graphical abstract 1-1 Residual LCMV antigen in transiently CD4+ T cell-depleted mice induces high levels of virus-specific 

antibodies but only limited B cell memory  
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1.2 Introduction 
 

Presentation of antigen is often rapidly down-regulated after pathogen elimination (193, 199, 200). In certain 

viral infections, however, prolonged antigen presentation after pathogen clearance has been observed. In 

mice infected with influenza virus, residual viral antigen has been shown to promote CD4+ T cell memory 

formation and to control migration and activation state of virus-specific cytotoxic T lymphocytes (197, 198). 

In this infection model, migrating respiratory dendritic cells were identified as essential for both sampling 

and presenting the viral antigen (201). In the vesicular stomatitis virus (VSV) model, ovalbumin (OVA)-

specific OT-1 CD8+ T cells adoptively transferred into VSVOVA immune mice 4 weeks (wk) post infection 

(p.i.) have been demonstrated to undergo antigen-specific cell division and acquisition of memory cell 

markers (196). In the LCMV model, virus-specific CD4+ but not CD8+ T cells have been shown to divide 

upon transfer into LCMV immune mice 6 wk p.i. (195). It is, however, unclear whether residual LCMV 

antigen is “sufficient” to induce functional T cell help for specific antibody (Ab) production and memory B 

cell formation. Here, we addressed this question using the LCMV Arm infection model. Infection of mice 

with LCMV Arm induces an acute infection with rapid viral clearance. Furthermore, transient Ab-mediated 

depletion of CD4+ T cells during the acute phase prevents the induction of a LCMV-specific IgG response 

without affecting virus control (202). We here demonstrate that in such mice residual viral antigen after viral 

clearance was able to induce high levels of LCMV-specific IgG Ab with time. In contrast to the potent 

induction of virus-specific Ab, LCMV antigen depots failed, however, to generate a solid virus-specific B 

cell memory. 

 

 

1.3 Results 
 

1.3.1 Anti-LCMV immune response in mice transiently depleted of CD4+ T cells during acute infection 

 

To examine whether residual LCMV antigen is able to prime CD4+ T cells for B cell help, we used the 

following experimental system: CD4+ T cells in C57BL/6 (B6) mice were transiently depleted by injection 

of CD4-specific Ab. Afterwards, mice were infected with LCMV Arm and LCMV nucleoprotein (NP)-

specific IgG levels in serum were determined at different time points after infection. Control of LCMV Arm 

infection has been shown to be independent of CD4+ T cells (202). Also in our hands, infectious LCMV 

particles were below detection limit in spleens of anti-CD4 Ab-treated mice at day 9 p.i. (Supporting 

Information Fig. S 1-1). Nonetheless, copies of viral RNA in this organ could be detected by qPCR up to wk 

4 p.i.. The copy numbers at day 7 p.i. were 102-103-fold lower when compared to day 5, but did not 

significantly differ in anti-CD4 Ab-treated and control mice (Fig. 1-1 A). In non-depleted control mice, high 

levels of LCMV NP-specific IgG were generated within 2 wk p.i. and these levels were maintained for a 

prolonged time. In anti-CD4 Ab-treated mice, LCMV NP-specific IgG levels were strongly reduced (~50 to 

~100-fold) in the first 2 wk after infection, confirming previous findings that the generation of LCMV Arm-

specific IgG is CD4+ T cell-dependent (202). Interestingly, anti-CD4 Ab-treated mice were also strongly 
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impaired to generate a IgM response against LCMV NP (Supporting Information Fig. S 1-2). Most strikingly, 

however, LCMV NP-specific IgG levels in anti-CD4 Ab-treated mice steadily increased and by 5 to 10 wk 

p.i. reached similar levels as in control mice (Fig. 1-1 B). The kinetics of the LCMV NP-specific IgG 

response in anti-CD4 Ab-treated mice coincided with the reemergence of CD4+ T cells (Fig. 1-1 C).  

In addition, LCMV NP-specific IgG were not detected at all in MHC class II-deficient mice that permanently 

lack CD4+ T cells (Supporting Information Fig. S 1-3). These findings suggested that the de novo generated 

CD4+ T cells in anti-CD4 Ab-treated mice were primed by residual viral antigen and provided help to LCMV 

NP-specific B cells. The observation that repeated administration of anti-CD4 Ab prevented the development 

of NP-specific Ab (Supporting Information Fig. 1-4) is further consistent with this interpretation. 

To enumerate the LCMV NP-specific CD4+ T cell response in anti-CD4 Ab-treated mice we used MHC II 

tetramer (I-Ab/NP309-328) staining. Although the NP309-328 peptide represents the immunodominant CD4+ T 

cell epitope of NP in B6 mice, frequencies of NP309-specific CD4+ T cells in LCMV immune mice are rather 

low (203, 204). Therefore, we used tetramer-based cell enrichment to increase the sensitivity of the read-out 

(205). NP309-specific CD4+ T cell frequencies in naïve B6 mice ranged from 1-2 cells per million CD4+ T 

cells. At wk 11 p.i., these numbers were increased similarly (~100-fold) in anti-CD4 Ab-treated and control 

mice, indicating that residual LCMV antigen was able to prime LCMV NP-specific CD4+ T cells (Fig. 1-1 

D). At an earlier time point (wk 6 p.i.), we observed a considerable variation between individual mice in the 

anti-CD4 Ab-treated group and numbers of NP309-specific CD4+ T cells tended to be lower than in the control 

group. The fraction of NP309-specific CD4+ T cells that displayed a TFH phenotype (PD-1+CXCR5+) were 

comparable in both groups (Fig. 1-1 E). However, PD-1 levels (mean fluorescence) of LCMV NP309-specific 

CD4+ T cells from anti-CD4 Ab-treated were increased when compared to controls (Supporting Information 

Fig. S 1-5). The numbers of germinal center (GC) B cells (Fas+GL7+) in spleen of infected mice at day 10 

p.i. were strongly reduced by transient CD4+ T cell depletion. At later time points (wk 6-11), these numbers 

increased but remained ~2-fold lower than in non-depleted control mice (Fig. 1-1 F). Taken together, these 

data show that mice depleted of CD4+ T cells during acute infection generated a robust LCMV NP-specific 

IgG response with time reaching Ab levels similar to that of non-depleted control mice. LCMV NP309-

specific CD4+ T cells were also induced in anti-CD4 Ab-treated mice with a similar magnitude as in control 

mice. The GC response was nearly absent in anti-CD4 Ab-treated mice at day 10 after infection and although 

it increased with time, it remained ~2-fold lower than in non-depleted control mice. 

 

 

1.3.2 Antigen-binding avidity and IgG subclass distribution 

 

To assess the antigen-binding avidity of LCMV NP-specific IgG, we used ELISA combined with an urea 

wash step after the serum Ab had bound to LCMV NP on the plate (206). In non-depleted B6 mice, the 

avidity of NP-specific IgG as determined by the fraction of specific Ab bound after an urea wash step 

increased with time of infection. Remarkably, the avidity of LCMV NP-specific IgG in mice that were CD4+ 

T cell-depleted during acute infection also increased with time and at 8-10 wk p.i. no significant difference 
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in LCMV NP-binding avidity of both groups could be observed any longer (Fig. 1-2 A). Thus, transient 

CD4+ T cell depletion during the acute phase did not prevent the induction of LCMV NP-specific Ab with 

high antigen-binding avidity by residual viral antigen. IgG2c is known to be the major IgG subclass of 

LCMV-specific Ab in sera of LCMV-infected B6 mice (207). Interestingly, anti-CD4 Ab-treated mice 

showed an increase in LCMV NP-specific IgG1 Ab when compared to controls (Fig. 1-2 B). 

 

 

1.3.3 Induction of LCMV GP-specific IgG Ab with delayed kinetics 

 

In LCMV-infected mice, Ab specific for the viral glycoprotein (GP) are also induced albeit at lower levels 

when compared to NP-specific Ab (75). At wk 5-8 p.i. GP-specific IgG levels in mice that were depleted of 

CD4+ T cells during acute infection were still considerably lower compared to controls (Fig. 1-3 A, left). 

This was in contrast to NP-specific IgG that were similar between the two groups at this time point (Fig. 1-

3 A, right). Remarkably, GP-specific IgG levels in the anti-CD4 Ab-treated group increased with time and 

by 12-15 wk p.i. reached almost comparable levels to those in the control group (Fig. 1-3 B). Hence, these 

data indicate that LCMV GP-specific IgG were also induced by residual LCMV antigen but with a slower 

kinetics when compared to NP-specific IgG. 

 

 

1.3.4 Antigen-induced proliferation of LCMV GP-specific KL25HL B cells in LCMV immune hosts 

 

To examine whether residual LCMV antigen is able to activate antigen-inexperienced B cells, we transferred 

CFSE-labeled LCMV GP-specific B cells from KL25 B cell receptor (BCR) heavy chain knock-in / light 

chain transgenic (tg) KL25HL mice into LCMV immune mice 5 wk p.i.. Since the KL25 BCR is specific for 

GP of the LCMV strain WE, a recombinant LCMV Arm virus engineered to express GP of WE (LCMV-

Arm/WE-GP) was used (208). Cell division and recovery of KL25HL B cells were determined 4 days after 

cell transfer into LCMV-Arm/WE-GP-infected and, as a control, into non-infected recipient mice. The data 

show that KL25HL B cells divided extensively in LCMV-Arm/WE-GP-infected but not in non-infected 

recipient mice (Fig. 1-4 A). To control for antigen specificity, we also transferred CFSE-labeled B cells from 

CD45.1+ VI10 H heavy chain knock-in mice into LCMV-Arm/WE-GP-infected and non-infected recipient 

mice. VI10 H mice carry the rearranged VHDJH region from the VSV-specific mAb VI10 on both alleles in 

the IgH locus (209). In comparison to KL25 HL B cells, VI10 H B cells showed significantly reduced cell 

division and ~10-fold decreased cell recovery in spleen of the infected recipient mice (Fig. 1-4 B, C). The 

presence of CFSElow cells and the slight increase of VI10 H B cells in infected compared to non-infected 

recipients is most likely due to the proliferative response of a few LCMV-specific B cells in VI10 H mice 

that exhibit a restricted but not a monoclonal BCR repertoire. In sum, these data indicate that residual antigen 

in LCMV immune mice 5 wk p.i. was able to induce a strong proliferative response of B cells expressing a 

LCMV GP-specific antigen receptor. 
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1.3.5 Role of FcγR and complement receptors CD21/CD35 

 

Fcγ receptors and the complement receptors CD21/35 are considered to be important for antigen retention 

(210-214). To asses the role of Fcγ-receptors (FcγR) in our model, FcγR-/- mice deficient in all four FcγR 

(FcγRI-/-RIIB-/-RIII-/-RIV-/-) were used. Similar to wild-type (wt) mice, FcγR-/- mice also generated a robust 

CD4+ T cell-dependent LCMV NP-specific IgG response after LCMV infection. In contrast to wt mice, 

however, LCMV NP-specific IgG in anti-CD4 Ab-treated FcγR-/- mice failed to reach levels equivalent to 

those in control FcγR-/- mice, even when assessed late after infection (wk 15-18, Fig. 1-5 A). The role of 

complement receptors was examined in CD21/CD35-/- mice. Similar to wt mice, LCMV NP-specific IgG 

levels in transiently CD4+ T cell-depleted CD21/CD35-/- mice reached control levels >5 wk p.i. (Fig. 1-5 B). 

At later time points, NP-specific IgG levels in transiently CD4+ T cell-depleted CD21/CD35-/- mice were 

even increased as compared to non-depleted CD21/CD35-/- mice. The underlying reason of this phenomenon 

is unclear, but may involve compensatory mechanisms in mice that completely lack CD21/CD35 expression. 

Of note, LCMV NP-specific IgG levels in LCMV-infected CD21/CD35-/- mice were lower than in wt mice, 

which was most likely due to the well-known function of CD21/CD35 in enhancing humoral immunity (215-

217). Taken together, these findings suggest that induction of a potent LCMV NP-specific IgG response by 

residual viral antigen requires FcγR- but not CD21/35-mediated retention of immune complexes. 

 

 

1.3.6 LCMV NP-specific IgG Ab secreting cells and plasma cells 

 

The bone marrow (BM) is the major site of long-term Ab production after LCMV infection (207). We thus 

determined the numbers of LCMV NP-specific IgG Ab-secreting cells (ASC) in BM of anti-CD4 Ab-treated 

and control LCMV immune B6 mice 7-11 wk p.i.. Importantly, the mice used for these experiments showed 

similar levels of LCMV NP-specific IgG in serum (133±16 AU/ml in anti-CD4 Ab-treated versus 127±40 

AU/ml in control mice). Nonetheless, the numbers of LCMV NP-specific IgG ASC as assessed by ELISPOT 

were decreased about 3-fold in anti-CD4 Ab-treated mice as compared to controls (Fig. 1-6 A). To 

substantiate these data, we also determined the numbers of LCMV NP-specific CD138+TACI+ plasma cells 

(PC) by flow cytometry. Antigen-specific PC were identified by intracellular staining with AlexaFluor (AF) 

647-conjugated recombinant LCMV NP to identify cells that contain LCMV NP-specific Ab. This analysis 

revealed that LCMV NP-specific PC in BM were reduced about 2-fold in anti-CD4 Ab-treated compared to 

control mice (Fig. 1-6 B). Of note, the numbers of LCMV NP-specific PC measured by flow cytometry were 

roughly comparable to the numbers of LCMV NP-specific ASC derived from ELISPOT analysis (Fig. 1-6 

A versus Fig. 1-6 B). Plasma cell differentiation negatively correlates with B220 expression (218). Notably, 

we observed that the ratio of B220negative to B220intermediate NP+CD138+TACI+ cells in BM were ~2-fold 

decreased in anti-CD4 Ab-treated mice (Fig. 1-6 C). This suggested that PC differentiation in anti-CD4 Ab-

treated mice was somewhat impaired. Overall, these data show that irrespectively of unimpaired Ab 
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responses, LCMV NP-specific IgG ASC and PC in BM remained ~2-3-fold decreased in anti-CD4 Ab-

treated mice. 

 

 

1.3.7 LCMV NP-specific B cell memory in transiently CD4+ T cell depleted mice is strongly impaired 

 

So far, our data show that mice that had been transiently depleted of CD4+ T cells during acute infection 

generated high levels of LCMV NP-specific IgG Ab after viral clearance. Therefore, it was of interest to 

examine the generation of LCMV NP-specific B cell memory under these conditions. Firstly, we determined 

the numbers of isotype-switched (IgM-D-) memory B cells specific for LCMV NP in these mice. For this, 

spleen cells from anti-CD4 Ab-treated and control LCMV immune B6 mice (7-11 wk p.i.) were stained with 

B220-, IgM- and IgD-specific mAb and with AF 647-conjugated recombinant LCMV NP to identify antigen-

specific (LCMV NP+) B cells. This analysis revealed that the numbers of LCMV NP-specific isotype-

switched memory B cells in transiently CD4+ T cell-depleted mice were ~8-fold lower than in controls (Fig. 

1-7 A).  

Secondly, we performed LCMV rechallenge experiments in mice that had been depleted of CD4+ T cells 

during primary infection and measured the LCMV NP-specific memory B cell recall response. As controls, 

non-depleted infection-matched (13-20 wk p.i.) LCMV immune mice were used. Strikingly, the numbers of 

LCMV NP-specific IgG ASC in spleen determined 5 days after LCMV rechallenge were strongly decreased 

(~36-fold) in formerly anti-CD4 Ab-treated mice (Fig. 1-7 B). These ELISPOT data were confirmed by flow 

cytometric analyses. For that, Ab secreting cells were identified by CD138 and TACI expression and antigen 

specificity was determined by cytoplasmic LCMV NP staining. This analysis revealed that the number of 

cytoplasmic LCMV NP-positive CD138+TACI+ cells in spleen were also strongly reduced (~24-fold) in the 

anti-CD4 Ab-treated group (Fig. 1-7 C). Of note, most of the CD138+TACI+ cells at day 5 post reinfection 

expressed B220, characterizing them as plasmablasts. Finally, we also assessed the LCMV NP-specific CD4+ 

T cell response in anti-CD4 Ab-treated and control mice after LCMV rechallenge using MHC II tetramer (I-

Ab/NP309-328) staining in combination with tetramer-based cell enrichment. The data show that the numbers 

of NP309-specific CD4+ T cells after LCMV rechallenge were ~5-fold lower in anti-CD4 Ab-treated 

compared to control mice (Supporting Information Fig. S-1-6). Hence, mice that had been transiently CD4+ 

T cell-depleted during primary infection showed a strongly decreased LCMV NP-specific B cell memory 

response despite high serum levels of LCMV NP-specific IgG. In addition, the recall LCMV NP-specific 

CD4+ T cell response was also impaired that likely contributes to the observed poor memory B cell response 

in these mice after LCMV rechallenge. 

 

 

 

 

 



Residual LCMV antigen in transiently CD4+ T cell-depleted mice induces high levels of virus-specific antibodies but only 

limited B cell memory 

 

32 

1.4 Discussion 
 

In this study, we demonstrate that mice that had been transiently depleted of CD4+ T cells during acute 

LCMV infection generated a robust LCMV-specific IgG response after viral clearance with Ab levels similar 

to non-depleted control mice. In contrast, LCMV-specific isotype-switched memory B cells were 

significantly reduced and the secondary LCMV-specific B cell response after LCMV rechallenge was 

severely impaired. These findings indicate that LCMV antigen depots present after the acute phase of the 

infection were capable of inducing robust LCMV-specific IgG production. They were, however, inefficient 

in the generation of a LCMV-specific memory B cell response.  

There are a number of earlier studies that analyzed the induction of Ab responses after previous antigen 

exposure under the “umbrella” anti-CD4 Ab (219-223). In some but not all cases, tolerance was induced 

when soluble antigens were used. The induction of LCMV-specific IgG and the expansion of LCMV-specific 

CD4+ T cells indicate that tolerance was not induced in anti-CD4 Ab-treated mice after LCMV infection. 

Our data show similarities but also differences to a recent study examining the Ab response in transiently 

CD4+ T cell-depleted mice after intramuscular immunization with an adenovirus vector (224). Similar to our 

data, virus-specific IgG Ab titers developed with time and finally reach concentrations equivalent to those 

of non-depleted controls. In contrast to our findings, the secondary B cell response in adenovirus immunized 

mice as determined by measuring Ab titers after boost was similar in control and anti-CD4 Ab-treated mice. 

It is, however, important to note that ASC, PC and antigen-specific memory B cells were not directly 

enumerated in the adenovirus study. In addition, the secondary Ab response was determined at a rather late 

time point (1 month) after boost.  

To explain this discrepancy further, one may also argue that intramuscular vaccination with a non-replicative 

adenoviral vector likely provides different triggers for B cell activation when compared to systemic infection 

with replicative LCMV. 

What is the fate of LCMV-specific B cells that are exposed to high antigen levels during acute infection 

without CD4+ T cell help? The observation that anti-CD4 Ab-treated mice failed to generate a IgM response 

against LCMV NP indicates that LCMV-specific B cells were not properly activated under these conditions. 

Nonetheless, we cannot exclude the possibility that some B cells in anti-CD4 Ab-treated mice were primed 

early in infection and were reinvigorated upon reemergence of LCMV-specific CD4+ T cells. Alternatively, 

it is possible that B cells were generated de novo and were subsequently activated by residual LCMV antigen. 

The observation that LCMV GP-specific KL25HL B cells proliferated vigorously after transfer into LCMV 

immune recipients (5 wk p.i.) indicates that LCMV antigen depots present at this time point were sufficient 

for robust B cell activation. 

The antigen-binding avidity of LCMV NP-specific IgG as determined by urea wash ELISA is known to 

increase with time (206). Although delayed, we yet observed a similar increase in antigen-binding avidity of 

LCMV NP-specific IgG Ab in anti-CD4 Ab-treated as in control mice. This result fits to the observation that 

CD4+ T cell depletion during the acute phase of the LCMV infection delayed but did not completely abolish 

the generation of splenic GC B cells. Due to their low numbers in the polyclonal system, the antigen 
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specificity of GC B cells could, however, not be evaluated. Thus, these findings may suggest that residual 

LCMV antigen was capable to drive hypermutation and GC reaction after transient CD4+ T cell depletion. 

Nevertheless, we cannot formally exclude the possibility that the increase in antigen-binding avidity of 

LCMV NP-specific IgG in anti-CD4 Ab-treated mice was due to non GC-driven selection of high avidity B 

cells by limiting antigen. 

IgG Ab specific for LCMV GP were also induced in anti-CD4 Ab-treated mice at wk 12-15 post LCMV 

infection but with a significant time delay when compared to the NP-specific IgG that were already present 

at high levels at wk 5-8 p.i.. This indicates that residual LCMV GP was still present at a rather late time point 

(> wk 5-8) to stimulate the production of GP-specific Ab. In contrast to NP, GP is heavily glycosylated and 

the generation of GP-specific Ab is hampered by a glycan shield (53). Also in normal mice without CD4+ T 

cell depletion, NP-specific Ab are generated more quickly and reach higher titers than GP-specific Ab (75). 

The decreased production of GP- in comparison to NP-specific Ab is most likely explained by the low 

precursor frequency of GP-specific B cells and/or the necessity of these cells to considerably undergo 

somatic hypermutations to generate decent binding antigen receptors. In anti-CD4 Ab-treated mice, the 

generation of GP-specific Ab may be further delayed by the limited T cell help at the initiation of the GC 

response and possibly also by low GP levels. 

Our study further demonstrates that LCMV NP-specific IgG in anti-CD4 Ab-treated FcγR-/- mice did not 

reach the levels found in non-treated littermate controls. This suggests that residual LCMV is stored in the 

form of immune complexes (IC) that are retained by FcγR. In the absence of FcγR, the amount of residual 

LCMV antigen available for T/B cell activation may be too limiting. Due to the low levels of virus-specific 

Ab present at wk 1-2 p.i., the formation of IC in anti-CD4 Ab-treated mice is likely to be impaired. However, 

virus-specific Ab titers quickly increased thereafter enabling efficient IC formation also in anti-CD4 Ab-

treated mice. Of note, injection of anti-CD4 Ab into FcγR-/- mice did not lead to physical depletion of CD4+ 

T cells due to the lack of FcγR (data not shown). Instead, the helper function of CD4+ T cells was functionally 

blocked as evident by the reduced levels of LCMV NP-specific IgG. This implies that CD4+ T cell recovery 

in FcγR-/- mice did not require de novo generation of CD4+ T cells as in wt mice. Although unlikely, we 

cannot completely rule out the possibility that the inefficient induction of LCMV NP-specific IgG Ab in 

anti-CD4 Ab-treated FcγR-/- mice was due to this effect. 

Despite similar levels of LCMV NP-specific IgG in serum, LCMV NP-specific IgG ASC and plasma cells 

in the BM of anti-CD4 Ab-treated mice were decreased by a factor of 2-3 when compared to control mice. 

This suggests that a substantial fraction of LCMV NP-specific IgG in serum of anti-CD4 Ab-treated mice 

originated from plasmablasts or short-lived plasma cells that did not efficiently home to the BM. However, 

LCMV NP-specific IgG ASC in spleen of anti-CD4 Ab-treated mice were also significantly lower than in 

control mice (data not shown). We thus favor the notion that plasmablasts or short-lived plasma cells were 

underestimated in our ELISPOT assays and flow cytometric analyses possibly due to a higher degree of 

spontaneous cell death when compared to fully differentiated long-lived plasma cells from control mice. The 

observation that LCMV NP-specific plasma cells from anti-CD4 Ab-treated mice showed a less 

differentiated phenotype with respect to B220 expression would be compatible with such an interpretation. 
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Despite similar anti-LCMV NP Ab levels in serum, isotype-switched memory B cells specific for the same 

antigen were clearly decreased (~8-fold) in anti-CD4 Ab-treated mice. This indicates that LCMV antigen 

depots were quite efficient in inducing Ab production but clearly less in generating memory B cells. The 

impaired ability to induce memory B cells by residual antigen could be due to lower antigen levels and/or 

decreased inflammatory signals when compared to the priming conditions at the acute phase of the LCMV 

infection. In this context, the increased IgG1 levels of LCMV NP-specific Ab in anti-CD4 Ab-treated mice 

is noteworthy. It probably reflects the lower IFN-γ levels during priming with residual viral antigen when 

compared to the acute infection (225). The role of persisting antigen for maintenance of memory B cells is 

still controversially discussed (226). Our finding that residual LCMV antigen was inefficient in inducing 

LCMV-specific memory B cells is more compatible with the concept that memory B cells are independent 

of persisting antigen as demonstrated previously (227).  

The secondary LCMV NP-specific B cell response in anti-CD4 Ab-treated mice after LCMV rechallenge as 

determined by assessing the numbers of ASC and plasmablasts shortly (day 5) after antigen boost was 

strongly decreased (~24 to ~36-fold). This impressive decrease clearly exceeds the ~8-fold reduced number 

of LCMV NP-specific memory B cells in these mice. Thus, LCMV NP-specific memory B cells generated 

under conditions of limited T cell help and/or in the absence of inflammatory signals may also be impaired 

in their ability to differentiate into ASC after antigen boost. In addition, the secondary response of LCMV 

NP-specific CD4+ T cells in mice that were transiently depleted of CD4+ T cells during acute infection was 

considerably lower than in control mice. This likely contributes to the poor memory B cell response in 

transiently CD4+ T cell-depleted mice after LCMV re challenge. 

In conclusion, we here demonstrate that CD4+ T cell help to B cells for antibody production can be provided 

weeks after an acute LCMV infection. Hence, residual LCMV antigen depots can prime CD4+ T cells for B 

cell help probably in a FcγR-depend manner. Finally, our study unravels a previously unappreciated 

dichotomy of specific Ab production and memory B cell formation after priming with residual viral antigen. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Residual LCMV antigen in transiently CD4+ T cell-depleted mice induces high levels of virus-specific antibodies but only 

limited B cell memory 

 

35 

1.5 Material and Methods 
 

 

1.5.1 Mice and infections 

 

B6 mice were obtained from Janvier (Le Genest St-Isle, France). FcγR-/- (228), CD21/CD35-/- (217), 

KL25HL BCR knock-in / tg (229) and VI10 H heavy chain knock-in (209) mice were bred and kept in our 

animal facilities under specific pathogen-free conditions. Unless stated otherwise, mice were infected 

intraperitoneally (i.p.) with 2x105 plaque forming unit (pfu) LCMV Arm. For depletion of CD4+ T cells, 

mice were treated i.p. with 200 ug CD4-specific mAb YTS191 (BioXCell) at day -3 and day -1 before LCMV 

infection. For LCMV rechallenge, immune mice were infected i.p. with 8x105 pfu LCMV Arm and analyzed 

at day 5 post secondary infection. LCMV was propagated on baby hamster kidney cells (BHK) and viral 

titers were determined by focus-forming assay (230). Mice at the age of 8-20 wk were used for primary 

LCMV infection. Animal experiments were performed at the University of Freiburg and the University of 

Basel, in accordance with the laws of animal protection and with authorization of the Regierungspräsidium 

Freiburg and the cantonal authorities of Basel. 

 

 

1.5.2 LCMV qPCR 

 

RNA was prepared from ~30 mg splenic tissue using phenol (TriReagent, Sigma)-chloroform-extraction 

followed by EtOH-sodium acetate-precipitation. To transcribe the viral RNA genome, single-stranded 

cDNA from 1 μg of total RNA was generated with the High Capacity cDNA Reverse Transcription Kit 

(Applied Biosystems) using random primers. The qPCR reaction was performed with KAPATM SyBR® 

FAST qPCR Kit Master Mix in MicroAmp® Optical 384-well reaction plate (Applied Biosystems) with the 

following LCMV GPArm primers: forward: CATTCACCTGGACTTTGTCAGACTC; reverse: 

GCAACTGCTGTGTTCCCGAAAC (231). PCR conditions: 50°C 2 min.; 95°C 10 min.; 40 cycles of 95°C 

15 sec.; 60°C 20 sec.. Samples were run on a ABI Prism® 7900 sequence detector and analyzed with SDS2.4 

Sofware and RQ manager (all Applied Biosystems). Copy numbers were determined with a plasmid 

containing LCMV GPArm. 

 

 

1.5.3 Adoptive transfer of B cells from KL25HL/VI10 BCR knock-in / tg mice 

 

B6 recipients were infected i.p. with 2x105 pfu recombinant LCMV Arm expressing the glycoprotein of the 

LCMV strain WE (LCMV-Arm/WE-GP) (208). Five weeks later, 2x106 MACS-purified (Milteny, Biotec, 

Germany), CFSE (carboxyfluorescein succinimidyl ester, Thermo Fischer)-labeled untouched resting B cells 

from CD45.1+ KL25HL BCR tg mice (209) were transferred (i.v.). As a control, B cells from CD45.1+ VI10 



Residual LCMV antigen in transiently CD4+ T cell-depleted mice induces high levels of virus-specific antibodies but only 

limited B cell memory 

 

36 

knock-in mice were also transferred. These mice carry on both alleles the rearranged VHDJH region from the 

VSV-specific mAb VI10 (209). Mice were analyzed 4 days after cell transfer. 

 

 

1.5.4 Flow cytometry 

 

Flow cytometry was performed according to the guidelines as published by Cossarizza et al. (232). Single 

cell suspensions were stained with fluorophore-conjugated mAb specific for the following molecules: B220 

(Ra3-6B2; AF488, BV421, PE), CD4 (RM4-5; BV650), CD8 (53-6.7; AF488), CD11b (M1/70; AF488), 

CD19 (6D5, PE-Cy7), CD45.1 (A20, BV421), CD45.2 (104, BV786), CD138 (281-2; PE-Cy7), CXCR5 

(L138D7; PE), Fas (SA367H8, AF488), GL7 (GL7, BV412), IgD (11-26c2A; AF700), IgM (RMM-1; 

A488), PD-1 (29F.1A12; APC) and TACI (8F10; PE), all purchased from BioLegend. Tetramer enrichment 

was performed as described previously (205) with some modifications. In brief, splenic single-cell 

suspensions were labelled at room temperature in 300 ul PBS with 6.5 ug I-Ab/NP309-328 tetramers coupled to 

PE (phycoerythrin) in the presence of 5 ug Fc-block (clone 2.4G2), 6% mouse and 6% rat serum for 1 hour. 

I-Ab/NP309-328 tetramers were obtained from the NIH Tetramer Core Facility. Cell enrichment was performed 

with anti-PE beads applying MACS technology (Milteny, Biotec, Germany). The enriched cell population 

was stained on ice for 30 minutes (min.) with a cocktail of fluorochrome-labelled mAb specific for B220, 

CD4, CD8, CD11b, CXCR5 and PD-1. The entire stained sample was collected on a LSRFortessa flow 

cytometer using DAPI (4',6-diamidino-2-phenylindole) staining to exclude dead cells. The percentage of 

tetramer-positive cells was multiplied by the total number of cells in the enriched fraction to calculate the 

number of tetramer-positive cells per 106 CD4+ T cells in the starting spleen cell suspension. 

To identify LCMV NP-specific plasma cells, BM cells were first surface stained on ice for 30 min. with 

mAb specific for B220, CD138 and TACI. Afterwards, cells were fixed and permeabilized using Inside Stain 

Kit (Milteny, Biotec, Germany). After a blocking step with PBS containing 2% FCS (on ice for 10 min.), 

cells were incubated on ice for 45 min. with bacteria-derived and AF 647-conjugated recombinant LCMV 

NP (3-5 μg/ml). To identify LCMV NP-specific isotype-switched (IgM-D-) memory B cells, spleen cells 

were first surface stained on ice for 30 min. with mAb specific for B220, IgD and IgM. After a wash step, 

cells were incubated with AF 647-labelled recombinant LCMV NP (3-5 μg/ml) on ice for 1 hour. Cells were 

analyzed on LSRFortessa flow cytometer using DAPI staining to exclude dead cells (DAPI staining was 

omitted in intracellular staining) and FlowJo software (Treestar). Gating strategies are shown directly in the 

corresponding figures or in Supporting Information Fig.S 1- 7. 

 

 

1.5.5 Determination of LCMV GP- and NP-specific Abs 

 

GP- and NP-specific IgG were measured by ELISA using a GPc-Fc construct (75) and recombinant bacterial 

expressed LCMV NP (53), respectively, as described. The levels of NP-specific IgG were expressed as 
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arbitrary unit (AU) per ml serum. These values were interpolated from a standard curve. This curve was 

generated from a serial dilution of purified polyclonal mouse IgG (100-3 ng/ml, Jackson ImmunoResearch) 

incubated on wells coated with rabbit anti-mouse IgG F(ab')2 (Jackson ImmunoResearch). One AU 

corresponds to the OD values obtained with 1 μg purified polyclonal mouse IgG upon serial dilution. To 

determine the antigen-binding avidity of NP-specific IgG, conventional ELISA combined with a 8 M urea 

wash step was used as described previously (206).  

To calculate the percent bound IgG Ab after urea wash, we used area under the curve (AUC) analysis of 

OD492 values of PBS and urea-treated samples over a range of six serum dilutions (1:900 to 1: 72.900). For 

detection of IgG subtypes, biotinylated goat anti-mouse IgG1-, IgG2b- and IgG2c-specific Ab (Jackson 

ImmunoResearch) were used.  

 

1.5.6 Quantification of LCMV NP-specific Ab secreting cells by ELISPOT 

 

Single-cell suspension of BM were cleared of erythrocytes by a single round of 0.83% NH4Cl treatment and 

resuspended in cell culture medium (IMDM, Iscove's Modified Dulbecco's Medium + 10% fetal calf sera). 

96-well Multiscreen Assay plates (Merck Millipore) were activated by adding 35% ethanol (15 μl/well) for 

1 minute. The activated plates were washed twice with phosphate buffered saline (PBS) and coated with 3 

μg/ml recombinant LCMV NP (100 μl/well) at 4°C overnight. Afterwards, the plates were washed twice 

with PBS and blocked with cell culture medium (200 μl/well) at room temperature for 2 hours. Blocking 

medium was replaced with 100 μl cell culture medium containing threefold dilutions of BM cells starting 

with a cell density of 107 cells/ml. After incubation at 37°C in humid atmosphere with 5% CO2 for 5 hours, 

plates were emptied by being flicked and washed 3-times with PBS containing 0.05% Tween 20 (PBST). A 

100 μl volume of horseradish peroxidase-labeled rabbit anti-mouse Fcγ-specfic Ab (Jackson 

ImmunoResearch) diluted into PBS was added to each well and incubated overnight at 4°C. The plates were 

washed 4-times with PBST and 4-times with PBS, and detection was carried out by adding freshly made 

AEC (3-amino-9-ethylcarbazole; BD Bioscience) solution (100μl/well) at room temperature for 20 min.. 

The reaction was terminated by extensive washing with water. After drying in the dark, spots were 

enumerated using a stereomicroscope (Stemi 508, Zeiss) with an integrated camera (AxioCam 105). 
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1.8 Figures  
 

 
Figure 1-1 Anti-LCMV immune response in mice that had been transiently depleted of CD4 T cells during acute infection 

Anti-CD4 Ab-treated (αCD4, open circles) and control (cont., closed circles) B6 mice were infected with LCMV 

and analyzed at the indicated time points p.i.. (A) Viral load in genome copies per spleen determined by qPCR. 

Data are pooled from 2 independent experiments with 3 mice per group. (B) Serum concentrations of LCMV NP-

specific IgG as arbitrary units (AU) per ml serum. Data from 2 independent experiments with 6-9 mice per group 

are shown. (C) Percent CD4+ T cells of peripheral blood lymphocytes (PBL) in anti-CD4 Ab-treated mice at the 

indicated time points after CD4+ T cell depletion and LCMV infection. Data are pooled from 2 independent 

experiments with 3 mice per group. (D) Numbers of LCMV NP309-tet+ CD4+ T cells per 106 CD4+ T cells from 

naïve and LCMV immune mice. Data are pooled from 2 independent experiments with 5 mice per group. (E) TFH 

phenotype of LCMV NP309-tet+ CD4+ T cells determined by PD-1/CXCR5 co-expression analysis. Data are pooled 

from 2 independent experiments with 5 mice per group. (F) Numbers of GC (Fas+GL7+) B cells per 106 B220+ B 

cells in spleen. Data are pooled from 2 experiments with 3-5 mice per group. Symbols represent the values from 

individual mice. Horizontal lines indicate the mean, horizontal dashed lines indicate the detection limit. **p < 

0.01, ***p < 0.001; Mann-Whitney U-test. 

 

B LCMV NP-specific IgG

weeks after infection

Exp.2

*** **

A
U

/m
l

weeks after infection

Exp.1

** ** **

A
qPCR

5 7 9
days after infection

15 50-63

co
pi

es
 p

er
 s

pl
ee

n

105

106

107

108

109

1010

detection
limit

cont.
αCD4

28

D E F
# LCMV NP309-tet+ CD4 T cells

pe
r 1

06
C

D
4

T 
ce

lls

100

10

1000

11
weeks after infection

60

% PD-1+CXCR5+ of 
NP309-tet+ CD4 T cells

116
weeks after infection

60

80

40

20

0

%
 P

D
-1

+ C
X

C
R

5+

# GC B cells (Fas+GL7+)

time after infection
10 days 6 wk

pe
r 1

06
B

 c
el

ls

103

104

105

102

11 wk

*** ** **

CD4 T cell repopulation

weeks after infection

%
 C

D
4+

T 
ce

lls
 o

f P
B

L

C

15

10

5

0
0 1 2 3 4 5

A
U

/m
l



Residual LCMV antigen in transiently CD4+ T cell-depleted mice induces high levels of virus-specific antibodies but only 

limited B cell memory 

 

39 

 
Figure 1-2 Antigen-binding avidity and IgG subclass distribution 

Anti-CD4 Ab-treated (αCD4, open symbols) and control (cont., closed symbols) B6 mice were infected with 

LCMV and analyzed at the indicated time points. (A) Top: LCMV NP-specific IgG in serum as detected by 

ELISA. Antigen-captured serum IgG was washed with PBS (circles) or urea (quadrants) before detection. ELISA 

profiles from one individual mouse per group are displayed. Data are representative from 2 independent 

experiments with 5-9 mice per group. Bottom: Avidity of LCMV NP-specific IgG Ab determined by ELISA with 

and without an urea wash step. Data shown are pooled from 2 independent experiments with 5-9 mice per group. 

(B) IgG subclasses of LCMV NP-specific IgG determined by ELISA using subclass-specific secondary Ab to 

detect antigen-captured serum IgG. OD (492nm) values at the indicated serum dilution in the linear range are 

displayed. Symbols represent the values of individual mice. Horizontal lines indicate the mean. Data shown are 

pooled from 2-3 independent experiments with 5-9 mice per group. *p < 0.05, **p < 0.01; Mann-Whitney U-test. 
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Figure 1-3 Induction of LCMV-GP specific IgG with a delayed kinetics 

Anti-CD4 Ab-treated (red) and control B6 (black) mice were infected with LCMV. LCMV GP- (left) and NP-

specific IgG levels (right) in serum were determined by ELISA at wk 5-8 (A) and wk 12-15 (B) after infection. 

ELISA profiles from individual mice are depicted. Pooled data from 3 independent experiments are shown. n= 7-

9 mice per group. 
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Figure 1-4 Proliferation of LCMV GP-specific KL25HL B cells induced by residual LCMV antigen 

CFSE-labeled B cells from CD45.1+ KL25HL and from CD45.1+ VI10 H mice were transferred into LCMV-

Arm/WE-GP-infected (wk 5 p.i.) and non-infected CD45.2+ recipient mice. Mice were analyzed by flow 

cytometry 4 days after cell transfer.  

(A) FACS plots gated on B220+ B cells (top) and on KL25 HL donor cells (bottom) from spleen. Data are 

representative from 3 independent experiments with 15 mice per group. Numbers indicate the percentages of the 

respective cell populations. (B) Percentage distribution of CFSElow cells among donor KL25HL and VI10 H B 

cells in spleen of infected and non-infected recipients as indicated. (C) Absolute cell numbers of recovered 

KL25HL and VI10 H B cells in spleen of infected and non-infected recipients as indicated. (B-C) Data are pooled 

from 3 independent experiments with KL25 HL B cells and 2 independent experiments with VI10 H B cells. 

Symbols represent the values of individual mice. As indicated, a total of 7-15 mice per group were analyzed. ***p 

< 0.001; Mann-Whitney U-test. 

 

A

# of recovered B cells (CD45.1+B220+) per spleen

recipient
mice:

non-infectedLCMV-Arm/WE-GP
(wk 5 p.i.)

gate: B cells (B220-PE+) 

gate: donor KL25 HL cells (CD45.1+) 
CD45.1-BV421

C
D

45
.2

B
22

0-
P

E

CFSE

C
D

45
.2

-B
V

78
6

2.88% 0.09%

96% 4% 2% 98%

C

non-
infected

non-
infected

infected infectedrecipient
mice: 

donor: KL25HL VI10 H

B % CFSElow of transferred B cells (CD45.1+B220+) 

non-
infected

non-
infected

infected infectedrecipient
mice: 

donor: KL25HL VI10 H

100

80

60

40

20

0

107

106

105

104

***

***

donor: KL25 HL

A

# of recovered B cells (CD45.1+B220+) per spleen

recipient
mice:

non-infectedLCMV-Arm/WE-GP
(wk 5 p.i.)

gate: B cells (B220-PE+) 

gate: donor KL25 HL cells (CD45.1+) 
CD45.1-BV421

C
D

45
.2

B
22

0-
P

E

CFSE

C
D

45
.2

-B
V

78
6

2.88% 0.09%

96% 4% 2% 98%

C

non-
infected

non-
infected

infected infectedrecipient
mice: 

donor: KL25HL VI10 H

B % CFSElow of transferred B cells (CD45.1+B220+) 

non-
infected

non-
infected

infected infectedrecipient
mice: 

donor: KL25HL VI10 H

100

80

60

40

20

0

107

106

105

104

***

***

donor: KL25 HL



Residual LCMV antigen in transiently CD4+ T cell-depleted mice induces high levels of virus-specific antibodies but only 

limited B cell memory 

 

42 

 
Figure 1-5 Role of FcR and the complement receptors CD21/CD35 

(A) FcγR-/- and (B) CD21/CD35-/- mice were treated with anti-CD4 Ab (αCD4, open circles) or were left untreated 

(cont., closed circles). Afterwards, mice were infected with LCMV and the amount of LCMV NP-specific IgG in 

serum was determined by ELISA at the indicated time points. Pooled data from 2 independent experiments for 

each mouse line are shown. Symbols represent the values of individual mice, horizontal lines indicate the mean. 

n=3-5 per group. *p < 0.05, **p < 0.01; Mann-Whitney U-test. Statistics was omitted when <4 values per group 

were present. 
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Figure 1-6 LCMV NP-specific IgG ASC and plasma cells in BM 

Anti-CD4 Ab-treated (αCD4, open circles) and control (cont., closed circles) B6 mice were infected with LCMV 

and analyzed at 7-11 wk p.i.. (A) Numbers (#) of NP-specific IgG ASC per 105 BM cells as determined by 

ELISPOT. On the right, representative ELISPOT demonstrating LCMV NP-specific ASC; as indicated 105 BM 

cells were added per well. (B) Representative FACS plots of BM cells illustrating the gating strategy to analyze 

LCMV NP-specific plasma cells. On the right, numbers (#) of cytoplasmic (cyt) LCMV NP+ CD138+TACI+ cells 

per 105 BM cells. (C) Ratio of B220negative to B220intermediate cells within the subset of LCMV NP+CD138+TACI+ 

BM cells. (A-C) Data are pooled from 2 independent experiments with 4-7 mice per group. Symbols represent the 

values of individual mice, horizontal lines indicate the mean. The value in red beside the red arrow in graph 

indicates the fold reduction of the means from the control to the anti-CD4 Ab-treated group. *p < 0.05, Mann-

Whitney U-test. 
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Figure 1-7 LCMV NP-specific memory B cell response 

(A) Anti-CD4 Ab-treated (αCD4, open circles) and control (cont., closed circles) B6 mice were infected with LCMV and 

analyzed at 7-11 wk p.i.. Representative FACS plots of spleen cells depicting the gating strategy to analyze LCMV NP-specific 

isotype-switched (IgM-D-) memory B cells. On the right, numbers (#) of LCMV NP-specific isotype-switched memory B cells 

per 105 spleen cells. Data are pooled from 2 independent experiments with 6 mice per group. (B, C) LCMV immune B6 mice 

(18-20 wk p.i.) that had been transiently depleted of CD4+ T cells (αCD4, open circles) during primary infection were re-

infected with LCMV. Non-depleted infection-matched LCMV immune mice were used as controls (cont., closed circles).  

(B) Numbers (#) of LCMV NP-specific IgG ASC per 105 spleen cells as determined by ELISPOT at day 5 post re-challenge. 

On the right, representative ELISPOT demonstrating LCMV NP-specific ASC; the indicated numbers of spleen cells were 

added per well. (C) Representative FACS plots of spleen cells illustrating the gating strategy to analyze LCMV NP-specific 

plasma cells/plasmablasts. On the right, numbers (#) of cytoplasmic (cyt) LCMV NP+ CD138+TACI+ cells per 105 BM cells. 

(B-C) Data are pooled from 2 independent experiments with 6 mice per group. Symbols repre 

sent the values of individual mice, horizontal lines indicate the mean. The value in red beside the red arrow in the graph 

indicates the fold reduction of the means from the control to the anti-CD4 Ab-treated group. **p < 0.01, Mann-Whitney U-

test. 
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1.9 Supplementary Figures 

 
S 1-1 Control of LCMV Armstrong infection is independent of CD4+ T cells 

Anti-CD4 Ab-treated (αCD4, open circles) and control (cont., closed circles) B6 mice were infected with 2x105 pfu LCMV 

Armstrong i.p. and analyzed at the indicated time points after infection. Viral titers in spleen were determined by focus-forming 

assay.  

 

S 1-2 Lack of a LCMV NP-specific IgM response in mice that had been transiently depleted of CD4+ T cells during acute infection 

Anti-CD4 Ab-treated (αCD4, red) and control (cont., black) B6 mice were infected i.p. with 2x105 pfu LCMV Armstrong. 

LCMV NP-specific IgM levels in serum were determined by ELISA at week 1 and 2 p.i.. On the left, ELISA profiles from 

individual mice at the indicated time points p.i. are depicted. On the right, pooled data with 4 mice per group are displayed.  
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S 1-3 MHC class II-deficient mice fail to generate LCMV NP-specific IgG Ab 

B6 (closed circles) and MHC class II-deficient mice (B6.129S2-H2dlAb1-Ea/J, open circles) were infected i.p. with 2x102  pfu 

LCMV Armstrong. After 5 weeks, LCMV NP-specific IgG levels in serum were determined by ELISA. ELISA profiles from 

individual mice are depicted.  

 

S 1-4 Repeated administration of anti-CD4 Ab prevents induction of LCMV NP-specific IgG 

(A) B6 mice were treated with anti-CD4 Ab before infection with 2x105 pfu LCMV Armstrong i.p.. (B) B6 mice were treated 

with anti-CD4 Ab before and repeatedly with weekly intervals after infection with 2x105 pfu LCMV Armstrong i.p.. At the 

indicated time points, LCMV NP- specific IgG levels in serum were determined. Symbols represent the values from individual 

mice. 
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S 1-5 TFH phenotype (PD-1+CXCR5+) of LCMV NP309-specific CD4+ T cells 

CD4 Ab-treated and control B6 mice were infected with 2x105 pfu LCMV Armstrong. After 11 weeks, LCMV NP309- specific 

CD4+ T cells from spleen were enriched and their PD-1/CXCR5 phenotype were determined by flow cytometry. (A) 

Representative FACS plots of tetramer-based enriched LCMV NP309-specific CD4+ T cells. (B) PD-1 expression (mean 

fluorescence) of LCMV NP309-specific CD4+ T cells from CD4 Ab-treated and control B6 mice analyzed 6-11 wk p.i.. Data 

are shown as pairs from the 2 groups that were analyzed side-by-side on the same day. 
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S 1-6 Numbers of LCMV NP309-tet+ CD4+ T cells in CD4 Ab-treated and control LCMV immune mice 5 days after LCMV 

rechallenge 

LCMV immune B6 mice (11-14 wk p.i.) that had been transiently depleted of CD4+ T cells (αCD4, open circles) during 

primary infection were re-infected with LCMV. Non-depleted infection-matched LCMV immune mice were used as controls 

(cont., closed circles). Numbers of LCMV NP309-tet+ CD4+ T cells were determined by MHC II tetramer (I-Ab/NP309- 328) 

staining in combination with tetramer-based cell enrichment. Data shown are pooled from 2 independent experiments with 8 

mice per group. Symbols represent the values from individual mice. **p < 0.01, Mann- Whitney U-test.  

 

S 1-7 Supporting Fig. 7A 

Gating strategy used in Figure 1-1 D. 

 

S 1-8 Supporting Fig. 7B 

Gating strategy used in Figure 1-1 F.  
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Graphical abstract 2-1 Heterologous arenavirus vector prime – boost overrules self-tolerance for efficient tumor-specific 

CD8 T cell attack 

2.1 Summary 

Therapeutic vaccination regimens inducing clinically effective tumor-specific CD8 T cell (CTL) responses 

represent an unmet medical need. We engineer two distantly related arenaviruses, Pichinde virus and 

lymphocytic choriomeningitis virus, for therapeutic cancer vaccination. In mice, life-replicating vector 

formats of these two viruses delivering a self-antigen in a heterologous prime-boost regimen induce tumor-

specific CTL responses up to 50% of the circulating CD8 T cell pool. This CTL attack eliminates established 

solid tumors in a significant proportion of animals, accompanied by protection against tumor re-challenge. 

The magnitude of CTL responses is alarmin-driven and requires combining two genealogically distantly 

related arenaviruses. Vector-neutralizing antibodies do not inhibit booster immunizations by the same vector 

or by closely related vectors. Rather, CTL immunodominance hierarchies favor vector backbone-targeted 

responses at the expense of self-reactive CTLs. These findings establish a powerful arenavirus-based 

immunotherapy regimen which allows to reshuffle immunodominance hierarchies and break self-directed 

tolerance for efficient tumor control. 
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2.2 Introduction 
 

Cytotoxic CD8+ T lymphocytes (CTL) are central mediators of adaptive immunity. Tumor-infiltrating CTLs 

in several tumor types are associated with clinical outcome (233-235) and pre-existing CTL infiltration may 

predict responsiveness to immune checkpoint inhibition (236). Analogously, CTLs are key players in HIV 

elite control and hepatitis B virus clearance (111, 112, 237).  

Therapeutic vaccination for CTL induction holds great promise for cancer therapy (238, 239), but has 

delivered inconsistent therapeutic benefit including the failure of large clinical trials (240-243). Despite the 

induction of sizeable tumor antigen-specific CD8+ T cell frequencies by modalities such as adjuvanted 

peptide(244), inefficient tumor infiltration has curtailed the clinical efficacy of these cells (245, 246). 

Delivering tumor-associated antigens (TAAs) in the context of virus-induced inflammation (247) bears 

significant potential to overcome these hurdles. Accordingly, several viral vector platforms have been 

developed for therapeutic use against solid tumors (243, 248-255). Inbuilt immunostimulatory properties of 

the viral particles themselves, exhibiting pathogen-associated molecular patterns, activate antigen-presenting 

cells (APCs) to augment and differentiate immune responses (256, 257). In addition, certain replicating viral 

delivery systems trigger the release of damage-associated molecular patterns or alarmins such as interleukin-

33 (IL-33) (58, 258). These signals critically augment the activated T cells’ expansion, effector 

differentiation and anti-tumor efficacy (59, 152).  

Anti-vector immunity can inhibit viral delivery systems, impeding their re-administration to augment 

immune responses. A single immunization with vaccinia virus or modified vaccinia virus Ankara (MVA) 

elicits neutralizing antibody (nAb) responses in the majority of individuals (259) and inhibits vaccinia-

vectored immunization (260). The seroprevalence to common adenoviral (Ad) serotypes such as Ad5 can 

regionally exceed 90%. Ad5-nAbs dampen or even abrogate responses to recombinant Ad5-based vaccines 

(261), and the use of simian adenovirus (sAd) backbones with lower seroprevalence has increased 

immunological response rates in clinical trials (262, 263). Still, also sAd vectors induce vector-specific nAbs 

when used for vaccination and have failed to demonstrate efficient homologous boosting capacity (264). 

More surprisingly, even serologically distinct adenovectors did not efficiently boost upon each other (263, 

264), and adenoviral vectors are nowadays commonly combined with poxvirus-based platforms for 

heterologous prime-boost vaccination (264). 

For several decades members of the arenavirus family have found widespread use in basic immunological 

research owing to their capacity of inducing CTL responses of exceptional magnitude, functionality and 

longevity (265). In the new millennium reverse genetic techniques have enabled the tailored design of this 

virus family and its exploitation for vaccination (48, 266). Replication-deficient vectors (rLCMV) based on 

the prototypic arenavirus lymphocytic choriomeningitis virus (LCMV) have demonstrated excellent CTL 

and nAb induction against vectorized transgenes in mice, non-human primates and recently also in humans 

(66, 267-269). As an important differentiation from other viral vector technologies, rLCMV-based 

immunization only rarely induced vector-nAbs, facilitating the vector’s repeated administration in 

homologous prime-boost vaccination (66, 267, 269). This peculiarity of LCMV-based vectors is due to an 

N-linked “glycan shield” on the outer globular domain of the viral envelope glycoprotein domain, which 
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impairs antibody accessibility to critical neutralizing epitopes (53). rLCMV vectors are currently in clinical 

Phase 2 testing for the prevention of cytomegalovirus-associated disease in transplant recipients (270). 

We and others have developed replication-attenuated tri-segmented arenavirus-based vector formats 

(artLCMV, r3LCMV, r3PICV, Fig. 2-1 A-C), which induce even more potent effector CTL responses than 

replication-deficient rLCMV or commonly used poxviral and adenoviral vector systems (57, 58, 271). An 

artLCMV based vector has recently entered early-stage clinical testing (272). When used to deliver tumor 

self-antigens to tumor-bearing mice, artLCMV induced potent anti-tumor CTL responses and extended the 

animals’ survival (58). Tumor-specific CTL responses were, however, lower in magnitude than those 

induced against vectorized non-self-antigens and complete tumor remission was not achieved. This 

suggested that self-tolerance limited the therapeutic efficacy of artLCMV-based immunization (58).  

Here we systematically explore a range of additional arenavirus vector backbones for vaccine delivery. We 

report that, counter to commonly held concepts, anti-vector CTL responses rather than neutralizing 

antibodies curtail the immunogenicity of homologous arenavirus vector prime – boost vaccination. 

Accordingly, backbones of distant genealogic relationship offered most potent heterologous prime – boost 

combinations, resulting in considerable rates of complete tumor rejection.   

 

 

2.3 Results 
 

2.3.1 Arenavirus vector backbone candidates and their genetic and phenotypic stability 

 

Arenaviruses form enveloped particles and contain two segments of negative-stranded RNA. The large (L) 

segment encodes for the viral polymerase L and the matrix protein Z, whereas the short (S) segment carries 

the envelope glycoprotein (GP) and nucleoprotein (NP) genes, separated by intergenic regions, respectively 

(Fig. 2-1 A). We and others have incorporated transgenic sequences such as tumor-associated antigens 

(TAAs) into replicating arenavirus vectors by segregating the NP and GP genes onto artificially duplicated 

S segments (SNP, SGP, Fig. 2-1 B, C) (57, 58, 271). This can be achieved by either the artARENA (e.g. 

artLCMV) or r3ARENA (e.g. r3LCMV) design strategy (Fig. 2-1 B, C). Here we vectorized additional 

mammalian arenaviruses (mammarenaviruses) to exploit their immunotherapeutic potential when combined 

in heterologous prime-boost combinations. Based on phylogenetic relationship, mammarenaviruses can be 

subdivided into the Old World group of viruses and four clades (A-D) of New World viruses (Fig. 2-1 D). 

For vector generation (see STAR Methods) we selected three mutually very distantly related viruses 

representing the main branches of the phylogenetic tree, namely the prototypic Old World virus lymphocytic 

choriomeningitis virus (LCMV), the widely studied New World Clade A virus Pichinde (PICV) and the 

Junin virus vaccine strain Candid#1 (CAND). CAND is in clinical use as a prophylactic vaccine against 

Junin virus, the causative agent of Argentine hemorrhagic fever (9), and PICV has no human disease 

correlate but can infect humans as documented in accidentally exposed laboratory workers (273).  
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LCMV infection is mostly asymptomatic or manifests as a flu-like infection (274). Rare cases of 

choriomeningitis are generally self-limiting and, despite documented cases of protracted central nervous 

system manifestations, commonly heal without persisting sequels (275, 276). From a safety perspective all 

three viruses are therefore valid vector backbone candidates for immunotherapeutic use in humans. We 

generated both, artARENA (artLCMV, artPICV, artCAND) as well as r3ARENA (r3LCMV, r3PICV, 

r3CAND) vectors expressing fluorescent reporter proteins. In cell culture, artARENA vectors as well as their 

respective r3ARENA counterparts reached lower titers than their respective parental wildtype (wt) viruses 

(Fig. 2-1 E-G). These observations extended and generalized earlier findings on attenuated artARENA and 

r3ARENA vector growth (57, 58, 271).  

Genetic and phenotypic stability are key criteria for the clinical utility of replicating viral vector systems. 

We have previously reported that artLCMV stably retained its genome organization and transgene expression 

over extended periods of in vivo replication, whereas r3LCMV underwent inter-segmental recombination, 

reverting to a non-transgenic bisegmented wildtype-like virus (58). Here we used artPICV-GFP, r3PICV-

GFP and wildtype PICV virus (PICVwt) to infect highly immunodeficient AGRAG mice, which lack the 

type I and type II interferon receptors and are devoid of T and B cells owing to RAG deficiency. In the first 

30 days of persistent infection, total viral loads (determined as PICV-NP-expressing infectivity) in blood of 

artPICV-GFP- and r3PICV-GFP-infected animals were similar and below those of PICVwt-infected controls 

(Fig. 2-1 H). By day 70, however, r3PICV-GFP viremia exceeded the levels in artPICV-GFP-infected 

animals and increased continuously thereafter, eventually reaching levels equivalent to PICVwt. Conversely, 

artPICV viremia remained consistently below PICVwt controls. GFP transgene-expressing viral infectivity 

in r3PICV-GFP- and artPICV-GFP infected mice was at comparable levels up to around day 70 of infection 

(Fig. 2-1 I). Thereafter it declined continuously in r3PICV-GFP infection but remained stable in artPICV-

infected animals. The resulting ratio of total PICV infectivity to GFP-transgenic infectivity documented that 

r3PICV-GFP progressively lost its transgene while transgene expression by artPICV-GFP remained stable 

throughout the observation period of >200 days (Fig. 2-1 J). We performed RT-PCR to detect supposedly 

recombined wildtype-like S segments containing both PICV NP and GP sequences (Fig. 2-1 K). Such RNA 

species were absent from artPICV-GFP-infected mice but were consistently detected in the blood of r3PICV-

infected animals (Fig. 2-1 L). Sequence analysis of amplicons revealed that some of them contained one or 

two GFP remnants, flanked by partially or completely duplicated viral intergenic regions, thus identifying 

them as inter-segmental recombination products of the SNP and SGP segments of r3PICV-GFP (Fig. 2-1 M). 

On day 224 after infection, RT-PCR assays detected the SNP and SGP segments of artPICV-GFP but not the 

corresponding GFP-containing segments of r3PICV-GFP (Fig. S 2-1 A-D), further supporting the notion of 

r3PICV-GFP transgene loss. When re-isolated after >200 days of persistent infection and propagated in cell 

culture, r3PICV-GFP reached titers equivalent to PICVwt virus, whereas re-isolated artPICV-GFP growth 

was attenuated. This contrasted with the cell culture behavior of the inoculum of r3PICV-GFP and artPICV-

GFP vectors, both of which grew to lower titers than the corresponding PICVwt viruses (Fig. 2-1 N). These 

findings indicated that the genetic instability of r3PICV-GFP was accompanied by phenotypic reversion to 

PICVwt-like growth, whereas artPICV-GFP was genetically and phenotypically stable. Analogous findings 
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were made with CAND-based vectors. SNP – SGP recombination products and loss of GFP-containing 

segments was also observed in r3CAND-infected AGRAG mice but not in artCAND-infected animals (Fig. 

S 2-1 E-K). Re-isolated r3CAND-GFP exhibited CANDwt-like cell culture growth behavior (Fig. S 2-1 L) 

while artCAND replication in AGRAG mice was at too low levels as to allow for the virus’ re-isolation. 

Altogether, these studies generalized the finding (58) that artARENA vectors are genetically and 

phenotypically stable, while r3ARENA vectors are prone to transgene loss and phenotypic reversion to 

wildtype-like virus. 

 

 

2.3.2 artARENA vectors are attenuated in guinea pig and in a mouse pathogenesis model 

 

Next we tested whether artPICV and artLCMV were attenuated in animal models. Guinea pigs were infected 

with titrated doses of either PICVwt, known to cause lethal disease in these animals, or with artPICV-E7E6 

expressing a non-oncogenic fusion construct consisting of the HPV16 E7 and E6 ORFs (277) (see chart in 

Fig. 2-2 A). Animals receiving diluent were included as a further control. At PICVwt doses of 3x10e2 or 3 

PFU, three out of eight animals reached humane endpoints (Fig. 2-2 A), a disease which was always 

accompanied by high-level viremia (>10e3 PFU; Fig. 2-2 B, C). At the highest PICVwt dose (3x10e4 PFU), 

seven out of eight guinea pigs developed high-level viremia and terminal disease (Fig. 2-2 A, D). In contrast, 

artPICV-E7E6 infection at 3x10e2 PFU was aviremic (Fig. 2-2 E) and doses of 3x10e4 or even 3x10e6 PFU 

(100-fold higher than the highest PICVwt dose tested) did not result in high-level viremia (Fig. 2-2 F, G). 

Transient low-level viremia was detected in only 1 out of 8 animals in both of these latter cohorts (Fig. 2-2 

F, G) and none of these animals developed terminal disease (Fig. 2-2 A). When administered 3x10e2 PFU 

artPICV-E7E6, the lowest dose tested, seven out of eight animals were free of disease throughout the 27-

day observation period and none of the animals had detectable viremia (Fig. 2-2 E). On day 24 after vector 

inoculation one of these aviremic animals suddenly exhibited signs of disease corresponding to humane 

study endpoints, thus necessitating its euthanasia on day 25. The absence of detectable viral loads in this 

animal suggested, however, that its disease was unrelated to artPICV-E7E6 vector administration. 

Measurements of body weight loss, a commonly used parameter of PICV-induced disease in guinea pigs, 

provided additional independent support to the conclusion that artPICV-E7E6 was substantially attenuated 

(Fig. S 2-2). 

Intracranial inoculation of mice represents the standard model to assess the neurovirulence of LCMV-based 

vectors (58, 267, 278). In agreement with earlier data demonstrating attenuation of artLCMV vectors (58) 

we found that 100 – 1000 PFU of artLCMV-E7E6 had to be administered intracranially to elicit terminal 

choriomeningitis in about half of the animals whereas 1 PFU of LCMVwt resulted in terminal disease in all 

mice (Fig. 2-2 I). LCMV-induced choriomeningitis is mediated by CD8 T cells, which attack virus-infected 

meningeal cells and astrocytes resulting in blood-brain-barrier (BBB) breakdown and brain edema (279-

281). To investigate the mechanisms underlying reduced artLCMV neurovirulence we infected wildtype 

mice intracranially with 10 PFU of either artLCMV-E7E6 or LCMVwt or with diluent.  
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Seven days later, at the peak of disease in LCMVwt-infected animals, we determined immunoglobulin 

deposits in the brain parenchyma as a surrogate of BBB integrity (Fig. 2-2 J, K). The brain area affected by 

BBB breakdown was significantly larger in LCMVwt- than in artLCMV-E7E6-infected mice (Fig. 2-2 L). 

Regions of dense immunoglobulin deposits were evident in LCMVwt-infected brains, notably around the 

longitudinal fissure with substantial extension into deeper cortical layers, whereas in artLCMV-E7E6-

infected brains only small immunoglobulin deposits were detected in proximity to the longitudinal fissure. 

This morphological correlate of reduced immunopathological damage furthers our understanding of 

attenuated artLCMV neurovirulence (279).   

 

 

2.3.3 Immunogenicity and epitope dominance in heterologous artARENA prime – boost vaccination 

 

Next we tested the utility of artPICV – artLCMV as a heterologous prime – boost regimen. We primed 

C57BL/6 mice with either artLCMV-E7E6 or artPICV-E7E6, followed by artLCMV-E7E6 boost on day 13. 

E7-specific CTL responses in blood on day 9 were somewhat higher upon artLCMV-E7E6 prime than after 

artPICV-E7E6 prime (Fig. 2-3 A). Seven days after heterologous artLCMV-E7E6 boost (d20), artPICV-

E7E6 primed animals reached E7-specific CTL frequencies >50% of the total circulating CD8+ T cell pool, 

with only limited contraction over a one-month-period (Fig. 2-3 A-C, Fig. S 2-3). These CTL frequencies 

vastly exceeded those induced by homologous artLCMV-E7E6 prime – boost, which remained in the 6-7% 

range, similar to the frequencies after prime. All of these responses were polyfunctional as determined by 

IFN-g, TNF-a and IL-2 secretion upon peptide stimulation and comprised E7- as well as E6-specific CTLs 

(Fig. S 2-3). The majority of tumors, however, do not exhibit viral determinants such HPV E7 and E6 and 

active immunization therefore has to rely on other classes of TAAs, for which immune responses can be 

affected by self-tolerance. Studies on the P815 mouse tumor cell-derived cancer-testis antigen P1A, for 

example, have shown post-natal expression is restricted to spermatogonia, placenta and thymic medullary 

epithelial cells, the latter being key to central tolerance induction (282, 283). Accordingly, P1A-knockout 

mice spontaneously rejected P815 tumors, mounting P1A-specific CD8 T cell responses of significantly 

higher magnitude and functional avidity than wildtype animals (284). To test whether heterologous 

artARENA immunization facilitates breaking self-tolerance we immunized BALB/c mice with P1A-

expressing artLCMV-P1A or artPICV-P1A. By day 38 after prime the P1A-specific responses induced by 

either vector had leveled off in the range of 2-3% of circulating CD8+ T cells (Fig. 2-3 F). Upon heterologous 

artLCMV-P1A boost, artPICV-P1A-primed mice mounted P1A-specific CTL responses exceeding 50% of 

the circulating CD8+ T cell pool, thus substantially higher than upon artLCMV-P1A homologous boost (Fig. 

2-3 F-H). These heterologous prime – boost induced CTL responses contracted slowly, with frequencies 

>20% persisting in peripheral blood for >3 months (Fig. 2-3 F). Besides vector transgene-specific responses 

(E7E6, P1A) we determined also dominant vector backbone-specific responses directed against the NP-

derived epitopes NP396 in C57BL/6 mice (H-2Db-restricted) and NP118 in BALB/c mice (H-2Ld-restricted). 

Interestingly, these responses of C57BL/6 and BALB/c mice, respectively, were substantially lower in 
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animals receiving heterologous artPICV – artLCMV immunization as compared to homologous artLCMV 

prime – boost (Fig. 2-3 D, I). Based on these measurements we calculated the transgene: backbone epitope 

dominance ratio (E7 : NP396, Fig. 2-3 E; P1A : NP118, Fig. 2-3 J). It was substantially higher in 

heterologous as compared to homologous prime – boost immunization (~50-fold in Fig. 2-3E; >200-fold in 

Fig. 2-3 J), indicated that heterologous prime – boost immunization biased vaccine-induced CTL responses 

towards transgene-derived epitopes. In the context of active immunization for immunotherapy it is important 

to induce high-frequency CTL responses within a short time window. artPICV-P1A – artLCMV-P1A 

heterologous prime – boost, administered at an interval of only four to ten days, induced P1A-specific CTL 

responses of higher frequencies than were obtained in homologous prime – boost immunization given at the 

same interval (Fig. S 2-4 A-D). A trend for higher P1A-specific CTL frequencies at longer prime – boost 

intervals (7-10 days as compared to 4 days) was accompanied by an inverse trend in NP118 backbone-

targeting responses. Of note, artPICV-P1A prime followed by artLCMV-P1A boost clearly outperformed 

the inverse sequence of administration when administered at intervals of 4-10 days (Fig. S 2-4 A-D). The 

prime – boost regimen of artPICV followed by artLCMV rather than the inverse sequence of administration 

was, therefore, used for the subsequent studies. Only when the interval between the two vaccinations was 

substantially longer, artPICV-P1A boost of artLCMV-P1A-primed responses was effective (Fig. S 2-4 E, 

F). 

 

 

2.3.4 Phenotype of artARENA-induced CTLs and their dependence on IL-33 – ST2 alarmin signaling 

 

Next we determined how heterologous artPICV – artLCMV prime-boost influenced the magnitude and 

phenotype of P1A-specific CTL populations. Seven days after boost, CD62Llo effector / effector-memory 

cells dominated the responses of BALB/c mice to both homologous artLCMV-P1A prime – boost and 

heterologous artPICV-P1A – artLCMV-P1A immunization (Fig. 2-4 A-D). Importantly, heterologous prime 

– boost elicited not only higher P1A-specific CD62Llo effector / effector-memory CTL populations than 

homologous prime – boost but also the CD62Lhi central memory population was more abundant (Fig. 2-4 C, 

D). We studied the phenotype of both CTL subsets by determining the cells’ expression of the surface 

markers KLRG1, CX3CR1, CD27, CD43, CD127 and of the transcription factors Tcf-1, Tbet and Eomes 

(Fig. 2-4 E, Fig. S-2-5 G). Within both, the CD62Lhi and CD62Llo subset of CTLs, heterologous prime – 

boost immunization promoted the expression of the effector differentiation markers KLRG1, CX3CR1 and 

CD43 (285-289), with a concomitant reduction in the proportion of cells expressing the memory markers 

CD27 and CD127 (288, 290). We observed also that CTLs emerging from heterologous prime – boost 

expressed higher average Tbet levels and lower levels of Tcf-1, thus further supporting the conclusion that 

heterologous prime - boost augmented the effector differentiation of CTLs. Irrespective of this relative 

effector differentiation bias, heterologous prime – boost augmented not only the total number of CTLs 

expressing the effector differentiation markers KLRG1, CX3CR1 and CD43 but also the population of cells 

expressing memory precursor markers (CD27, CD127) and the stemness-defining transcription factor Tcf-1 



Heterologous arenavirus vector prime – boost overrules self-tolerance for efficient tumor-specific CD8 T cell attack 

 

57 

(120) (Fig. 2-4 F). When analyzed four weeks after boost (Fig. S 2-5 A-F), most of the differences between 

CTLs emerging from homologous and heterologous prime – boost persisted, but overall were less 

pronounced than on day seven after boost. Of note also, prominent populations of effector-like memory 

populations, characterized by the marker combinations CD43–CD27–, CX3CR1+CD27– and KLRG1+CD27–

(285-289), were particularly abundant upon heterologous prime – boost immunization (Fig. S-2-5 G). Taken 

together these observations indicated that CTL responses induced by heterologous prime – boost differed 

from those emerging from homologous prime – boost primarily by their higher cellularity, paired with more 

pronounced effector differentiation. 

IL-33 signals through its receptor ST2 are key for protective CTL responses to replicating viruses(59), and 

IL-33 signals critically augment CTL responses to artLCMV-vectored immunization and resulting tumor 

control (58). Here we compared the ST2 dependence of artARENA-induced CTL responses by immunizing 

ST2-deficient and wt control mice with artLCMV-E7E6, artPICV-E7E6 or artCAND-E7E6. artLCMV- and 

artPICV-induced CTL responses to E7 were significantly lower in blood of ST2-deficient mice than in wt 

controls (Fig. 2-4 G, H). Conversely, ST2-deficiency had no clear effect on artCAND-induced CTL 

responses. ST2-dependent differences in artLCMV- and artPICV-induced CTL responses were also evident 

when enumerating IFN-g and TNF-a co-producing CTLs in spleen (Fig. S 2-6). These findings indicated 

that besides artLCMV also artPICV- but not artCAND-induced CTL responses benefited from IL-33 

signaling.  

 

 

2.3.5 Genealogic artARENA vector backbone relatedness dictates interference by pre-existing immunity 

and potency in heterologous prime – boost immunization 

 

Our observations in Figs. 2-3 E, J suggested that heterologous artARENA prime – boost immunization 

overruled the immunodominance of vector backbone-directed CTL responses to focus immune responses on 

vaccine targets. To systematically investigate this hypothesis we preimmunized mice with either LCMVwt, 

PICVwt, CANDwt or with wildtype Mopeia virus (MOPVwt) and studied the animals’ ability of responding 

to artLCMV-E7E6 vaccination one month later. MOPV is an Old World mammarenavirus and thus stands 

in close genealogic relationship to LCMV, while the New World viruses PICV and CAND are only distantly 

related to LCMV (Fig. 2-1 D). Owing to epitope sequence homology between LCMV and MOPV (Fig. 2-5 

A), both viruses elicited clearly detectable CTL responses to NP396, whereas the more distantly related 

PICVwt and CANDwt did not (Fig. 2-5 B). Pre-existing immunity to LCMV or MOPV almost completely 

abrogated E7-specific CTL induction by artLCMV-E7E6, whereas the responses of PICVwt- or CANDwt-

immune mice were only modestly below those of control mice without prior arenavirus infection (Fig. 2-5 

C). This interference by LCMVwt and MOPVwt immunity was accompanied by high-frequency NP396-

directed responses and a biased E7 : NP396 immunodominance hierarchy upon artLCMV-E7E6 vaccination 

(Fig. 2-5 D,E). Of note, we relied on the immunodominant NP396 epitope as an indicator of backbone cross-

reactivity, which likely comprised additional epitopes in the four viral backbone proteins NP, GP, L and Z.  
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Next we tested whether these interference and immunodominance hierarchies correlated with the 

immunogenicity of heterologous artARENA vector prime – boost combinations. To further expand the 

quiver of artARENA vectors we generated a reverse genetic system for MOPV, and based thereupon 

developed an artMOPV-P1A vector. Cell culture experiments demonstrated attenuated growth of artMOPV-

P1A when compared to its parental virus (Fig. S 2-7), analogously to the artARENA vectors described in 

Fig. 2-1 E-G. We compared the ability of artLCMV-P1A to boost P1A-specific CTL responses induced by 

artPICV-P1A, artCAND-P1A or artMOPV-P1A in BALB/c mice. Animals undergoing homologous 

artLCMV-P1A, artPICV-P1A or artCAND-P1A prime – boost immunizations served as comparators and 

after boost remained in the 10% range or below (Fig. 2-5 F). Amongst the heterologous artARENA vector 

combinations, artPICV-P1A and artCAND-P1A primed animals were efficiently boosted by artLCMV-P1A, 

reaching frequencies in the 20-30% range. Conversely, P1A-specific CTL responses of artMOPV-P1A-

primed and artLCMV-P1A-boosted animals remained below 3%, thus failed to exceed the responses upon 

homologous artLCMV-P1A prime – boost. This indicated that the immunogenic benefit of heterologous 

prime – boost over homologous prime – boost was abolished when the closely related MOPV and LCMV 

vector backbones were combined. The above hierarchy of heterologous prime – boost combinations 

correlated inversely with the LCMV NP118-specific CTL responses to prime and boost (Fig. 2-5 G). 

artPICV-P1A und artCAND-P1A prime did not induce NP118-specific CTLs above technical background 

and repressed NP118-directed responses upon artLCMV-P1A boost. Conversely, artMOPV-P1A primed and 

artLCMV-P1A boosted animals had >50% NP118-specific CD8+ T cells in peripheral blood with a 

corresponding P1A: NP118 epitope dominance ratio <0.1 (Fig. 2-5 H). Thus, genealogic vector backbone 

relatedness and vector backbone-biased CTL responses correlated with the inefficient induction of P1A-

specific responses. 

 

 

2.3.6 Interference by vector backbone-specific CTLs rather than by neutralizing antibodies 

 

Next we investigated the induction and cross-reactive neutralizing activity of artARENA vector-induced 

antibody responses. Homologous prime – boost immunization with artCAND induced sizeable vector-nAb 

titers (Fig. 2-6 A). On the contrary we failed to detect artLCMV- or artPICV-nAbs after homologous prime 

– boost immunization (Fig. 2-6 A), and neither artLCMV-, nor artPICV- nor artCAND-immune sera cross-

neutralized any of the other viruses. nAb induction by artCAND but not artLCMV or artPICV was in line 

with differentially dense glycan shields on the respective viruses’ envelope proteins (53). 

These findings argued against vector-nAbs as a limiting factor in artLCMV- or artPICV-based homologous 

or heterologous prime – boost immunization. To formally rule out antibody-mediated inhibition we 

performed homologous and heterologous prime – boost immunizations in B cell-deficient JHT and wt 

control mice. E7-specific responses to artPICV-E7E6 and artLCMV-E7E6 prime were indistinguishable in 

the two strains of mice (Fig. 2-6 B). More importantly, however, JHT and wt mice showed a virtually 

identical response pattern to homologous artLCMV-E7E6 or heterologous artPICV-E7E6 boost, 
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respectively. Superior immunogenicity of heterologous as compared to homologous prime – boost despite a 

lack of anti-vector antibodies in JHT mice excluded anti-vector antibody responses as a major limitation in 

homologous artLCMV prime – boost immunization (Fig. 2-6 B).  

To address whether anti-vector CTL responses, independently of other components of anti-vector immunity, 

can interfere with artLCMV-based vaccination we “preimmunized” mice with a recombinant vaccinia virus 

expressing the NP396 epitope as a minigene (VACC-NP396). Control animals were either given vaccinia 

virus expressing an irrelevant transgene (Vacc-lacZ) as preimmunization or were left unimmunized. As 

expected, VACC-NP396 preimmunization but not VACC-lacZ induced a CTL response to NP396 (Fig. 2-6 

C), while both viruses triggered CTLs to the immunodominant vaccinia virus backbone epitope B8R20-27 

(Fig. 2-6 D). When subsequently vaccinated with artLCMV-E7E6, the E7-specific CTL responses of VACC-

NP396-preimmune animals were 7-8-fold lower than those of VACC-lacZ-preimmune or not previously 

vaccinia-exposed controls (Fig. 2-6 E). Conversely, the NP396-specific CTL response of VACC-NP396-

preimmune mice approached 50% of the circulating CD8+ T cell pool, vastly exceeding the responses of 

VACC-lacZ-preimmune or vaccinia virus-naïve mice (Fig. 2-6 F). Thus, pre-existing immunity to one 

immunodominant CD8 T cell epitope in the artLCMV backbone was sufficient to repress E7-directed CTL 

responses upon vaccination, with a concomitant shift in the E7: NP396 epitope dominance (Fig. 2-6 G). 

 

 

2.3.7 Heterologous artARENA vector immunotherapy increases TIL numbers and tumor cure rates 

resulting in long-term anti-tumor immunity 

 

To assess whether the augmented immunogenicity of heterologous artARENA vector prime – boost 

translated into superior therapeutic efficacy we exploited two transplantable syngeneic mouse tumor models. 

The P815 mastocytoma cell line is derived from a DBA/2 mouse and expresses the P1A cancer-testis antigen, 

whereas the C57BL/6-derived TC-1 cell lines serves as a model of HPV16 E7E6-expressing cancer. We 

implanted P815 and TC-1 tumors subcutaneously into the flank of mice and initiated artPICV or artLCMV 

vector therapy when tumors were palpable (P815: day 9) or had reached an average critical volume (~100 

mm3, TC-1:day 8). artPICV – artLCMV heterologous therapy delivering the respective tumor antigen, P1A 

or E7E6, was compared to homologous artPICV – artPICV or artLCMV – artLCMV prime – boost, all 

administered at an interval of seven days (P815 model) or ten days (TC-1 model). Homologous artPICV and 

homologous artLCMV immunotherapy afforded clear tumor volume control when compared to untreated 

control animals (Fig. 2-7 A, B). In both tumor models, however, the most pronounced and durable effect on 

tumor volume was seen upon heterologous artPICV – artLCMV therapy. This therapeutic effect depended 

on the vectorized antigen: a control group of P815 tumor-bearing mice, which was given artPICV-GFP – 

artLCMV-GFP prime – boost, delivering the irrelevant GFP transgene instead of a TAA, did not show a 

clear therapeutic effect. Homologous prime – boost with either TAA-expressing artLCMV or artPICV 

extended the survival of tumor-bearing mice, albeit to a lesser extent than heterologous prime – boost, and 

all mice receiving homologous prime – boost immunization eventually reached humane endpoints  
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(Fig. 2-7 C, D). In contrast, eighteen percent of mice with P815 tumors and 37.5 percent of animals with 

TC-1 tumors rejected their respective tumors when undergoing heterologous TAA-vectorizing artPICV – 

artLCMV immunotherapy (P1A, E7E6; not GFP), resulting in the animals’ survival for >125 days (Fig. 2-7 

C, D). When these long-term survivors were re-challenged with the same tumor cells, no tumor growth was 

recorded, while tumor- and therapy-naïve control animals rapidly progressed to humane endpoints (Fig. 2-

7 E, F). This observation indicated that the elimination of established tumors by artPICV – artLCMV 

immunotherapy resulted in long-term anti-tumor immunity.  

We enumerated and characterized tumor-infiltrating CTLs on day 5 after homologous or heterologous 

artARENA vector immunotherapy of P815 tumors (Fig. 2-7 G-L). Heterologous artPICV-P1A – artLCMV-

P1A immunotherapy did not substantially augment total tumor-infiltrating CTL numbers as compared to 

homologous immunotherapy with either one of these vectors (Fig. 2-7 G), but P1A-specific CTLs inside 

tumors were significantly more numerous upon heterologous than upon homologous artARENA 

immunotherapy (Fig. 2-7 H). In line with this observation we found an increase in proliferating (Ki67+) and 

granzyme B-expressing (cytotoxic) P1A-specific tumor infiltrating CTLs in mice with heterologous 

artARENA immunotherapy (Fig. 2-7 I, J). On the contrary, heterologous artPICV-P1A – artLCMV-P1A 

therapy triggered significantly less NP118-specific TILs than homologous artLCMV-P1A prime – boost 

vaccination (Fig. 2-7 K), with a corresponding shift in P1A : NP118 epitope dominance inside the tumor 

(Fig. 2-7 L). Taken together, these data indicated that heterologous artARENA vector immunization shifted 

TAA : vector backbone immunodominance patterns of tumor-infiltrating CTLs. 

 

 

2.4 Discussion 
 

The elicitation of clinically effective tumor-specific CTL responses remains an important unmet medical 

need. Here we identify epitope dominance and interference by vector backbone-directed T cell responses as 

an important hurdle in vectored vaccine delivery. Based on this concept in conjunction with arenaviral 

genealogy analyses we have developed potent heterologous artARENA-based immunization regimens 

inducing effective anti-tumor immunity.  

Therapeutic cancer vaccination represents a particularly demanding field of active immunization. The 

induction of high-frequency CTL responses against TAAs is often encumbered by central as well as 

peripheral tolerance mechanisms, limiting the available T cell repertoire and its responsiveness (291). 

Additional challenges arise from chronic antigenic exposure, which can lead to the functional adaptation or 

impairment of specific T cell responses (292-294). In this context, potent viral vector systems and their 

optimal combination are of particular importance. While poxviral delivery systems have been clinically 

evaluated as cancer vaccines for more than two decades (248, 295) a wide variety of viral vector systems 

have entered clinical testing in recent years. These approaches comprise alphavirus vectors (250), human 

and simian adenovirus-based vectors (251, 252), lentiviral delivery systems (253), rhabdoviral vectors (254, 
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255) as well as combinations thereof, attesting to the promise of and broad interest in virally vectored cancer 

vaccination.  

Animal studies have shown that arenavirus vectors are immunogenic when administered either 

intravenously, intradermally, subcutaneously or intramuscularly (267, 269), and the latter route has also been 

clinically validated in a human trial (66). Earlier studies from our lab revealed, however, that the IL-33 – 

ST2 alarmin pathway contributes essentially to the effectiveness of artARENA vectored cancer 

immunotherapy (58), and the vector’s ability to trigger this pathway correlated with its spread into IL-33-

expressing splenic stromal cells. In line with other investigators’ work (296), these findings highlighted the 

importance of vaccine delivery to specialized compartments of secondary lymphoid organs.  The intravenous 

route warrants optimal access to these tissues and, therefore, has been used here and is also exploited in an 

ongoing clinical trial for artLCMV-based therapy of HPV16-positive head-and-neck cancer (272). 

A discriminating feature of artLCMV and artPICV vector technology consists in the lack of vector-nAb 

induction (58, 66, 267, 269) – owing to the viral glycan shield(53) – and globally low arenavirus 

seroprevalence (50-52, 297). The reasons for the latter lie in the natural host range of mammarenaviruses 

being restricted to rodents, combined with only rare transmission from rodents to humans. Albeit not eliciting 

nAbs against its own glycan-shielded envelope protein, replication-deficient rLCMV vectors elicit potent 

antibody immunity against vectorized cargo (53, 58, 66, 267, 269). While future work should investigate the 

utility of replicating artARENA vector technology for prophylactic antibody induction against infectious 

diseases, potent CD8 T cell responses position heterologous artARENA vector prime - boost immunization 

as a promising strategy for therapeutic vaccination in persistent microbial diseases, notably HIV and hepatitis 

B (237, 298). 

Our findings highlight anti-vector T cell immunity as a mechanism of interference in artARENA vector 

homologous prime – boost vaccination. For delivery systems such as adenoviral and poxviral vectors, which 

readily elicit potent vector-nAbs (259, 299), the latter are commonly taken as surrogate and supposed main 

mechanism of interference by anti-vector immunity. Several observations suggest, however, that pre-existing 

anti-vector T cells impede responses to adenoviral and poxviral vector systems, too. Inefficient responses to 

MVA-vectored TAAs has been accredited to epitope dominance and competition by vector backbone-

directed T cell responses (300). Similarly, the inhibitory activity of adenovirus vector-nAbs (299) may have 

obscured the contribution of additional interference mechanisms. Certain pairs of adenoviral vectors, 

although serologically distinct, failed to effectively boost upon each other (263, 264). This indicated that the 

mere absence of vector-nAbs cannot predict efficient boosting. Conversely, pre-existing adenovirus-specific 

T cell immunity correlated inversely with HIV-specific CTL induction by rAd5 vectors in human vaccine 

trials (301). Pre-existing T cell reactivity to Ad5 is found in >80 percent of healthy adults, irrespective of 

Ad5-specific serostatus (302). It originates from prior exposure to adenoviruses of unrelated serotypes, 

targets epitopes in conserved regions of the viral genome (303) and expands significantly upon rAd5-

vectored vaccination (302). These considerations highlight advantages of viral vector platforms based on 

viral families such as the arenaviruses, which circulate almost exclusively in the animal kingdom.  
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2.5 Limitations of the study 
 

We relied on the transgene: backbone epitope dominance ratio of CD8 T cell responses as an indicator and 

correlate of backbone-directed T cell interference. Besides inter-clonal competition of transgene- and 

backbone-specific T cells (304), an alternative and not mutually exclusive mechanism may consist in the 

accelerated elimination of vector-transduced antigen presenting cells by pre-existing anti-vector T cells 

(305). 

The present data obtained in mice may imperfectly predict efficacy in man, yet they call for an immediate 

clinical evaluation of heterologous artPICV – artLCMV prime – boost immunization regimens to the benefit 

of patients. artPICV-E7E6 and artLCMV-E7E6 are currently entering clinical Phase 1 testing as a repeated 

alternating prime – boost immunization regimen for HPV16-positive head-and-neck cancer (272). 

Irrespective of the limited predictive value of transplantable mouse tumor models, our findings on potent 

CTL induction to self-antigens such as P1A suggest that self-tolerance can efficiently be broken and thus 

provide incentive to our plans of applying artARENA vector technology to a broader range of cancers, most 

of which do not express viral target antigens. The arenavirus vector platform accommodates transgenes up 

to ~2000 bp (58, 269), thus lending itself to the delivery of all types of proteinaceous cancer targets (306), 

but it remains unknown which ones provide best clinical efficacy. 

 

 

2.6 Acknowledgements 
 

We wish to thank Nadège Lagarde, Beatrice Dolder Schlienger, Felix Stemeseder und Sophie Schulha for 

excellent technical assistance, Theresa Kleissner, Goran Bekic, Daniel Oeler and Sonja Feher for diligent 

implementation of animal studies. 

This work was supported by the Swiss National Science Foundation (grants 310030_185318/1 to DDP; 

CRSII3_160772/1 to DDP and DM; 310030_173010 to DM; CRSII5_170929 to AZ), by Hookipa Pharma, 

Inc. (to DDP, AZ and DM) and by the Austrian Research Promotion Agency (Österreichische 

Forschungsförderungsgesellschaft, FFG). 

 

 

2.7 Author contributions 
 

WVB, NK, AFM, SMK, SS, JR, UB, IV, SG, CM, DM, KKO, AZ and DDP contributed to experimental 

conception and design. WVB, NK, AFM, SMK, MAK, ML, SD, JR, IV, MP, RK, SH, CM performed 

experiments. WVB, NK, AFM, SMK, SS, JR, UB, IV, MP, CM, DM, KKO, AZ and DDP analyzed and/or 

interpreted the data. WVB, NK, AZ and DDP wrote the manuscript.  

 

 



Heterologous arenavirus vector prime – boost overrules self-tolerance for efficient tumor-specific CD8 T cell attack 

 

63 

2.8 Declaration of interests 
 

SS, JR, UB and KKO are employees and stock option holders of Hookipa Pharma, Inc., DDP is a founder, 

consultant, shareholder and stock option holder of Hookipa Pharma, Inc. WVB, SMK, SS, SD, UB, DDP, 

DM and KKO are listed as inventors on patents describing artARENA vector technology. WVB and DDP 

are married. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Heterologous arenavirus vector prime – boost overrules self-tolerance for efficient tumor-specific CD8 T cell attack 

 

64 

2.9 Results-Figures 
 

 
Figure 2-1 Arenavirus vector backbone candidates and their genetic and phenotypic stability 

A-C: Schematic of the genome organization of wildtype arenaviruses (A), artARENA vectors (B) and r3ARENA vectors (C). 

TAA: tumor associated antigen.  

D: Genealogy tree of the mammarenavirus family with its clades. Red circles indicate viruses used in this study. 
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E-G: Growth curves of the indicated viruses and vectors in BHK-21 cells (E,F) and 293T cells (G) infected at multiplicity of 

infection (MOI) of 0.01. Symbols show the mean±SD of three cell culture wells (error bars mostly within symbol size). ** 

p<0.01 by unpaired two-tailed Student’s t test. 

H-J: AGRAG mice were infected with the indicated viruses i.v. and viremia was monitored by immunofocus assays detecting 

either PICV-NP (H) or GFP (I) to calculate the NP : GFP infectivity ration (J). Symbols represent means±SD of 3-5 mice.  

K-M: RT-PCR strategy (K) to amplify recombined wildtype-like PICV S segment RNA species re-uniting NP and GP 

sequences. Gel electrophoresis image of RT-PCR products (L) obtained from serum samples collected on the indicated time 

points. Each lane represents an individual mouse. Sera from uninfected mice (“none”) and water were included as negative 

controls. Sequence analysis of the bands numbered in (L) suggested recombination products as schematically depicted in (M). 

IGR: S segment intergenic region; UTR: untranslated region. 

N: BHK-21 cells were infected with viruses re-isolated from individual AGRAG mice on d224 of the experiment shown in 

(H-J) or with the viral stocks originally used to infect the animals. Titers after 72h are shown. Symbols represent individual 

viral cultures from one mouse each. Mean±SD is indicated. Number of independent data sets (N) for panels H-N=2. See also 

Fig. S 1-1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Heterologous arenavirus vector prime – boost overrules self-tolerance for efficient tumor-specific CD8 T cell attack 

 

66 

 
Figure 2-2 artARENA vectors are attenuated in guinea pig and mouse pathogenesis models 

A-H: We infected groups of 8 adult Hartley guinea pigs, four of each sex, with either artPICV-E7E6 or PICVwt at the indicated 

doses intraperitoneally and monitored humane endpoints (“survival”). A group of six control animals (three of each sex) was 

administered diluent. 

A: The animals were monitored until reaching humane endpoints or until the end of the study on d27. 

B-H: Viral loads in blood of the same eight or six animals per group, respectively, as shown in (A) were determined by 

immunofocus assay. 

I: We inoculated groups of five C57BL/6 mice intracranially with titrated doses of LCMVwt or artLCMV-E7E6 as indicated 

and monitored signs of choriomeningitis (“survival”). 

J-L: To analyze the impact of viral infection on blood-brain-barrier permeability, animals were intracranially inoculated with 

10 PFU of LCMVwt, 10 PFU of artLCMV-E7E6 or with diluent. Seven days later, IgG inside the brain parenchyma, indicating 

leakage across the blood-brain-barrier, was detected by peroxidase-based immunohistochemistry on histological sections. 

Representative images of coronary brain sections are shown (J), with an enlargement of computer-assisted detection of IgG-

positive surface (K). A quantitation of the detected area is shown in (L). Error bars in (L) show the mean±SEM, while dots 

representing individual mice. Scale bars show 1000 µm (J) and 500 µm (K). See also Fig. S-2 2. 
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Figure 2-3 Immunogenicity and epitope dominance in heterologous artARENA prime – boost vaccination 

A-E: C57BL/6 mice were given artPICV-E7E6 and artLCMV-E7E6 homologous or heterologous prime – boost vaccination 

i.v. on d0 and d13. E7-tetramer-binding CD8+ T cell frequencies in blood were determined at the indicated time points (A). 

Representative FACS plots from blood gated on B220– lymphocytes analyzed on d20 (B). Splenic frequencies of E7-specific 

(C) or NP396-specific (D) CD8+ T cells on d51 served to calculate the epitope dominance ratio displayed in (E).  

F-J: BALB/c mice were given artPICV-P1A and artLCMV-P1A homologous or heterologous prime – boost vaccination i.v. 

on d0 and d39. P1A-tetramer-binding CD8+ T cell frequencies in blood were determined at the indicated time points (F). 

Representative FACS plots from blood gated on B220– lymphocytes on d49 (G). Frequencies of P1A-specific (H) or NP118-

specific (I) CD8+ T cells in blood on d49 served to calculate epitope dominance ratios as displayed in (J). Symbols in (A, F) 

represent the mean±SEM of five mice, except “no vaccine” groups: 4 mice in (A), 2 mice in (F). Symbols in (C, D, H, I) 

display individual mice, bars indicate the mean±SD. Boxes in (E,J) display the minimal and maximal values. Numbers in (B, 

G) indicate the percentage of tetramer-binding cells amongst CD8+B220– T cells. See also Figs. S-2 3 and S-2 4. 
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Figure 2-4 Phenotype of artARENA-induced CTLs and their dependence on IL-33 – ST2 alarmin signaling 

A-F: We immunized BALB/c mice with artPICV-P1A and artLCMV-P1A in homologous or heterologous prime – boost 

vaccination i.v. on d0 and d27. On d34 we analyzed P1A-Tet-binding and CD62L expression by splenic CD8+ T cells (A, 

gated on CD8+B220– lymphocytes). Unimmunized control mice are shown for comparison in (A) only. Numbers in (A) 

indicate the percentage of cells in the respective quadrant. Total P1A-Tet+ CTLs (B), P1A-specific effector/effector-memory 

CTLs (CD62Llo, C) and P1A-specific central memory CTLs (CD62Lhi, D) were enumerated in spleen on d34. In both subsets 

of P1A-specific CTLs, CD62Lhi and CD62Llo, we determined the surface expression of KLRG1, CX3CR1, CD27, CD43 and 

CD127 as well as the master transcription factors Tcf-1, Tbet and Eomes (E). Total numbers of marker-expressing P1A-

specific CTLs were enumerated in (F). (A) shows representative FACS plots from individual mice. Symbols in (B-D) represent 

individual mice, bars in (B-D, F) indicate the mean±SD.  
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Numbers in (A, E) indicate the percentage of gated cells (mean±SD) or the mean fluorescence intensity (MFI±SD). Means 

were calculated from six mice per immunization group (A-F) or from three unimmunized controls (A). N=2. ** p<0.01 by 

unpaired two-tailed Student’s t test. 

G, H: We immunized ST2-/- and wt mice with artLCMV-E7E6, artPICV-E7E6 or arCAND-E7E6 i.v. Controls were left 

unimmunized (“no vaccine” in (G)). E7-tetramer-binding cells in blood were determined on d7. Representative FACS plots 

are shown in (G), values indicate E7-Tet+CD8+ T cells as a percentage of lymphocytes. Symbols in (H) represent individual 

mice (n=5 per group) with mean±SD. N=2. ** p<0.01 by two-way ANOVA with Sidak’s post-test. See also Figs. S 2-5 and S 

2-6. 
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Figure 2-5 Genealogic artARENA vector backbone relatedness dictates interference by pre-existing immunity and potency in 

heterologous prime – boost immunization 

A: Alignment of the LCMV NP118-126 and NP396-404 epitope sequences with the respective homologous sequences in the 

Old World arenavirus MOPV and the New World arenaviruses PICV and CAND. Epitope scores were predicted by the 

SYFPEITHI algorithm (307). MHC anchor positions are boxed, amino acids corresponding to consensus anchor residues for 

H-2Ld and H-2Db, respectively, are shown in bold (308). 

B-E: We preimmunized C57BL/6 mice on d0 with 10e5 PFU of MOPV, PICV, CAND or LCMV i.v. or left them uninfected. 

On d9 we determined NP396-specific CD8+ T cell frequencies in peripheral blood (B). On d30 all mice were vaccinated with 

artLCMV-E7E6. Frequencies of E7-specific (C) and NP396-specific (D) CD8+ T cells in blood on d38 served to calculate the 

epitope dominance ratio as displayed in (E). Symbols in (B-D) represent individual mice, bars in (B-D) show their mean±SD.  

F-H: We immunized BALB/c mice with 10e5 PFU of artARENA-P1A vectors i.v. in various homologous and heterologous 

prime (d0) – boost (d35) combinations as indicated. On d32 after prime and on d55 (20 days after boost) we determined the 

frequencies of P1A-specific (F) and NP118-specific (G) CD8+ T cells in blood and calculated the P1A : NP118 epitope 

dominance ratio on d55 (H). The lack of NP118-specific responses over technical background in artPICV – artPICV and 

artCAND – artCAND immunized mice precluded this latter assessment (“n.a.”). Bars in (F, G) represent the mean±SEM of 3 

(artPICV – artPICV) - 4 mice (other groups). Boxes in (E, H) display the minimal and maximal values. N=2. See also Fig. S-

2-7. 
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Figure 2-6 Interference by vector backbone-specific CTLs rather than by nAbs 

A: We immunized BALB/c mice i.v. with artLCMV-, artPICV- or artCAND-based vectors on d0 and d35. Sera collected on 

d45 (d10 after homologous boost) were assayed for neutralizing activity against LCMV, PICV and CAND. Symbols represent 

individual mice. One representative of two similar experiments is shown. 

B: We immunized B cell-deficient JHT and B cell-sufficient wt control mice with artLCMV-E7E6 and artPICV-E7E6 in 

homologous and heterologous prime – boost combinations on d0 and d14 as indicated in the chart. The frequencies of E7-

specific CD8+ T cells in blood was determined on d10 (post prime) and d22 (post boost). Symbols show the mean±SEM of 4 

mice. N=2. 

C-G: On d0 we preimmunized C57BL/6 mice i.v. with VACC-NP396 or VACC-lacZ or left them without preimmunization 

(“none”). On d15 we determined LCMV NP396-specific (C) and vaccinia B8R-specific (D) CTLs in blood by MHC class I 

tetramer staining. On d18 artLCMV-E7E6 i.v. vaccination was performed. Eight days later (d26) we determined E7-specific 

(E) as well as NP396-specific (F) CD8+ T cell frequencies in blood and calculated the E7 : NP396 epitope dominance ratio 

(G). Bars represent the mean±SEM of 5 mice per group. Boxes display the minimal and maximal values. N=2. 
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Figure 2-7 Heterologous artARENA vector immunotherapy increases TIL numbers and tumor cure rates resulting in long-term 

anti-tumor immunity 

We implanted tumor cells subcutaneously in the flank of mice. A,C,E,G-L: DBA/2 mice, P815 tumor cells. B,D,F: C57BL/6 

mice, TC-1 tumor cells. When animals exhibited palpable tumor masses on d9 (P815) or when tumors had reached an average 

volume of ~100 mm3 on d8 (TC-1), mice were randomly assigned to the indicated prime-boost regimens administered i.v. on 

d9 and d16 (P815) or d8 and d18 (TC-1). 

A, B: Symbols show tumor volumes (mean±SEM) from two (A) and one (B) independent experiments. The curves end when 

>50% of animals in a group have reached humane endpoints. Entire tumor volume curves were statistically compared as 

described in Methods. C, D: Kaplan-Meier survival curves of the animals, with median survival and percent long-term 

survivors indicated. (A, C): n = 21 (untreated), 21 (artLCMV-P1A – artLCMV-P1A), 8 (artPICV-P1A – artPICV-P1A), 22 

(artPICV-P1A – artLCMV-P1A) and 8 (artPICV-GFP – artLCMV-GFP). (B, D): n=8. * p<0.05 by two-tailed chi-square test.  

E, F: Animals, which had rejected their tumors (“cured”) and tumor-naive controls were subcutaneously re-challenged with 

tumor cells on d160 and d140 (E) or d118 (F) after primary tumor implantation. Re-challenged mice did not form palpable 

tumors (not shown). E: Combined data from tumor-free mice (n=5) and tumor-naïve mice (n=10) in two independent 

experiments. F: Tumor-free mice (n=3) and tumor-naïve mice (n=5) from one experiment. 

G-L: We analyzed TILs in P815 tumors on day 20 (d4 after artARENA-P1A vector boost). Total CD8+ TILs (G), P1A-specific 

CD8+ TILs (H), amongst them Ki67+ (I) or granzyme B expressing cells (J) and also NP118-specific TILs (K) were 

enumerated. The P1A : NP118 epitope dominance ratio was calculated (L). Symbols represent individual mice, bars show the 

mean, error bars indicate SEM. Boxes display the minimal and maximal values.  
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2.10 Results-Supplementary Figures  

 
S 2-1 Genetic and phenotypic stability of artARENA and r3ARENA vectors. Related to Figure 2-1 

A-D: RT-PCR strategy (A) to amplify non-recombined SNP (B) and RT-PCR strategy (C) to amplify SGP segment (D) RNA 

species of both artPICV-GFP and r3PICV-GFP from the samples of the experiment shown in Fig. 1H-N. Gel electrophoresis 

image of RT-PCR products (B, D) obtained from serum samples collected on the indicated time points. Each lane represents 

an individual mouse. Sera from uninfected mice (“naive”), from three wtPICV infected mice and water were included as 

negative controls. Virus inocula served as reference.  

 

 



Heterologous arenavirus vector prime – boost overrules self-tolerance for efficient tumor-specific CD8 T cell attack 

 

74 

E-L: We infected AGRAG mice with artCAND-GFP, r3CAND-GFP or CANDwt and collected spleen tissue 200 days later.  

E,F: RT-PCR strategy (E) applied to amplify recombined wildtype-like CAND S segment RNA species re-uniting NP and GP 

sequences (F). Gel electrophoresis image of RT-PCR products (F) obtained from spleen samples collected on the indicated 

time points after infection of AGRAG mice. Water and spleen tissue of AGRAG mice infected with LCMVwt served as 

negative control. Spleen tissue from a wtCAND-inoculated AGRAG mouse and wtCAND inoculum virus served as positive 

controls. Each lane with a spleen sample represents an individual mouse. 

G-J: RT-PCR strategy (G) to amplify non-recombined SGP (H) and RT-PCR strategy (I) to amplify SNP segment (J) RNA 

species of both artCAND-GFP and r3CAND-GFP. Gel electrophoresis image of RT-PCR products (H,J) obtained from spleen 

samples collected on d200. Each lane represents an individual mouse. Spleen tissue from AGRAG mice infected with wtCAND 

or wtLCMV as well as wtCAND virus from cell culture and water were included as negative controls in the assay.  

K: Sequence analysis of the bands numbered in (F) suggested viral recombination products as schematically depicted in (K). 

IGR: S segment intergenic region; IGR*: truncated S segment intergenic region; UTR: untranslated region 

L: 293T cells were infected at MOI=0.001 with viruses re-isolated from individual AGRAG mice on d200 of the experiment 

in (E-K) or with the inoculum used to infect the animals. Titers after 72h are shown. Symbols represent individual viral cultures 

from one mouse each (re-isolated virus) or from replicate cultures (virus inoculum). Mean±SD is indicated. We failed to re-

isolate infectious virus from artCAND-infected mice (ND). 
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S 2-2 artARENA vectors are attenuated in guinea pigs. Related to Figure 2-2 

We infected groups of 8 adult Hartley guinea pigs, four of each sex (F: female; M: male), with either artPICV-E7E6 or PICVwt 

at the indicated doses intraperitoneally and monitored body weight over time. A group of six control animals (three of each 

sex) was administered diluent. Data are from the same experiment as in Fig. 2-2 A-H. 
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S 2-3 Functionality of CD8 T cell response to heterologous artARENA prime – boost vaccination. Related to Figure 2-3 

A-E: On d0 and d13 C57BL/6 mice were given i.v. vaccination with artPICV-E7E6 and artLCMV-E7E6, either as homologous 

or heterologous prime – boost, as indicated. On d51 the animals were sacrificed to determine E7- (A) and E6-specific (B) 

cytokine-secreting cells in spleen, respectively. Cytokine secretion was measured by intracellular cytokine staining upon 

restimulation with overlapping peptide sets spanning the E7 and E6 proteins, respectively. Bars represent the mean±SEM of 5 

mice per group. Representative FACS plots are shown in (C). Numbers indicate the percentage of cells falling into the 

respective quadrants. 
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S 2-4 Impact of heterologous artARENA vector prime – boost interval on CTL responses, and efficient artPICV boost of 

artLCMV-primed responses after a long interval. Related to Figure 2-3 

A-D: We immunized DBA/2 mice using artLCMV-P1A and artPICV-P1A in heterologous (A,C) or homologous (B,D) prime 

– boost combinations and at intervals of 4, 7 or 10 days as indicated. P1A-specific and NP118-specific CTL responses in 

peripheral blood were determined at the indicated time points. Grey and blue symbols are included in the graphs to panels 

(A,C) for reference only: Grey symbols in (A,B) indicate values determined in the group displayed in (B) upon single 

artLCMV-P1A prime, blue symbols in (C,D) indicate values determined in the group displayed in (D) upon single artLCMV-

P1A prime. Symbols represent the mean±SEM of n=3-4 mice per group.  

E-F: We immunized BALB/c mice with artLCMV-P1A on d0 and left controls without immunization. On d200 both groups 

were given artPICV-P1A for booster or prime immunization, respectively. P1A-specific CD8+ T cell frequencies in peripheral 

blood were determined over time. Symbols in (E) represent the mean±SD of n=3 mice per group. Representative FACS plots 

from d239 are shown in (F), including also a naïve mouse as technical control (“no vaccine”). Values in (F) indicate the 

percentage of P1A-tetramer-binding cells amongst CD8+ T cells. 
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S 2-5 Phenotype of artARENA-induced CTLs one month after boost. Related to Figure 2-4 

We immunized BALB/c mice with artPICV-P1A and artLCMV-P1A in homologous or heterologous prime – boost vaccination 

i.v. on d0 and d27. On d34 (G, same experimental data set as shown in Fig. 4A-F) and d55 (A-G) we analyzed P1A-Tet-

binding and CD62L expression by splenic CD8+ T cells (A, gated on CD8+B220– lymphocytes). Unimmunized control mice 

are shown for comparison in (A) only. Numbers in (A) indicate the percentage of cells in the respective quadrant. Total P1A-

Tet+ CTLs (B), P1A-specific effector/effector-memory CTLs (CD62Llo, C) and P1A-specific central memory CTLs (CD62Lhi, 

D) were enumerated in spleen. In both subsets of P1A-specific CTLs, CD62Lhi and CD62Llo, we determined the surface 

expression of KLRG1, CX3CR1, CD27, CD43 and CD127 as well as the master transcription factors Tcf-1, Tbet and Eomes 
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(E). Total numbers of marker-expressing P1A-specific CTLs were enumerated in (F). Co-expression of CD127, KLRG1, 

CD27, CD43 and CX3CR1 in combinations as indicated are shown in (G). (A) shows representative FACS plots from 

individual mice, (G) shows combined events from 6 mice. Symbols in (B-D, F) represent individual mice, bars in (B-D,F) 

indicate the mean±SD. Numbers in (A,E,G) indicate the percentage of gated cells (mean±SD) or the mean fluorescence 

intensity (MFI±SD). Means were calculated from six mice per immunization group (A-G) or from three unimmunized controls 

(A). ** p<0.01, * p<0.05 by unpaired two-tailed Student’s t test. 

 

 

 
S 2-6 Dependence of artARENA-induced CTL responses on IL-33 – ST2 alarmin signaling. Related to Figure 2-4 

We immunized ST2-/- and wt mice on d0 with artLCMV-E7E6, artPICV-E7E6 or arCAND-E7E6 i.v. Wt controls were left 

unimmunized (“no vaccine”). E749-57 peptide-specific cytokine-secreting cells were determined on d9.  

A: Representative FACS plots are shown.  

B, C: TNF-a and IFN-g co-producing CD8+ T cells were enumerated and expressed as percentage of the total splenic CD8+ T 

cell compartment (B) or as absolute number per spleen (C). Symbols in (B, C) represent individual mice with mean±SD. N=2. 

** p<0.01 by two-way ANOVA with Sidak’s post-test. 
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S 2-7 Cell culture growth curve of artMOPV-P1A. Related to Figure 2-5 

We infected BHK-21 cells at MOI=0.01 with artMOPV-P1A or with MOPVwt and determined infectious titers in the 

supernatant at the indicated time points. Symbols represent the mean±SD of three independent cell culture wells (error bars 

mostly hidden within the symbol size). ** p<0.01 by unpaired two-tailed Student’s t test. 
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2.11 Material and Methods 
 

2.11.1 Animals and ethics statement  

 

AGRAG mice (IFNα/βR-/-, IFNγR-/-, RAG1-/- triple-deficient) (309), B cell-deficient JHT mice (310) and 

ST2-deficient Il1rl1-/- mice on C57BL/6J background have been described (59, 311) and they were bred at 

the Laboratory Animal Sciences Center (LASC) of the University of Zurich, Switzerland. C57BL/6J, 

BALB/c and DBA/2 wild-type mice were either purchased from Charles River and Janvier Labs or were 

bred at LASC and at the University of Geneva, Switzerland, under specific pathogen-free (SPF) conditions.  

TC-1 tumor therapy studies in mice were performed at Hookipa Biotech GmbH using C57BL/6N mice 

purchased from Charles River, Sulzfeld, Germany. These experiments were approved by the Austrian 

authorities and were carried out in accordance with the approved guidelines for animal experiments at 

Hookipa Biotech GmbH.  

All other mouse experiments were performed at the Universities of Basel and Geneva in accordance with 

the Swiss law for animal protection. Permission was granted by the Veterinäramt Basel-Stadt and by the 

Direction générale de la santé, Domaine de l’expérimentation animale, of the Canton of Geneva, 

respectively. Animals in experimental groups were sex- and age-matched. In general, adult animals of both 

genders were used to reduce the number of animals bred for research purposes. P1A-specific 

immunogenicity assessments and P815 tumor control studies were conducted in female mice. Mice in tumor 

therapy experiments were assigned to groups in a manner to assure even distribution of tumor volumes 

between groups at the time of tumor therapy. In accordance with the Swiss law for animal protection mice 

exhibiting wounds on the tumor or displaying signs of distress (evident namely in lethargy, hunchback, 

piloerection, emaciation and agonal breathing) were immediately euthanized irrespective of tumor size and 

diameter. Study sample sizes in animal experiments were chosen based on experience in our labs with respect 

to group sizes readily revealing biologically significant differences in the experimental models used. The 

groups were neither randomized nor were experiments conducted in a blinded fashion. 

The PICV virulence study in guinea pigs was conducted at Meditox (Czech Republic) and was approved by 

the Institutional Animal Care and Use Committee (IACUC) and the Committee for Animal Protection of the 

Ministry of Health of the Czech Republic. Dunkin Hartley guinea pigs were from Charles River, France, and 

weighed 370 – 520 g at the start of the study.  

 

2.11.2 Cell lines  

 

BHK-21 cells, HEK293T cells were purchased from ECACC (Clone 13, Cat #85011433), P815 

mastocytoma cells (TIB-64), NIH 3T3 and BSC40 cells from ATCC. FreeStyle 293-F suspension culture 

cells were purchased from Invitrogen/ThermoFisher. LCMV-GP-expressing BHK-21 cells (BHK-21-GP) 

and 293T-GP cells have previously been described (267). All cell lines were regularly tested for mycoplasma 
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and were negative. Owing to their origin from renowned international repositories and vendors they were 

not authenticated.  

 

 

2.11.3 Viruses, titration and neutralization test 

 

The titration of LCMV, PICV, MOPV and derived vectors by immunofocus assay has been described (58, 

230) and was performed using NIH 3T3 cells as a substrate, CAND and derived vectors were titrated using 

HEK293T cells by analogous techniques. For detection of GFP-expressing artPICV and r3PICV infectivity 

by immunofocus assay we used rat-anti-GFP antibody (Biolegend) (58). To quantify PICV and derived 

vectors by immunofocus assays, monoclonal antibody (mAb) 17.2.E4-2 (312) served as primary antibody. 

mAb 17.1.C6-9 (312) was used for detection of CAND and mAb 2B5 (313) for MOPV. LCMV, PICV and 

derived vectors batches were produced on BHK-21 cells and 293F cells, MOPV and artMOPV-P1A on 

BHK-21, CAND and derived vectors on 293T cells. 

Recombinant vaccinia viruses expressing the NP396 miniepitope or lacZ, respectively (VACC-NP396, 

VACC-lacZ) have been described (314, 315). They were grown and titrated on BSC40 cells.  

The neutralizing capacity of immune serum was determined by immunofocus reduction assays (230). 

 

 

2.11.4 Viral virulence testing 

 

Intracranial LCMV infection was administered through the skull and mice developing signs of terminal 

disease were euthanized in accordance with the Swiss law. 

The wellbeing of guinea pigs undergoing PICV or artPICV infection was monitored twice daily during the 

entire study and clinically scored. Moribund animals were sacrificed. Humane endpoints were hypothermia 

(body temperature <35°C, determined at two independent monitoring time points) and/or body weight loss 

≧20%. 

 

 

2.11.5 Tumor implantation and tumor measurement 

 

P815 cells (106 per mouse) were implanted subcutaneously in the right flank. Tumor growth was assessed 

three times per week. The longest and the shortest diameter were determined using a caliper. Tumor volumes 

(mm3) were calculated as ½ (length*width^2). When tumor volumes exceeded 1500 mm3 or when the 

longest median tumor diameter exceeded 20 mm, mice were euthanized in accordance with the Swiss law. 

TC-1 cells expressing HPV 16 E6 and E7 (316) were obtained from Johns Hopkins University. For tumor 

implantation, 105 cells were injected subcutaneously into the flank of C57BL/6 mice and, in accordance with 

the Austrian law, the experiment was terminated when tumor sizes exceeded 20 mm in any dimension. 
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2.11.6 Virus engineering, infection and immunization 

 

The reverse genetic engineering of LCMVwt, r3LCMV and artLCMV vectors using a polymerase I- / 

polymerase II-based plasmid system has been described (48). PICV-based, CAND-based and MOPV-based 

vectors and the corresponding cDNA-derived wt viruses were generated using analogous expression 

cassettes and transfection procedures using BHK-21-GP cells as a cell substrate. In brief, we transfected 

5x105 cells, seeded the day before into an M6 cell culture well, with 0.8 µg of each pol-I-driven S segment 

expression plasmid, 1 µg of pol-I-driven L segment, 1.4 µg of pol-II-driven L ORF expression plasmid and 

0.8 µg of pol-II-driven NP expression plasmid using 12 µl Lipofectamine 2000. Six hours after transfection 

for the rescue of CAND and derived vectors, 105 293T-GP cells were added to each well. 72 hours after 

transfection, the cells were trypsinized and transferred to a T75 tissue culture flask. Virus- and vector-

containing supernatants, respectively, were harvested 6-10 days after transfection. Wildtype CAND virus 

serving as a template for vector generation was generously provided by R. Charrel, Marseille, France. Its 

sequence was determined by RT-PCR Sanger sequencing and was identical to Genbank accession numbers 

HQ126698 and HQ126699. Genbank accession numbers EF529747.1 and EF529746.1 of the guinea pig-

virulent PICV strain p18 (317) were used for vector generation. Silent point mutations were designed into 

ORFs to delete BsmBI, BbsI and BamHI restriction sites, enabling molecular cloning strategies for transgene 

insertion as described (318). cDNAs encoding for the L and NP ORFs as well as for the full-length L and S 

segments of CAND and PICV were synthesized by Genscript, The Netherlands, and were ligated into 

polymerase-II- and polymerase-I-driven expression cassettes, respectively (48). MOPV cDNAs for virus and 

vector rescue (Genbank accession numbers JN561685.1 and JN561684.1) were generated by RT-PCR 

cloning (L and wt S segment, NP and L ORFs) and by gene synthesis (transgenic S segments of vectors). 

cDNAs of the full-length cancer-testis antigen P1A (comprising the immunodominant LPYLGWLVF 

epitope), a non-oncogenic fusion protein consisting of the complete HPV16 E7 and E6 sequences 

(comprising the immunodominant epitope RAHYNIVTF) (277), GFP or Tomato (TOM), were used for 

insertion into the respective vectors and viruses using a seamless cloning strategy previously described in 

detail (318).  

Infections and immunizations of mice with arenaviruses and arenavirus-based vectors were performed at a 

dose of 10e5 PFU i.v. unless specified otherwise. Vaccinia virus vectors were given at an intravenous dose 

of 2x10e6 PFU. 

 

 

2.11.7 Assessment of blood-brain-barrier integrity 

 

Blood-brain-barrier leakage was assessed by detecting IgG deposits in mouse brain parenchyma.  

Cryosections of 10µm were fixed with 4% PFA for 15 min, endogenous peroxidases were inactivated and 

tissue sections were incubated with HRP-labelled-anti-mouse-IgG (Dako, K4001). Bound peroxidase 

polymers were visualized using polymerized 3.3’-diaminobenzidine (DAB, Dako, K5001).  
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The stained sections were scanned using a Panoramic Digital Slide Scanner 250 Flash II at 200x 

magnification. Quantifications were performed on scanned slides applying a custom-programmed script to 

detect the DAB+ area in Cognition Network Language (Definiens Developer D software). For representative 

images, white balance was adjusted and contrast was linearly enhanced using the tools “levels”, “curves”, 

“brightness” and “contrast” in Photoshop CS6 (Adobe). 

 

 

2.11.8 Virus sequencing and genealogy tree building 

 

Viral RNA was extracted from cell culture supernatant and from serum of infected mice using the QIAamp 

Viral RNA Mini Kit (QIAGEN, Cat No. 52906). RNA from spleens of mice was extracted using Tri Reagent 

(Sigma Aldrich). Reverse-transcription PCR was performed with the One Step RT-PCR kit (Qiagen) and 

gene-specific primers. Amplified products were gel-purified for Sanger sequencing (Microsynth).  

A mammarenavirus genealogy tree was built based on S segment sequences of the following viruses and 

Genbank accession numbers: Allpahuayo virus (AY081210.1), Amapari virus (AF485256.1), Junin virus 

(AY358023), Bear Canyon virus (AY924391), Sabia virus (U41071), Pichinde virus (K02734), Chapare 

virus (EU260463), Cupixi virus (AF512832), Flexal virus (AF512831), Gairo virus (KJ855308), Guanarito 

virus (AY129247), Ippy virus (DQ328877), Lassa virus (AF181854.1), Latino virus (AF512830), Loei River 

virus (KC669698), Lujo virus (FJ952384), Luna virus (AB586644), Lunk virus (AB693150), Machupo virus 

(AY129248), Mariental virus (KM272987), Merino Walk virus (GU078660), Mobala virus (AY342390), 

Mopeia virus (AY772170), Okahandja virus (KM272988), Oliveros virus (U34248), Parana virus 

(AF485261), Pirital virus (AF485262), Ryukyu virus (KM020191), Solwezi virus (AB972428), Souris virus 

(KP050227), Tacaribe virus (M20304), Tamiami virus (AF485263), Wenzhou virus (KJ909794), 

Whitewater Arroyo virus (AF228063). To build the phylogenetic tree, we used the software package 

BEAST2 (319) with a TN93 site model (the corresponding .xml -file will be deposited for further reference). 

The MCMC chain ran for 10’000’000 steps. All ESS were well above the critical threshold. The maximum 

credibility tree was constructed with TreeAnnotator and the phylogeny displayed with FigTree v1.4.4 (320). 

 

 

2.11.9 Flow cytometry 

 

Antibodies against CD8 (53-6.7 or Ly-3.2), CD45R/B220 (RA3-6B2), Klrg1 (2F1), CD127 (A7R34), 

CX3CR1 (SA011F11), CD27 (LG3A10), CD43 (1B11), GrzB (GB12), Ki67 (solA15), IFN-γ (XMG1.2), 

TNF (MP6-XT22), IL-2 (JES6-5H4) CD11b (M1/70) CD11c (HL3) CD19(1D3) Nkp46 (29A1.4) and CD4 

(RM4-5) were from Biolegend, BD Biosciences/Pharmingen and eBioscience/ThermoFisher. To assess 

intracellular levels of the transcription factor Tcf1, primary antibody binding (C63D8, Cell Signaling) was 

detected using donkey anti-rabbit IgG PE (Poly4064-eBisocience). Eomes (Dan11mag) and T-bet (4B10) 

were detected using the eBioscienceTM FOXP3 transcription factor staining kit (Invitrogen). 
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Dead cells were excluded with Zombie UV Fixable Viability Kit (Biolegend, Cat. #423108). P1A epitope- 

(LPYLGWLVF), B8R epitope- (TSYKFESV) and NP396 epitope- (FQPQNGQFI) specific CTLs were 

identified by peptide-MHC class I tetramers after gating on CD8+B220– lymphocytes. The H-2Db tetramer 

loaded with the NP396 epitope and conjugated to PE was obtained through the NIH Tetramer Core Facility, 

the H-2Ld tetramer loaded with the P1A epitope and conjugated to PE as well as the H-2Kb tetramer loaded 

with the B8R epitope and conjugated to PE were purchased from the University of Lausanne Tetramer core 

facility. For tumor-infiltrating CTL analyses, cells expressing CD11b, CD11c, CD19 or NKp46 were 

excluded. For detection of E7- (RAHYNIVTF epitope) and NP118- (RPQASGVYM epitope) specific CTLs 

the corresponding dextramers (Immundex) were used analogously (for simplicity referred to as “tetramer” 

in the text). Splenic single-cell suspensions were prepared by mechanical disruption and were counted using 

the respective single-use chambers in a Immunospot S6 device (C.T.L.). Total numbers of peptide-MHC 

tetramer-binding CTLs were back calculated. Cytokine profiles after restimulation with overlapping peptide 

sets spanning the E7 and E6 proteins of HPV16, respectively (JPT) were determined in intracellular cytokine 

assays as previously described (59). Samples were measured on BD LSRFortessa flow cytometers and were 

analyzed using FlowJo software (Becton Dickinson). 

For TIL analysis, tumors were dissected and digested with accutase (Sigma Aldrich), Collagenase IV 

(Worthington), Hyaluronidase (Sigma Aldrich) and DNAseI (Sigma Aldrich) for 60 min at 37°C, followed 

by red blood cell lysis. Single cell suspensions were filtered using a cell strainer (70 µM). 

 

 

2.11.10 Statistical testing  

 

For statistical analysis, GraphPad Prism software (Version 9.0, GraphPad Software) was used unless stated 

otherwise. Differences between two groups were generally assessed using unpaired two-tailed Student’s t 

tests. To compare one group against multiple other groups we used one-way Analysis Of Variance 

(ANOVA), followed by Dunnett’s post hoc test (Fig. 7G-J). Two-way ANOVA with Sidak’s post-test was 

used to compare multiple cytokine-producing T cell subpopulations of two groups.  

Tumor volume curves were compared as described (321). In brief, the area under the curve (AUC) for each 

individual animal was calculated using GraphPad Prism software and groups were compared pair-wise by 

two-tailed Mann-Whitney tests. To calculate AUCs for all groups and animals throughout the 41d and 60d 

periods in Figs. 7A and 7B, respectively, animals reaching humane endpoints of tumor volume were assigned 

either the maximally permitted tumor volume (1500 mm3, termination criterion for Fig. 7A) or the maximally 

reached tumor (2815 mm3 for Fig. 7B) for time points after sacrifice. For comparison of long-term survival 

rates chi-square tests were performed using the GraphPad QuickCalcs online tool.  

P values of p < 0.05 were considered significant (*), p < 0.01 (**) as highly significant. 
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Graphical abstract 3-1 Alarmins and type I interferon synergistically potentiate antiviral CD8 T cell responses by promoting 

stemness  

(Generated with biorender.com) 

 

 

3.1 Abstract 
 

T-cell factor 1 (Tcf-1) expressing CD8 T cells with stem-like self-renewing capacity (CD8 TSCL) are pivotal 

for sustained immune defense against chronic viral infection and cancer. Accordingly, CD8 TSCL are crucial 

for the maintenance of the viral-specific CD8 T cell pool as well as their effector functions. Thus, strategies 

which can augment the pool of CD8 TSCL are urgently needed. So far, only type I interferon (IFN-I) blockade 

has been described to enhance the expansion as well as maintenance of CD8 TSCL cells. Given the pleotropic 

effects associated with IFN-I blockade, a deeper and more precise molecular understanding is lacking.  

The alarmin IL-33 has been identified as an important factor driving the expansion of antiviral CD8 T cells. 

In this work, we show that in a mouse model of chronic viral infection, antigen specific CD8 T cells missing 

the IL-33 receptor showed impaired differentiation into CD8 TSCL. Additionally, transfer of CD8 TSCL cells 

into IL-33-/- recipients clearly showed that IL-33 is crucial for CD8 TSCL to retain their proliferative potential, 

undergo self-renewal and generate effector cells (CD8 TEF). Overall, we were able to show that IL-33 is 

critical to augment and sustain the proliferation of Tcf-1 expressing cells during chronic antigen stimulation, 

by counterbalancing the suppressive effect of IFN-I stimuli on CD8 TSCL.  
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3.2 Introduction 
 

The generation of a potent and sustainable CD8 T cell response during persistent viral infection is a 

cornerstone requirement to hasten viral clearance and confer long-lasting protective immunity. Upon a viral 

infection, the activation of virus specific CD8 T cells needs antigenic signals which are then balanced with 

the surrounding cytokine milieu (127, 130, 322). Specifically, a delicate equilibrium exists between anti- 

and pro-inflammatory cytokines which can tilt an efficient CD8 T cell response. As such, defining the 

constituent cytokines that influence the developmental choices of antiviral antigen specific CD8 T cells is 

fundamental for the generation and characterization of therapeutic approaches. Infection of mice with 

Lymphocytic choriomeningitis (LCMV) is one of the best studied model systems of viral infection that 

shares many common immunological features with persistent human infections (323, 324).   

In 2016, a series of publications have reported on a novel subset of CD8 T cells present in chronic LCMV 

infection that are characterized by having self-renewing capacity and a central memory T cell phenotype, 

thus being sometimes referred as stem-like CD8 T cells (CD8 TSCL) (120, 121, 325). These CD8 TSCL were 

subsequently found in most settings of chronic inflammation such as persistent viral infection or cancer in 

both mice and humans, hinting at their important role in these conditions (117, 120, 121, 124, 325-329). A 

defining feature of CD8 TSCL is the transcription Tcf-1 (encoded by the Tcf7 gene), a downstream 

transcription factor of the canonical Wnt signaling pathways, which is crucial for their self-renewal capacity. 

Tcf-1 is expressed by all non-activated T cells as well as the majority of memory T cells present after 

resolved infection (330). Their pluripotency allows for long-term self-renewal as well as for providing a 

regenerative pool that can terminally differentiate into effector cells upon loss of Tcf-1 expression and 

upregulation of CX3CR1 expression (99, 331). Importantly, several studies have highlighted that the 

proliferative potential of CD8 T cells resides in the Tcf-1 expressing CD8 T cell population (120, 121, 325, 

326). 

The transcriptional (120, 121) and epigenetic programs (122) of CD8 TSCL diverge from their terminally 

differentiated counterparts already on day 5 of chronic LCMV infection suggesting an early bifurcation of 

these population (116). However, the molecular pathways that assure the maintenance of CD8 TSCL are still 

not fully understood. Despite the extensive description of transcription factors regulating Tcf-1 expression 

(117-119) , the upstream cytokine milieu that leads to the expansion and sustenance of Tcf- 1 expressing 

CD8 T cells is yet to be described. Currently, only IFNAR blockade (117) has been shown to augment the 

pool of CD8 TSCL in chronic viral infection in an IL-27 dependent manner (332). However, the highly 

inherent viral infectious risks of depleting I-IFN in humans makes such an approach unviable for therapeutic 

purposes (189). Moreover, from a practical perspective, type I interferon is reaching the maximum level 24h 

after virus inoculum (174, 186), an event that commonly goes unnoticed. Therefore, strategies in 

counterbalancing the IFN-I effects on Tcf-1 expression are urgently needed and pathways leading to the 

generation of CD8 TSCL must be defined.  

The alarmin IL-33, a member of the IL-1 family (131), has been identified as an essential driver of antiviral 

CD8 T cell responses to several RNA and DNA viruses (59, 258, 333). IL-33 is signaling through its receptor 
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named ST2 (131, 334). In the past years, we and others were able to highlight the importance of IL-33 to i) 

trigger the expansion, cytotoxicity and cytokine production of CD8 T cells and ii) to augment vaccination-

induced CD8 T cell responses by exogenous administration (58, 59).  

Recently, it was reported that the efficiency of immunotherapy arenavirus-based vectors in CD8 T cell 

mediated cancer immunotherapy correlates with the infection of IL-33 expressing lymphoid stromal cells, 

thus suggesting a dependency on the IL-33 signaling (58). In lymph nodes, the fibroblastic reticular cells 

(FRC) were identified as the major producers of IL-33 upon LCMV infection (58, 335). Further studies 

reported that IL-33 co-delivered in DNA vaccines or triggered by viral vectors can be considered as a 

promising immunoadjuvant at improving antiviral as well as tumor T cell immunity (58, 164-167).  

Besides the effect of IL-33 in augmenting CD8 T cell responses during acute infection, the absence of IL- 33 

in chronic viral infection results in an impaired CD8 T cell expansion combined with defective viral control, 

through a poorly defined mechanism (59, 335).  

Transcriptome analysis of ST2-deficient CD8 T cells showed that genes used to distinguish Tcf-1 expressing 

self-renewal T cells from their Tcf-1 non expressing counterparts (116), were significantly downregulated. 

Based on these results, we uncovered a role of IL-33 signaling in promoting the differentiation of CD8 T 

cells towards the CD8 TSCL phenotype. Upon transfer into naïve congenic recipients, followed by secondary 

challenge with LCMV, IL-33 sustained the pool of transferred CD8 TSCL. Moreover, we found that IL-33 

signaling is counterbalancing IFN-I to maintain CD8 T cell stemness.  

These findings highlight the ability of IL-33 to promote and improve the stemness of CD8 TSCL during 

chronic antigen stimulation which can have broader implications for immunotherapy of persistent infections.  

 

 

3.3 Material and Methods 
 

3.3.1 Mice and animal experimentation 

 

All mouse experiments were performed at the University of Basel or at the University of Lausanne in 

accordance with the SWISS law for animal protection. Animals in experiments were between 6-20 weeks 

old and sex-matched. Animals were bred at the Laboratory Animal Science Center (LACS) of the University 

of Zürich, at the ETH Phenomics Center (EPIC) at the ETH or at Animal Facility Bio Park 1060 at the 

University of Basel.  

ST2-deficient Il1rl1-/- (59, 311), IL-33-/- mice (336) (obtained through the RIKEN Center for Developmental 

Biology-Acc. No: CDB0631K) , IFNAR-/- (179), Tcfgfp mice (120) (provided by Prof. Dr. Werner Held), 

P14 TCR transgenic mice (183), CCL19 Cre (337), IFNAR fl/fl (338) (provided by Prof. Dr. Ulrich Kalinke) 

and IL-33 fl/fl (339) mice have been described. P14 ST2-/-, P14 IFNAR-/-, CCL19 Cre IFNAR fl/fl and 

CCL19 Cre IL-33 fl/fl mice were obtained by intercrossing with the respective parental lines. C57BL/6J 

(Wt) mice were bred at the at the Laboratory Animal Science Center (LACS) of the University of Zürich or 
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at the ETH Phenomics Center (EPIC) at the ETH. Mice that were used as donors were backcrossed to 

C57BL/6J mice. C57BL/6J background of ST2-/- mice was confirmed by SNIP typing (Taconic Biosciences). 

 

3.3.2 Viruses, virus titrations, infections and immunizations 

 

LCMV Cl-13 (34) was produced by infecting BHK-21 cells at a multiplicity of infection (MOI) of 0.01. The 

supernatant was harvested 48h later and viral titers were determined by focus forming assay on 3T3 cells as 

described (59, 230).  

Mice were infected with 2x106-1x107 PFU of LCMV Cl-13 intravenously (i.v.).  

LCMV strain Armstrong expressing the LCMV strain WE glycoprotein (rArm-WEGP) was engineered as 

described (48). 

The Ad vector described here is an Ad5-based E1 deleted first generation vector. The vector was generated 

by transfection of the corresponding infectious plasmids into the E1-transcomplementing 293 cell line 

followed by subsequent vector amplification with increasing cell numbers. The two transgenes (LCMV-WE 

glycoprotein (full length) and a green fluorescent protein (GFP)) were expressed under the cytomegalovirus 

(CMV) promotor that replaced the E1 gene of Ad5. The vector was purified by double discontinuous CsCl 

density gradient centrifugation and the physical titer was determined by OD260. 

For measuring viremia of mice, 1 blood drop was collected in 950 µl of BSS-heparin (Na-heparin, Braun, 1 

IE/ml final), mixed and stored at -80°C before further measurements.  

 

 

3.3.3 Flow cytometry and intracellular staining for transcription factors 

 

Single-cell suspensions of spleens were prepared by mechanical disruption using metal mesh. Surface 

staining was performed at 4°C in the dark for 30 mins. All staining’s were done in FACS buffer (FACS 

buffer (PBS, 2% FCS, 5mM EDTA, 0.05% sodium azide). 

For the detection of GP33 specific CD8 T cells, peptide MHC Class I tetramers (H-2Db tetramers loaded 

with the LCMV GP33-41 peptide-KAVYNFATM) obtained from the NIH-Core Facility or the University of 

Lausanne Tetramer core facility were used. Unspecific binding was excluded by pre-gating on B220- CD4- 

CD8+ cells. Tetramer staining was performed at RT for 30 mins in the dark. 

Antibodies against CD8 (53-6.7), CD4 (IM7 or RM4-5), B220 (RA3-6B2), CD45.1 (A20), CD45.2 (104), 

Ter-119 (TER-119; dilution: 1:10), GP38-Podoplanin (8.1.1; dilution: 1:250), CD31 (390), Ly108 (330-AJ), 

CD62L (MEL-14), CX3CR1 (SA01F11), PD-1 (29F.1A12) and Tim-3 (5D12) were obtained from 

Biolegend, eBioscience/ThermoFisher or BDBioscience/PharMingen. All fluorescently labelled monoclonal 

antibodies were, if not otherwise indicated, diluted 1:100.  

Dead cells were excluded with either 7-AAD or Zombie UV Fixable Viability Kit (Biolegend) according to 

manufactures instructions.  
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In case of staining of peripheral blood cells, samples were fixed and lysed by adding 1 ml/sample of 

eBioscience 1-step Fix/Lyse Solution and incubated at RT for 5min. Afterwards, the reaction was stopped 

by adding FACS-buffer. 

To detect intracellular levels of the transcription factors Eomes (Dan11mag), T-bet (4B10) or Tox 

(TXRX10), we followed the protocol form eBioscienceTM FOXP3 transcription factor staining kit 

(Invitrogen). The transcription factor Tcf-1 was detected by incubating first with a primary antibody (C63D8, 

Cell Signaling, dilution:1: 200) followed by adding a donkey anti-rabbit IgG PE (Poly4064-eBioscience).  

For the detection of ST2 on splenocytes, cells were stained with digoxigenin-coupled anti-mouse ST2 

antibody (DJ8). As a secondary antibody, a PE-coupled anti-digoxigenin Fab (Roche) antibody was used. 

To further amplify the signal, two rounds of amplification using the PE-FASER Kit (Miltenyi Biotec) were 

performed.  

To isolate stroma cells from spleens, the organs were cut into small pieces and incubated in RPMI (2% 

vol/vol FCS; containing 1mg/ml Collagenase IV (Worthington) and 40 μg/ml DNAseI (Roche)) for 30 

minutes at 37°C stirring at a speed of 250 rpm. To stop the enzymatic reaction, FACS buffer was added. 

Erythrocytes were lysed by adding 1ml/spleen of ACK Lysis Buffer (0.15 M NH4Cl, 10mK KHCO3, 0.1 

mM EDTA), the reaction (RT) was stopped after 60 sec by adding FACS buffer. Hematopoietic CD45+ cells 

were depleted by using anti-CD45 beads (Miltenyi Biotec). 

For analysis of stroma cells, erythrocytes (Terr119+) and hematopoietic cells (CD45+) were excluded. To 

distinguish between fibroblastic reticular cells (FRC) and blood endothelial cells (BEC), we used the 

endothelial marker CD31 and the fibroblast marker gp38 (Podoplanin) (see Figure S 3-5). 

Samples were measured on BDLSRFortessa flow cytometer. FlowJo Software (Becton Dickinson) was used 

for analysis.  

 

 

3.3.4 Next generation RNA sequencing and bioinformatic data analyses 

 

For RNA-seq of co-transferred P14 Wt and P14 ST2-/- CD8 T cells, 1x103 MACS-purified P14 Wt and 3x103 

MACS-purified P14 ST2-/- CD8 T cells were co-transferred (see Fig. S 3-2). Such an experimental set-up 

allowed an equalized number of both CD8 T cell subsets at day 6 p.i.. Cells were sorted on FASCAria II 

(BectonDickinson). Cells were directly sorted into Trizol LS (Sigma-Aldrich) and stored by -80°C until 

RNA-extraction. RNA was extracted using the Direct-zolTM RNA MicroPrep kit (Zymo research).  

RNA quality was checked on the Bioanalyzer instrument (Agilent Technologies, Santa Clara, CA, USA) 

using the RNA 6000 Pico Chip (Agilent, Cat# 5067-1513) - Average RIN (RNA Integrity Number) was  

quantified by Fluorometry using the QuantiFluor RNA System (Cat# E3310, Promega, Madison, WI, USA). 

Library preparation was performed, starting from 35ng total RNA, using the TruSeq Stranded mRNA 

Library Kit (Cat# 20020595, Illumina, San Diego, CA, USA) and the TruSeq RNA UD Indexes (Cat# 

20022371, Illumina, San Diego, CA, USA). 15 cycles of PCR were performed. 
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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 63±12 nmol/L and average library size was 317±4 base pairs).  

 

Samples were pooled to equal molarity. The pool was quantified by Fluorometry using the QuantiFluor ONE 

dsDNA System (Cat# E4871, Promega, Madison, WI, USA). Libraries were sequenced Single-reads 76 

bases (in addition: 8 bases for index 1 and 8 bases for index 2) using the NextSeq 500 High Output Kit 75-

cycles (Illumina, Cat# FC-404-1005) loaded at 2.0pM, and including 1% PhiX. 

Primary data analysis was performed with the Illumina RTA version 2.11.13. The NextSeq run yielded on 

average per sample: 19.7±1.6 millions pass-filter reads. 

Reads were aligned to the mouse genome (UCSC version mm10) with STAR (version 2.7.0c) using the 

multi-map settings '-outFilterMultimapNmax 10 --outSAMmultNmax 1'. Mapped reads were assigned to 

genes based on the ensembl gene annotation (version 96) using the function featureCounts (Subread 

package, version 1.6.4) and extra options ‘-O --read2pos 5 –M –s 2 –p -B’. Only genes with biotypes "protein 

coding", "long non-coding" or "short non conding" where considered in the analysis.  Additionally, only 

genes with a logCPM>1 in at least 5 samples where retained resulting in n=11032 detected genes. 

Differential gene expression analysis between the genotypes relied on functions from the R/Bioconductor 

package edgeR. Specifically, function ‘estimateDisp’ was used for estimating gene-wise dispersions, and 

functions ‘glmQLFit’ and ‘glmQLFTest’ were used for testing the contrast of interest. Differential regulation 

of all hallmark gene sets from MSigDB (version 7.0) was evaluated using the function ‘camera’ from edgeR 

with extra options ‘inter.gene.cor = 0.01’. The average absolute log fold change of a gene set was used as a 

proxy for its strength of regulation. Specific gene sets published in (116) were tested using the function 

‘cameraPR’ with using the logFC as a ranking statistic (see Fig. 3-1-L). The ComplexHeatmap package was 

used to draw heatmaps (340).  

 

 

3.3.5 Adoptive cell transfer and FACS sorting 

 

For adoptive cell transfer, donor P14 CD8 T cells were MACS (Miltenyi Biotec naïve CD8 T cell isolation 

kit, mouse) purified and administered i.v. For co-transfers, equal numbers of both cell populations were 

transferred. For analysis on day 4 p.i. 104 cells were injected, for analysis on day 6 mice received 103 cells 

of each population. For analysis from day 9 onwards, mice received 500 cells to stay in the physiological 

range of the precursor frequency of gp-33+ specific CD8 T cells (341). To avoid rejection of transferred cells, 

donor T cells from male or female were transferred into male recipients. The two transferred populations 

could be differentiated from each other and from the recipient’s CD8 T cells by means of their congenic 

CD45 markers. 
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For adoptive transfer experiments, 1x106 P14 Tcf7gfp and P14 ST2-/- Tcf7gfp were separately transferred into 

Wt mice followed by LCMV Cl-13 infection. 4 days later, transferred cells were sorted on FASCAria II 

(BectonDickinson) in Lymphocytic medium (RPMI, 10 % FCS, 1% P/S).  

Equal numbers of cells (~1x103 -1x104) were re-transferred into Wt mice. Secondary recipients were either 

infected the same day with LCMV Cl-13 or 14 days later with rAd/GP (see Fig. 3-5).  

 

3.3.6 In vivo antibody blockade 

 

Mice were depleted of type I interferon by intraperitoneal (i.p.) injection of 1 mg of α-IFNAR (MAR-1-5A3, 

BioXcell) one day before infection. Control groups were treated with 1 mg of isotype control (MOPC-21, 

BioXcell) one day before infection.  

For transfer of P14 IFNAR-/- as well as P14 ST2-/- IFNAR-/-, NK cells were depleted as described in (342). 

Depletion was performed by i.p. injection of 300 μg of α-NK.1.1 (clone PK136, BioXcell) 1 day before and 

1 day after infection.  

 

 

3.3.7 In vitro activation of P14 Wt cells with or without IL-33  

 

These data correspond to Fig. 3-2 C. The data were generated by Tobias Brunner.  

Naive CD62L+ CD44- CD8+ T cells were flow cytometrically sorted from spleens of LCMV-TCRtg P14 mice 

and cultured with a 4-fold excess of irradiated (3000 gy) Tcrβδ-/- splenocytes in RPMI1640 + GlutaMax I 

(Thermo Scientific) culture medium supplemented with fetal calf serum (10% v/v, Thermo Scientific), 

penicillin (100 U/ml, Thermo Scientific), streptomycin (100 µg/ml, Thermo Scientific), gentamycin (10 

µg/ml, Thermo Scientific), and β-mercaptoethanol (50 ng/ml, Sigma-Aldrich). For activation of P14 Wt 

cells, cognate LCMV-GP33 peptide (1 µg/ml, KAVYNFATM, Genscript), IL-12 (5 ng/ml, Miltenyi), IL-2 

(5 ng/ml, Miltenyi) and anti-IL-4 (10 µg/ml, clone: 11B11, DRFZ) were added. T cells were split after 3 

days of culture in a 1:3 ratio with fresh medium containing IL-2 (5 ng/ml). After 5 days, P14 were harvested 

by histopaque (1083 g/ml, Sigma-Aldrich) density centrifugation and replated for a second round of culture 

with fresh APCs in identical conditions. At day 10 of culture, activated P14 cells were harvested, and live 

cells were seeded in culture medium containing IL-2 (5 ng/ml, Miltenyi) and IL-7 (5 ng/ml, Miltenyi) 

without cognate peptide. After 3 days (day 13 of culture), IL-12 (5 ng/ml, Miltenyi) was added to one 

condition to induce IL-33 receptor expression and 16 h later (day 14 of culture), live P14 cells were 

harvested, replated in conditioned culture medium, and stimulated with IL-33 (10 ng/ml, R&D Systems) for 

2 h or left untreated. Approximately 5x105 P14 cells were lysed in RA-1 buffer (Macherey & Nagel) and 

immediately frozen in liquid nitrogen for storage at -80°C. Total RNA was purified using the Nucleospin 

RNA XS Micro kit (Macherey & Nagel) according to manufacturer’s instructions, without addition of carrier 

RNA. For qRT-PCR analysis, up to 1 µg of RNA was transcribed into cDNA utilizing Taqman Reverse 

Transcription Reagents (Applied Biosystems) according to manufacturer’s instructions. cDNA was 
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subjected to qRT-PCR analysis using Taqman Fast Advanced Mastermix reagents (Applied Biosystems). 

Amplification was performed in a Quantstudio 7 device (Applied Biosystems) and Tcf7 (Assay ID: 

Mm00493445_m1, Thermo Scientific) expression levels were quantified with the DDCt-method by 

normalizing to expression of Hprt (Assay ID: Mm00446968_m1, Thermo Scientific). 

 

 

3.3.8 Histology 

 

Immunofluorescence staining was performed in the group of Prof. Sanjiv Luther at the University of 

Lausanne. Spleens were harvested and fixed in 1 % PFA overnight. The following day, the tissue was 

saturated in 30 % sucrose and embedded on 100 % OCT Tissue-Tek freezing medium. Cryosections were 

cut (8 μm) and stained with an antibody specific for IL-33 (primary antibody: AF3626, R&D Systems; 

followed by a secondary antibody donkey-anti-goat IgG Alexa 647, ThermoFisher) and DAPI to stain DNA. 

Images were treated using Adobe Photoshop and quantified using FiiJ software. Images were acquired with 

an upright Zeiss Axiovision microscope. White pulps were defined automatically using Fiji using the analyze 

particle function (50’000-infinity). IL-33 protein densities (signal intensities multiplied by signal-positive 

areas) were measured within the white pulp regions. Day 0 values were obtained from non-infected, non-

treated mice. Exposure and image processing were identical for all three mouse groups.  

 

 

3.3.9 Statistical analysis 

 

For statistical analysis, GraphPad Prism software (Version 9.0, Graph Pad Software) was used. Differences 

between two groups were assessed by using an unpaired two-tailed Student`s t-test. Differences between 2 

cell populations within in the same host (co-transfer set-up) were assessed by using a paired two-tailed 

Student's t-test. For single measurement comparison of more than two groups one-way ANOVA with 

Tukey's or Sidak's post-test was performed. For multiple comparisons of more than one parameter between 

more than two groups, two-way ANOVA with either Tukey's or Sidak's post-test was used. Ns: not 

significant; *: p<0.05; **: p<0.01. 

Illustrations were created with BioRender.com 
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3.4 Results 
 

3.4.1 The expansion and fate of CD8 T cells depends on IL-33 signaling 

 

To assess the impact of ST2 signaling on CD8 T cells responding to chronic infection we inoculated ST2-/- 

and C57BL/6J (Wt) control mice with LCMV Cl-13 high dose (Fig. 3-1 A). On day 9 after infection, ST2-/- 

mice exhibited a ~10-fold reduction in splenic numbers of gp-33+ specific CD8 T cells, respectively (Fig. 3-

1 B), and these differences persisted in peripheral blood throughout day 28 (supplementary Fig S 3-1). As 

reported earlier (59, 335), impaired CD8 T cell responses manifested in prolonged viremia of ST2-/- mice 

(Fig. 3-1 C).  

To selectively assess the CD8 T cell-intrinsic role of ST2 signaling, we performed an adoptive co-transfer 

with LCMV gp33-specific T cell receptor (TCR)-transgenic CD8 T cells (183) (P14 cells) deficient or 

sufficient for the ST2 receptor (P14 ST2-/-; P14 Wt, Fig. 3-1 D). While P14 ST2-/- cells transiently 

outnumbered P14 Wt cells on day 4 after infection, P14 Wt cells were more abundant at later time points of 

the response (Fig. 3-1 E). These findings showed that CD8 T cell-intrinsic IL-33 signaling is essential for 

the response to chronic LCMV infection.  

The fraction of P14 Wt cells expressing ST2 peaked around day 4-8 and remained in the 20 percent range 

throughout day 22 (Fig. 3-1 F). This finding parallel earlier findings from lymph nodes showing loss of IL-

33 protein expression within the first week suggesting cytokine release (136).  

In line with the hypothesis that IL-33 is predominantly available to T cells at the onset of the infection, P14 

Wt and P14 ST2-/- cells expanded similarly when they were transferred on day 14 after LCMV Cl-13 

infection instead of prior to infection (Fig. 3-1 G-H). Overall, these data suggest that the bioavailability of 

IL-33 for antiviral CD8 T cell responses is largely confined to an early time window after infection.    

To assess the impact of ST2 signals on CD8 T cell gene expression programs in chronic infection, we 

performed whole genome RNA sequencing on P14 Wt and P14 ST2-/- cells recovered on day 6 after LCMV 

infection (Fig. 3-1 I). Among the top genes most significantly down-regulated in ST2-/- deficient CD8 T 

cells, we found Tcf-1, Prickle1 and Kit, thus hallmark genes of the recently identified population of stem-

like CD8 T cells (121) (Fig. 3-1 J). Further Gene Set Enrichment analysis showed in ST2-deficient CD8 T 

cells a pronounced inflammation-related hallmark gene sets such as interferon-α response (adj. p-value: 

7.74e-14) and inflammatory response (adj. p-value: 0.03) (Fig. 3-1 K). Given that the P14 Wt and P14 ST2- /- 

CD8 T cells analyzed here responded to LCMV in the same recipient and thus were exposed to the same 

infection context (see experimental set-up in Fig. 3-1 I), these data raised the possibility that ST2 signaling 

attenuated IFN-I gene signatures at the level of individual CD8 T cells. Further comparison to published 

CD8 T cell gene expression data sets (116) showed that ST2-/- CD8 T cells significantly downregulate CD8 

TSCL gene signatures (Fig. 3-1 L). In summary, the gene profile of ST2-deficient CD8 T cells at the onset of 

chronic LCMV infection reflected reduced stemness and an enhanced IFN-I signature.   
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3.4.2 IL-33 signaling promotes the formation of stem-like CD8 T cells 

 

First, we studied the effects of ST2 signaling on CD8 T cell differentiation by co-transferring ST2-sufficient 

and -deficient P14 cells to Wt recipients and infecting them with LCMV. Six days later, ST2-deficient cells 

exhibited a clear reduction in the stemness-promoting transcription factor Eomes (343) as well as in the 

expression of PD-1 (Fig. 3-2 A). In contrast, neither the transcription factors T-bet or Tox nor the effector-

like CD8 T cell marker CX3CR1 (331) seemed affected by ST2 deficiency.  

To directly investigate a potential link between IL-33-ST2 signaling and Tcf-1 expression we relied on a 

green fluorescent Tcf7 reporter strain (Tcf7gfp) (120), which we crossed to P14 TCR transgenic mice to 

obtain P14 Wt Tcf7gpf mice. P14 Wt Tcf7gpf CD8 T cells were transferred to Wt recipient mice undergoing 

LCMV Cl-13 infection to analyze whether ST2 expression correlated with Tcf-1 expression. On day 6 and 

even more on day 14 a higher proportion of ST2-positive than of ST2-negative P14 Wt Tcf7gpf cells reported 

Tcf-1 (Fig. 3-2 B). To study direct IL-33 effects on Tcf-1 expression we turned to an infection-independent 

culture system of peptide-stimulated P14 Wt cells. Intriguingly, the addition of exogenous IL-33 resulted in 

>30-fold higher Tcf-1 mRNA levels within 2 hours, highlighting that IL-33 signals promote Tcf-1 

transcription independently of the infectious context (Fig. 3-2 C).  

To confirm on the protein level that ST2-deficient CD8 T cells express less Tcf-1 (compare Fig. 3-1 J), we 

performed flow cytometry on day 4 and day 6 after LCMV Cl-13 infection (Fig. 3-2 D). By day 4, the 

proportion of Tcf-1+ P14 ST2-/- CD8 T cells was reduced 2-3-fold as compared to P14 Wt cells (Fig. 3-2 E), 

and by day 6, Tcf-1-expressing P14 Wt cells outnumbered Tcf-1+ P14 ST2-/- cells in spleen ~10-fold (Fig. 3-

2 F). These differences were also evident when analyzing the stem-like Ly108+ Tcf-1+ and Tcf-1+ Tim-3- 

CD8 T cell subsets (Fig. 3-2 G-H). In a complementary experimental approach, we found that Tcf-1 reporting 

of P14 Wt Tcf7gfp CD8 T cells was reduced when LCMV challenge was performed in IL-33-/- hosts instead 

of Wt recipients (Fig. S 3-3). 

Finally, we crossed P14 ST2-/- mice to Tcf7gfp reporter animals (P14 ST2-/- Tcf7gfp mice). These ST2-deficient 

CD8 T cells, when transferred to naïve recipients and challenged with LCMV, exhibited a lower proportion 

of GFP reporting cells than it was found amongst co-transferred ST2-sufficient P14 Tcf7gfp cells (Fig. 3-2 I-

K). Taken together, these findings indicated that ST2 antagonized the downregulation of Tcf-1, which 

typically accompanies CD8 T cell terminal differentiation (344), to preserve a stem-like CD8 T cell 

population. 

 

 

3.4.3 IL-33 signaling balances IFN-I effects to maintain CD8 T cell stemness 

 

Our gene expression data had suggested that ST2 signaling attenuates IFN-I gene signatures in CD8 T cells 

(compare Fig. 3-1 K), which prompted us to investigate how IFN-I effects contribute to the phenotype of 

ST2-deficient CD8 T cells in chronic viral infection. We treated recipient mice with α-IFN-I receptor 

(αIFNAR) blocking antibody or isotype antibody (Fig. 3-3 A) (day-1), followed by adoptive co-transfer of 
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P14 Wt and P14 ST2-/- CD8 T cell and LCMV infection the next day (day 0). The expansion of P14 ST2-/- 

cells was significantly impaired in isotype-treated mice on day 6, 9 and 28 after infection, as expected (Fig. 

3-3 B-C). In remarkable contrast, the population size of ST2-deficient and -sufficient P14 cells was equalized 

when LCMV challenge was performed in IFNAR-blocked recipients. In addition, IFNAR blockade 

normalized the magnitude of polyclonal gp33+ specific CD8 T cell responses in ST2-/- mice (Fig. S 3-4).  

Importantly, restoration of P14 ST2-/- CD8 T cell expansion by IFNAR blockade was accompanied by normal 

differentiation into stem-like T cell subsets (Fig. 3-3 D-F). When analyzed in isotype -treated mice on day 4 

or day 6, a comparably small percentage of P14 ST2-/- cells exhibited a stem-like Tcf-1+ Tim-3- phenotype 

(Fig. 3-3 D-E), whereas the percentage and absolute number of Tcf-1+ Tim-3- progeny formed by P14 ST2- /- 

cells was identical to P14 Wt cells when tested in IFNAR-blocked recipients (Fig. 3-3 F). In keeping with 

this finding, IFNAR-blockade restored also Eomes expression by P14 ST2-/- cells (Fig. 3-3 G-H). 

IFNAR blockade has a profound impact on the systemic inflammatory response to LCMV Cl-13 (229), with 

previously unknown effects on IL-33 bioavailability. To test a potential αIFNAR effect on IL-33 expression 

levels, we analyzed LCMV-infected IL-33gfp/wt mice, reporting IL-33 transcription as green fluorescence, but 

did not observe any impact of IFNAR blockade on day 3 after infection (Fig. 3-3 I-J). In line with these 

results, a histological assessment of spleen tissue on day 3 after LCMV infection showed that IL-33 protein 

levels were unaffected by IFNAR blockade (Fig. 3-3 K and supplementary Figure S 3-3 6). 

To directly address the possibility that IFN-I sensing by FRCs modulates IL-33 bioavailability, we relied on 

mice with an FRC-specific IFNAR deletion (CCL19CreIFNARfl/fl mice). As a readout for IL-33 

bioavailability we adoptively co-transferred P14 Wt and P14 ST2-/- CD8 T cells and determined the cells’ 

response to LCMV challenge. P14 Wt and P14 ST2-/- CD8 T cells expanded comparably when triggered in 

IL-33-/- mice, as expected. In CCL19CreIFNARfl/fl mice and in Wt recipients, however, P14 Wt cells were 

>10-fold more abundant than P14 ST2-/- CD8 T cells indicating unimpaired IL-33 bioavailability in the 

absence of IFNAR sensing by FRCs (Fig. 3-3 L). In contrast and in line with our previous report (335), 

CCL19CreIL-33fl/fl mice lacking IL-33 selectively in FRCs annihilated the differential expansion of ST2-

deficient and sufficient P14 cells, corroborating the role of FRCs as the primary source of IL-33 for antiviral 

CD8 T cell responses (Fig. 3-3 L). Finally, ST2 expression by IFNAR-sufficient and -deficient P14 CD8 T 

cells was comparable (Fig. 3-3 M), as suggested by our earlier work (168).  

These several lines of evidence argued therefore, against significant IFN-I effects on IL-33 bioavailability 

or on ST2 receptor expression by antiviral CD8 T cells. Taken together, the present data suggested therefore, 

that ST2 signals to antiviral CD8 T cells promoted the cells’ population expansion and stemness by balancing 

type I interferon effects.  
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3.4.4 IL-33 balances IFN-I effects for efficient expansion and self-renewal of early CD8 TSCL cells  

 

IL-33 release by FRC is known to occur within the first days after LCMV infection (136) and we had 

observed that ST2 effects on Tcf-1 expression by CD8 T cells were evident by day 4 after infection (compare 

Fig. 3-1 F and Fig. 3-2 D-H), raising the possibility of an early ST2 effect on T cell stemness. First, we tested 

whether Tcf-1 expression early in the response differentiated already a stem-like, self-regenerative pool of 

antiviral CD8 T cells. For this we sorted Tcf7gfp+ and Tcf7gfp– P14 Tcf7gfp CD8 T cells on day 4 after LCMV 

infection and re-transferred them individually yet at equal numbers into Wt recipients that were 

simultaneously challenged with LCMV (Fig. 3-4 A). P14 Wt Tcf7gfp+ CD8 T cells underwent ~10-fold more 

robust expansion than P14 Wt Tcf7gfp– cells (Fig. 3-4 B) and they yielded ~20-fold more Tcf-1+ Tim-3- and 

GFP+ Ly108+ progeny (Figs. 3-4 C, D). In contrast, the output in CX3CR1+ GFP– effector cells were not 

different between the two transferred cell subsets (Fig. 3-4 E). Altogether, these observations indicated that 

both Tcf7gfp+ and Tcf7gfp– cell subsets retained the ability to proliferate and produce effector T cells (Fig. 3-

4-E). Already on day 4 after LCMV infection, however, stem-like capacity with the ability to produce further 

Tcf7gfp+ cells resided almost exclusively in the Tcf7gfp+ subset (“early stem-like CD8 T cells”).  

Next, we investigated whether such early stem-like CD8 T cells remained responsive to and depended on 

further IL-33 signals for continued expansion. We sorted Tcf7gfp+ P14 Wt T cells on day 4 after LCMV 

infection and transferred them into either Wt or IL-33-/- recipients, followed by immediate LCMV challenge 

(Fig. 3-4 F). A lack of IL-33 signal in the IL-33-/- recipients reduced the transferred cells’ overall expansion 

~10-fold (Fig. 3-4 G), with a ~30-fold reduction in progeny Tcf1gfp+ Ly108+ stem-like CD8 T cells (Fig. 3-4 

H) and similarly curtailed Tcf1- CX3CR1+ effector cell yields (Fig. 3-4 I).  

The IL-33 dependence of early stem-like CD8 T cells for self-renewal (Fig. 3-4 G-I) prompted us to 

investigate whether, analogously to naïve CD8 T cells (compare Fig. 3-3), early stem-like CD8 T cells 

required IL-33 to balance IFN-I signals. We sorted Tcf7gfp+ P14 Wt T cells on day 4 after LCMV infection 

and transferred them into Wt and IL-33-/- animals, which were either IFNAR-blocked or control-treated. The 

cell's expansion and differentiation was analyzed 9 days later (Fig. 3-4 J). In line with the experiment in Fig. 

3-4 G-I, the total population expansion and, in particular, the formation of Tcf7gfp+ and Tcf7gfp+Ly108+ stem-

like progeny was significantly impaired when isotype control-treated hosts were IL-33-deficient. Strikingly 

though, these pronounced differences between IL-33-deficient and -sufficient recipients were annihilated 

when IFNAR was blocked. Altogether, these findings indicated that not only the formation of early stem-

like Tcf1+ cells were driven by IL-33 (compare Fig. 3-3) but that also these early stem-like Tcf- 1+ CD8 T 

cells depended on further IL-33 signals to balance IFN-I effects on their further clonal expansion and self-

renewal.  
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3.4.5 IL-33 signals at the onset of infection impact the quality of emerging CD8 TSCL cells 

 

We considered the possibility that IL-33 signals to antiviral CD8 T cells impact not only the cells’ propensity 

to form Tcf-1-expressing progeny but might additionally influence stemness qualities of the resulting Tcf- 1+ 

cells. P14 Wt cells expanded ~10-fold more than P14 ST2-/- cells when triggered by recombinant LCMV 

Arm expressing WE-GP (rArmWEGP), whereas responses to a recombinant adenovirus vector expressing 

the LCMV glycoprotein (rAd/GP) were ST2-independent (Fig. 3-5 A-B), as expected (58, 59). This feature 

of rAd immunization allowed us to compare the self-renewal and re-expansion capacity early Tcf-1+ stem-

like CD8 T cells without confounding effects of IL-33 signaling during recall. To this end, we relied on an 

established experimental approach for determining T cell stemness (345) and adapted it for use with rAd/GP. 

We sorted Tcf7gfp+ and Tcf7gfp– P14 Wt cells on day 4 after LCMV infection and transferred them into Wt 

recipients (Fig. 3-5 C). Upon two weeks of resting, the cells were challenged with rAd-GP to determine P14 

CD8 T cell expansion 7 days later. Approximately 30-fold more progeny from Tcf7gfp+ than from Tcf7gfp– 

P14 Wt cells (Fig. 3-5 D, E) corroborated our conclusion that Tcf7gfp reporting on day 4 after LCMV 

infection identified early stem-like CD8 T cells (compare Fig. 3-4 B). Moreover, it validated the rAd/GP-

based experimental design.  

Next, we set out to compare the stemness of ST2-deficient and -sufficient early Tcf1+ stem-like CD8 T cells. 

On day 4 after LCMV infection we sorted the P14 Wt Tcf7gfp+ and P14 ST2-/- Tcf7gfp+ cells and re-transferred 

them into naïve Wt recipients (Fig. 3-5 H). After two weeks of resting, the animals were challenged with 

rAd/GP and P14 cell expansion was monitored. Intriguingly, the progeny of Tcf7gfp+ P14 Wt cells were ~10-

fold more abundant than their ST2-deficient counterpart (Fig. 3-5 I, J). Moreover, a clear reduction in the 

number of GFP+ cells was observed when ST2 deficient CD8 T cells were used (Fig. 3-5 K-L). This indicated 

that IL-33 signals transmitted in the first four days of LCMV infection influenced not only the number of 

emerging early stem-like CD8 T cells but exerted also a profound impact on the cells’ stemness beyond their 

mere expression of Tcf-1. 
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3.5 Discussion 
 

Although many studies have characterized the transcription factors (117-119) guiding or repressing (326, 

346-348), the differentiation of CD8 T cells into CD8 TSCL, a profound understanding of the molecular 

signals is still incomplete. Currently, recombinant IL-27 treatment (332) and IFNAR blockade (117) remain 

the only available strategies to foster the pool of stem-like CD8 T cells. Thus, an alternate safer strategy is 

urgently needed. 

In this publication, we were able to identify the alarmin IL-33 as an important factor to augment Tcf-1 

expression and is thereby promoting CD8 TSCL formation during chronic infection. As shown by the use of 

a re-transfer systems (Fig. 3-4), we were able to demonstrate that antigen specific CD8 TSCL, defined by 

Tcf- 1 expression, have significantly impaired expansion when re-challenged in an IL-33 deficient 

environment. Such deficit, not only resulted in an impaired repertoire of CD8 TSCL, but also the inability to 

produce CD8 TEF, emphasizing the importance of IL-33 for a sustained CD8 T cell response. Indeed, these 

data corroborate the previous work by Baumann et al, (168) deciphering the importance of IL-33 for efficient 

secondary expansion of memory CD8 T cells. Our data speaks towards the theory that the IL-33 impairment 

of memory T cell recall might be linked to a reduced pool of Tcf-1 expressing cells, given that Tcf-1-/- CD8 

T cells have limited expansion upon secondary challenge (349). By this, our data not only provide new 

insights into the role of IL-33 in a chronic viral infection but also further elucidate the role of IL-33-ST2 

signaling on the CD8 T cell recall response to recurrent viral infections which is critically dependent on Tcf-

1 expression. 

Beyond the critical role of IL-33 in both CD8 T cell maintenance and secondary expansion, it appears to 

have a lasting imprint effect on the CD8 T cells. Indeed, the remarkable expansion differences between P14 

ST2-/- Tcf7gfp and P14 WT Tcf7gfp (shown in Fig. 3-5) upon antigen re-encounter in an IL-33 independent 

environment (infection with rAdGP) point out towards an imprint mechanism within the first 4 days upon 

LCMV Cl-13 infection. Such data together with earlier reports (136) and the data presented in Fig. 3-1 G-H 

suggest that IL-33 is released and mediates most of its effects within the first days of infection, despite 

having long-term consequences on the differentiation of CD8 T cells.  

In addition, we were able to demonstrate that IL-33 counterbalances type I interferon CD8 T cell terminal 

differentiation through Tcf-1 repression (117). The concept that IL-33 and IFN-I have opposing effects on 

the formation of Tcf-1 expressing cells highlights the interplay between danger signals and alarmins. Since 

LCMV is triggering a strong type I interferon response (174, 186), it is possible that the link between IL-33 

and CD8 TSCL formation is of greater importance in a highly inflammatory milieu. However, the in vitro data 

shown in Fig. 3-2 C demonstrate that IL-33 can equally trigger CD8 TSCL through an inflammation-

independent mechanism.  

The observation that Tcf-1 expressing cells are formed under type I interferon blockade in an IL-33 

independent manner (shown in Fig. 3-3) is raising the possibility that the IFN-I induced inflammatory milieu 

might alter survival and/or differentiation signals (174, 186, 229) that are compensated by IL-33 signaling.  
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A major clinical implication of these findings would be the use of IL-33 adjuvanted vaccines to improve 

vaccination regimens and enhance tumor as well as antiviral immunotherapy as already depicted in previous 

reports of our group (58, 59) and others (167, 350-352). However, as for many other cytokines with 

immunomodulatory properties, IL-33 can be classified as pro- or anti-tumorigenic cytokine (353, 354) and 

targeting strategies should be considered with caution.    

In the past years, we and others have made several contributions to corroborate and mechanistically decipher 

the role of IL-33 – ST2 signaling for the formation of a potent anti-viral CD8 T cell response. However, a 

true biological understanding was still missing. With this work, we mechanistically elucidate how IL-33 

potentiate anti-viral CD8 T cell response, by tying the importance of IL-33 with the formation of the Tcf1+ 

CD8 TSCL population. Moreover, the data presented above reveal a molecular circuity in which IL-33 

signaling governs the early CD8 TSCL fate decision by repressing an opposing cell fate of terminal effector 

cells induced by type I interferon.  

Such findings can have a profound impact in the future development of CD8 T cell-based immunotherapies, 

by contributing to the understanding on how effective CD8 T cell responses can be induced and maintained. 
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3.6 Figures  
 

 
Figure 3-1 CD8 T cell-intrinsic IL-33 signaling is essential for the response to chronic viral infection 
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A: Experimental set-up used in B-C. Wt and ST2-/- mice were infected with LCMV Cl-13 high dose. Spleens were harvested 

day 9 p.i. and analyzed for number of gp-33+ CD8 T cells. 

C: Virus titers were determined at the indicated time-points in the blood. D: Experimental set-up used in E-F. Equal numbers 

of P14 Wt (CD45.1) and P14 ST2-/- (CD45.1/2) CD8 T cells were transferred in Wt (CD45.2) recipient mice followed by 

LCMV Cl-13 high dose infection. E: Population expansion (fold change) of P14 Wt and P14 ST2-/- cells at the indicated time-

points in the spleen.  

F: Representative FACS Plot showing ST2 receptor expression of P14 Wt cells on day 6 p.i. As control, ST2 staining was 

performed with P14 ST2-/- CD8 T cells. Numbers on FACS plots indicate the frequency of each gated population. Bar graphs 

summarizing the percentage of ST2 expression on P14 Wt cells at the indicated time-points. G: Schematic of the experimental 

design to H. Co-transfer of P14 Wt and P14 ST2-/- CD8 T cells into Wt and IL-33-/- mice that were either infected the same 

day (infection d0) or received the infection 14 days (infection d-14) before cell transfer. H: Bar graphs summarizing the number 

of P14 Wt and P14 ST2-/- CD8 T cells 8 days upon cell-transfer. I: Experimental set-up used in J-L: Co-transfer of P14 Wt and 

P14 ST2-/- CD8 T cells into Wt mice infected with LCMV Cl-13. Bulk-RNA sequencing of transferred cells P14 Wt and P14 

ST2-/- was performed 6 days after infection (see supplementary Fig. S-3-2).  

J: Heat-map of hierarchically clustered top differentially expressed genes (displayed by P value; abs (logFC>1.5; FDR<0.05) 

between P14 Wt and P14 ST2-/- CD8 T cells. Genes with important functions for CD8 TSCL differentiation are highlighted. K: 

Hallmark gene sets, which are significantly differentially expressed (FDR<0.05) between P14 Wt and P14 ST2-/- CD8 T cells, 

displayed are the adjusted p-values. L: Heatmap demonstrating a significant enrichment of CD8 TSCL gene signature within 

P14 Wt cells but not in P14 ST2-/- CD8 T cells. The CD8 TSCL gene sets was constructed from available datasets by taking the 

genes upregulated (FDR>1) in CD8 TSCL (ID3+) in comparison to non CD8 TSCL (ID3-). ID3+ and ID3- CD8 T cells were sorted 

on day 5 after LCMV-Docile infection (see Supplementary Table 1 of reference (116)).  

Data are representative of 1 (H) to 2 (B, C, E and F) independent experiments with at least 5 mice per group. B and E as well 

as day 6 (F) show data pooled from 2 independent experiments. Statistical comparison of experimental groups in B were 

performed using unpaired two-tailed Student’s t test, for C a time-course one-way ANOVA test was performed, statistical 

comparison of experimental groups in E and H were performed using 2-way ANOVA with Sidak's post test. Ns: not significant; 

*: p<0.05; **: p<0.01. 
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Figure 3-2 IL-33 is required to preserve the Tcf-1 expressing population 

A: Representative flow cytometry plots showing MFI (mean ± SD) of the indicated transcription factors and surface markers 

by P14 Wt (grey) or P14 ST2-/- (red) cells on day 6 p.i. B: P14 Wt Tcf7gpf were transferred into Wt mice, which were infected 

with LCMV Cl-13. 6 and 14 days later, P14 Wt Tcf7gpf CD8 T cells were analyzed for ST2 expression. Representative FACS 

Plots illustrating gating strategy. Numbers on FACS plots indicate the frequency of each gated population. Percentage of 

GFP+/- expression pre-gated on P14 ST2+ cells. P14 ST2-/- Tcf7gfp CD8 T cells were used as staining control. Data from day 6 

are pooled from 2 independent experiments. C: In vitro activated P14 Wt cells were stimulated with recombinant IL-33 for 2h. 

Tcf7 mRNA expression levels relative to Hprt.  
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D: Tcf-1 expression by P14 Wt (grey) and P14 ST2-/- (red) cells at d4 and d6 after LCMV Cl-13 infection. E: Percentage of 

Tcf-1 expressing P14 Wt/ P14 ST2-/- cells d4/d6 p.i.. F: number of Tcf-1+ P14 Wt and Tcf-1+ P14 ST2-/- cells on d4 and d6 p.i.   

G-H: Representative flow cytometry plots showing co-expression of Tcf-1 and Tim-3 or Tcf-1 and Ly108 (Slamf6) in P14 Wt 

and P14 ST2-/- cells. Corresponding percentage values are shown as mean ± SD. 

I-K: P14 Wt Tcf7gpf and P14 ST2-/- Tcf7gfp cells were transferred into Wt mice infected with LCMV Cl-13. I: Representative 

FACS Plots showing GFP expression level on d4 and d6 p.i.. Numbers on flow plots indicate the frequency of each gated 

population. K: Percentage of GFP+ cells among transferred P14-Tcf7gpf and P14 ST2-/- Tcf7gfp cells. Data are pooled from 2 

independent experiments. 

Data are representative of two (B, C, J-K) to three (A, D-H) independent experiments with at least 4 mice per group. Symbols 

and bars represent means±SEM. Paired t-test (A, B, D-H). Un-paired t-test (C, K). Ns: not significant; *: p<0.05; **: p<0.01. 
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Figure 3-3 Upon type I interferon exposure, IL-33 signaling enables differentiation of CD8 T cells into CD8 TSCL 

A: Experimental set-up for B-H; Co-transfer of equal numbers of P14 Wt (CD45.1) and P14 ST2-/- (CD45.1/2) CD8 T cells 

into isotype or αIFNAR treated Wt (CD45.2) recipients. Antibodies were administered 1d before infection.  

Mice were infected with a high dose of LCMV Cl-13. B: Representative FACS Plot showing the frequency of P14 Wt and 

P14 ST2-/- cells day 9 p.i.; pre-gated on transferred cells (CD45.1+ cells). Numbers on FACS plots indicate the frequency of 

each gated population.  

C: Splenocytes were harvested at the indicated time-points (d6, d9 and week 4 p.i.) and analyzed for the number of transferred 

cells.  
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D: Representative FACS plots showing the expression of Tcf-1 and Tim-3 by P14 Wt and P14 ST2-/- cells at d4 after infection. 

Corresponding percentage values are shown as mean ± SD. Percentage (E) and number (F) of Tcf-1+ P14 Wt and P14 ST2-/- 

CD8 T cells day 6 p.i. G: P14 Wt and P14 ST2-/- CD8 T cells were harvested on day 6 p.i. and intracellularly stained for Eomes. 

Shown are representative histograms of P14 ST2-/- (red) CD8 T cells in comparison to P14 Wt (grey) cells. Numbers indicated 

the MFI of Eomes (Mean ± SD). H: Graph summarizing the percentage of Eomes+ cells within P14 Wt or P14 ST2- /- CD8 T 

cells obtained from isotype or αIFNAR treated recipients.  

I: IL-33gfp/wt. mice were infected with LCMV Cl-13. Type I interferon was blocked by administration of an αIFNAR antibody 

1d before infection. 3 days after infection, spleens were harvested and single-cell suspensions were prepared by collagenase 

digestion. Representative FACS Plot of the GFP profile of FRCs (gated on live CD45.2-, Ter119-, CD31- gp38+; see gating 

strategy shown in Fig. S 3-5)). Corresponding percentage values are shown as mean ± SD. J: Quantification of the GFP-

expression levels (MFI). L: Representative examples of Immunofluorescence staining of spleen sections for IL-33 protein. IL-

33gfp/wt mice were infected with LCMV Cl-13 (d0). Type I interferon was blocked by administration of αIFNAR Ab 1 day 

before infection. Control mice were treated with isotype Ab. Spleens were harvested day 3 after infection. Quantification of 

immunofluorescence staining shown in Fig. S 3-3 6 for IL-33 protein density (signal intensities multiplied by signal-positive 

areas) per white pulp. Per mouse spleen 2 different cuts were analyzed. Each dot represents the mean of the experimental 

replicate.  

L: IFNAR receptor was deleted on FRCs (CCL19+ cells) by crossing IFNARfl/fl mice with CCL19Cre+ mice. As control 

IFNAR fl/fl CCL19Cre- as well as IL-33-/- mice were used. Furthermore IL-33 deletion by FRCs was achieved by crossing CLL19 
Cre+ mice with IL-33fl/fl mice. Graph is summarizing the number of transferred P14 Wt and P14 ST2-/- CD8 T cells per group. 

Analysis was performed on day 9 p.i.. Data are pooled from 2 independent experiments. M: ST2 receptor expression was 

determined on P14 Wt and P14 IFNAR-/- CD8 T cells. In parallel P14 ST2-/- CD8 T cells were stained to substrate background 

signaling. NK-cells were depleted in all recipient mice (see Material and Methods: 3.3.6) 

Data are representative of either one (K), two (B, C, I-J, L, M) or three (D-H) independent experiments with at least 4 mice 

per group. 

Statistical comparison of experimental groups in B-H and M were performed using two-way ANOVA with post-hoc Sidak's 

multiple comparison test. J, L and N: one-way ANOVA with post-hoc Tukey's test for multiple comparisons. Ns: not 

significant; *: p<0.05; **: p<0.01. 
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Figure 3-4 The proliferative as well as the generation capacity of CD8 TSCL cells and the differentiation into effector CD8 T cells 

is clearly IL-33 dependent 

A: Experimental setup used in Fig. B-E. Naïve P14 Wt Tcf7gfp CD8 T cells were transferred into Wt mice followed by LCMV 

Cl-13 infection. 4 Days later, transferred cells were flow-sorted into GFP+ and GFP- cells. 1x103 cells of each population were 

re-transferred into secondary recipients followed by infection with LCMV Cl-13. Secondary recipients were analyzed 9 days 

after transfer. B: (Top) Representative FACS Plot showing the percentage of transferred cells. Corresponding percentage 

values are shown as mean ± SD. (Bottom) Total number of P14 Wt Tcf7gfp + and P14 Wt Tcf7gfp- cells. C: (Top) Representative 
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FACS Plot showing the expression of Tcf-1+ and Tim-3-. Numbers indicate mean ± SD. (Bottom) Total number of Tcf-1+ 

Tim- 3- P14 Wt Tcf7gfp+ and P14 Wt Tcf7gfp- cells.  

D: (Top) Representative FACS Plot showing the co-expression of GFP and Ly108. Numbers indicate mean ± SD (Bottom): 

Total number of GFP+ Ly108+ P14 Wt Tcf7gfp+ and P14 Wt Tcf7gfp- cells. E: (Top) P14 Wt Tcf7gfp + and P14 Wt Tcf7gfp- cells 

were analyzed for the expression of GFP and CX3CR1. Numbers in FACS Plots indicate percentages mean ± SD. (Bottom) 

Total number of CX3CR1+ GFP- P14 Wt Tcf7gfp+ and P14 Wt Tcf7gfp- cells. F: Experimental setup used in Fig. G-I. Naïve P14 

Wt Tcf7gfp CD8 T cells were transferred into Wt mice followed by LCMV Cl-13 infection. 4 Days later, transferred cells were 

flow-sorted for expression of GFP. 1x103 P14 Tcfgfp + cells were transferred into Wt and IL-33-/- secondary recipients followed 

by infection with LCMV Cl-13. Secondary recipients were analyzed 9 days after transfer. G: (Top) Representative FACS Plot 

showing the percentage of transferred cells. Numbers in FACS Plots indicate percentages mean ± SD. (Bottom) Total number 

of P14 Wt Tcf7gfp+. H: (Top) Representative FACS Plot showing the co-expression of GFP and Ly108. Numbers in FACS 

Plots indicate percentages mean ± SD. (Bottom) Total number of GFP+ Ly108+ P14 Wt Tcf7gfp+ transferred in Wt or IL-33-/- 

mice. I: (Top) P14 Wt Tcf7gfp+ cells were analyzed for the expression of GFP and CX3CR1. Numbers indicate mean ± SD. 

Bottom: Total number of CX3CR1+ GFP- P14 Wt Tcf7gfp+ present in the spleen of Wt and IL- 33-/- mice. Numbers in FACS 

Plots indicate percentages mean ± SD.   

J: Experimental setup used in Fig. K-L. Naïve P14 Wt Tcf7gfp CD8 T cells were transferred into Wt mice followed by LCMV 

Cl-13 infection. 4 Days later, transferred cells were flow-sorted for expression of GFP. 1x103 P14 Wt Tcf7gfp + cells were 

transferred into Wt and IL-33-/- secondary recipients pre-treated d-1 with isotype or αIFNAR Ab followed by infection with 

LCMV Cl-13. K: (Top) FACS plots showing the frequency of transferred P14 Wt Tcf7gfp + cells in the spleen of secondary 

recipients. Numbers in FACS Plots indicate percentages mean ± SD. (Bottom) Representative FACS Plots showing the co-

expression of GFP and Ly108. Numbers in FACS Plots indicate percentages mean ± SD. L: Graph summarizing the number 

of GFP+ Ly108+ expressing (green bar) and total number of P14 Wt Tcf7gfp + cells in the spleen of secondary recipients (open 

bar).  

Statistical analysis: Unpaired t-test (B-E, G-I). (L) # Ordinary one-way ANOVA with post-hoc Tukey’s multiple comparison 

test for total CD8 T cell numbers. # Ordinary one-way ANOVA with post-hoc Tukey’s multiple comparison test for total 

number of GFP+ Ly108+ CD8 T cells. Data are representative of one (L) to two (B-E, G-I) independent experiments with at 

least 4 recipients per group.   

Ns: not significant; *: p<0.05; **: p<0.01. 
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Figure 3-5 Self-generation of CD8 TSCL as well as the proliferative capacity rely on IL-33 signaling within the first 4 days 

A: Experimental set-up used in B: P14 Wt and P14 ST2-/- CD8 T cells were transferred into Wt mice infected with rLCMV-

WEGP or rAdGP. B: Number of transferred cells were analyzed on day 7 p.i. C: Experimental set-up used in D-G. Naïve P14 

Wt Tcf7gfp CD8 T cells were transferred into Wt mice followed by LCMV Cl-13 infection. 4 Days later, transferred cells were 

flow-sorted into GFP+ and GFP- cells. 1x103 cells of each population were re-transferred into secondary recipients (Wt mice). 
Secondary recipients were infected 14 days later with rAdGP. Final time-point was 21 days after transfer. D: Representative 

FACS Plot showing the percentage of transferred cells. Numbers on FACS plots indicate the frequency of each gated 

population. E: Total number of P14Wt Tcf7gfp+ and P14 Wt Tcf7gfp- cells. F: Total number of GFP+ Ly108+ P14 Wt Tcf7gfp+ 

and GFP+ Ly108+ P14 Wt Tcf7gfp- cells. G: Total number of GFP- CX3CR1+ P14 Wt Tcf7gfp+ and GFP- CX3CR1+ P14 Wt 

Tcf7gfp- cells. H: Experimental set-up used in I-L: Naïve P14 Wt Tcf7gfp CD8 T cells and naïve P14 ST2-/- Tcf7gfp CD8 T cells 

were transferred separately into Wt mice followed by LCMV Cl-13 infection. 4 Days later, transferred cells were flow-sorted 

for GFP expression. 1x103 cells of each population were re-transferred into secondary recipients (Wt mice).  
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Secondary recipients were infected 14 days later with rAdGP. Final time-point was 21 days after transfer. I: Representative 

FACS Plot showing the percentage of transferred cells. Numbers on FACS plots indicate the frequency of each gated 

population. J: Total number of P14 Wt Tcf7gfp+ and P14 ST2-/- Tcf7gfp+ cells. K: Total number of GFP+ P14 Wt Tcf7gfp+ and 

GFP+ P14 ST2-/- Tcf7gfp+ cells. L: MFI of GFP pre-gated on P14 Wt Tcf7gfp+ and P14 ST2-/- Tcf7gfp+ CD8 T cells. 

Data are representative of 2 independent experiments with at least 4 mice per group. Numbers indicate mean ± SEM. Statistical 

analysis: Unpaired t-test (E-G, J-L). Ns: not significant; *: p<0.05; **: p<0.01. 
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3.7 Supplementary Figures 
 

 
S 3-1 Impaired T cell maintenance in the absence of IL-33 

Wt and ST2-/- mice were infected with LCMV Cl-13 high dose. The fraction of T cells specific for gp33 was determined using 

MHC Class I tetramers at the indicated time-points in blood. Data are representative of 2 independent experiments with at 

least 5 mice per group. Numbers indicate mean ± SEM. Values indicate gp33+ CD8 T cells as a percentage of lymphocytes. 

Statistical analysis: time course one way ANOVA. Ns: not significant; *: p<0.05; **: p<0.01  

 

 

 
S 3-2 Gating strategy for FACS sorting of P14 Wt and P14 ST2-/- CD8 T cells 

Sorting strategy for FACS sorting of P14 Wt/ P14 ST2-/- CD8 T cells (related to Fig. 3-1 I-L). Co-transfer of P14 Wt and P14 

ST2-/- CD8 T cells into Wt mice followed by LCMV Cl-13 infection. On d6 post infection, cells were sorted based on the 

expression of their congenic markers. A dump gate exclusion contained B220 and CD4.  
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S 3-3 Impaired Tcf-1 expression in the absence of IL-33 signaling 

A: Experimental set-up for B: P14 Wt Tcf7gfp CD8 T cells were transferred into Wt and IL-33-/- mice followed by LCMV Cl-

13 high dose infection. For analysis on day 4- 1x104 P14 Wt Tcf7gfp CD8 T cells were transferred, for analysis on day 6 1x103 

P14 Wt Tcf7gfp CD8 T cells were used as input. Spleens were harvested 4 and 6 days later and analyzed for the expression of 

GFP. B: Percentage of GFP+ cells among transferred P14 Wt Tcf7gpf and P14 ST2-/- Tcf7gfp cells. Data are representative of 1 

independent experiments with at least 5 mice per group. Numbers indicate mean ± SEM. Statistical analysis: For each time-

point an unpaired t-test was performed. Ns: not significant; *: p<0.05; **: p<0.01. 

 

 

 
S 3-4 Upon type I interferon exposure, the antigen-specific repertoire of antigen-specific CD8 T cells in Wt and ST2-/- mice is 

equalized 

Wt and ST2-/- mice were infected with LCMV Cl-13 high dose. Type I interferon was depleted by treatment with αIFNAR 1 

day before infection. Control mice received equal amount of isotype control. 9 days after infection, spleens were harvested 

and gp33+ CD8 T cells were determined via MHC class I tetramer staining. Data show 2 independent experiments with 5 mice 

per group/experiment. Numbers indicate mean ± SEM. Statistical analysis: One way ANOVA with Tukey's post-test for 

multiple comparisons. Ns: not significant; *: p<0.05; **: p<0.01.  
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S 3-5 Gating strategy for IL-33 reporting stroma cells in the spleen 

(Corresponding to Fig. 3-3 I-J) Gating strategy for the identification of GFP expression by the FRCs of IL-33 reporting mice. 

FRCs were defined as gp38+ CD31-, BECs were defined as gp38- CD31+. A dump gate exclusion contained Terr119 and 

CD45.2. Analysis was performed with IL-33gfp/wt mice on day 3 after infection.  

 

 

 
S 3-6 IL-33 protein levels are unaffected upon IFN-I blockade 

(Corresponding to Fig. 3-3 K) Representative examples of Immunofluorescence staining of spleen sections for DAPI (left) 

and IL-33 protein (purple-right). IL-33gfp/wt mice were infected with LCMV Cl-13 (d0). Type I interferon was blocked by 

administration of α-IFNAR Ab 1 day before infection. Control mice were treated with isotype Ab. Spleens were harvested day 

3 after infection. Magnification bars: 100 μm. 
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S 3-7 Gating strategy for sorting of GFP+ and GFP- CD8 Tcf7gfp T cells 

Naïve P14 Wt Tcf7gfp and P14 ST2-/- Tcf7gfp cells were transferred into Wt mice followed by LCMV Cl-13 infection. Day 4 

after infection, cells were sorted based on their GFP expression. A dump gate exclusion contained B220 and CD4.  
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4. Supplementary data for: Alarmins and type I 

interferon synergistically potentiate antiviral CD8 T 

cell responses by promoting stemness 
 

 

Keywords: IL-33, antiviral stem-like CD8 T cells, chronic infection, type I interferon, intrinsic-extrinsic 

component 

 

4.1 Introduction 
 

This chapter includes further data that were produced during my PhD but were not included in the manuscript 

for brevity’s sake. However, this data further complements the work here discussed and aided on reaching 

the overall conclusions of this work.   

 

CD8 T cells play crucial roles in limiting persistent infections and conferring life-long protective immunity. 

For the fate and differentiation pathways of antiviral CD8 T cells, signals provided by cytokines play an 

important role (127). Understanding the stage dependent effects as well as the interplay of cytokines enables 

modulation of their biological action that might help improving viral control and immunity.  

In the beginning of the infection, cytokines such as IFN-I and IL-33 operate as immunological warning signs 

that inform about the presence of an infection but also influence the developmental choices of the antiviral 

CD8 T cells.  

In our prior work (chapter 3), we were able to highlight that IL-33 signaling tilts the CD8 T cell fate decision 

towards CD8 TSCL differentiation early in chronic infection. Moreover, this effect was shown to be linked to 

IL-33’s capability of counterbalancing type I interferon which operates by preferentially fostering the 

differentiation of effector CD8 T cells (117).  

Considering the far-reaching inflammatory effects of type I interferon (186, 229), two important questions 

remained: a) Does ST2 signaling antagonizes CD8 T cell differentiation by an intrinsic or extrinsic effect, 

or both simultaneously, on the target CD8 T populations? and b) Given the pleotropic indirect effects that 

IFN-I blockade entails, is the observed effect on CD8 T cell expansion due to a different inflammatory milieu 

caused by IFNAR blockade on a specific cellular compartment?  
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4.2 Material and Methods 
 

4.2.1 Mice and animal experimentations 

 

All mouse experiments were performed at the University of Basel. Animals in experiments were between 6-

20 weeks old and sex-matched. Animals were bred at the Laboratory Animal Science Center (LACS) of the 

University of Zürich, at the ETH Phenomics Center (EPIC) at the ETH or at Animal Facility Bio Park 1060 

at the University of Basel.  

ST2-deficient Il1rl1-/- (59, 311), IFNAR-/- (179), P14 TCR transgenic mice (183), IL10-/- (355), IFNAR fl/fl 

(338) (provided by Ulrich Kalinke), CD11c Cre (356), LysMCre (357), CD4 Cre (358) and CD19 Cre (359) 

have been described. P14 ST2-/-, P14 IFNAR-/- and P14 ST2-/- IFNAR-/- mice, CD11c Cre IFNAR fl/fl, LysM 

Cre IFNAR fl/fl, CD4 Cre IFNAR fl/fl and CD19 Cre IFNAR fl/fl mice were obtained by intercrossing with 

the respective parental lines. C57BL/6J (Wt) mice were bred at the at the Laboratory Animal Science Center 

(LACS) of the University of Zürich or at the ETH Phenomics Center (EPIC) at the ETH. Mice that were 

used as donors were backcrossed to C57BL/6J mice. Confirmation of C57BL/6J background by SNIP typing 

(Taconic Biosciences). 

 

 

4.2.2 Viruses 

 

LCMV Cl-13 (34) was produced by infecting BHK-21 cells at a multiplicity of infection (MOI) of 0.01. The 

supernatant was harvested 48h later and viral titers were determined by focus forming assay on 3T3 cells as 

described (59, 230).  

Mice were infected with 2x106-1x107 PFU of LCMV Cl-13 i.v. to establish a chronic infection. 

 

 

4.2.3 Flow cytometry and intracellular staining for cytokines 

 

Single-cell suspensions of spleens were prepared by mechanical disruption using metal mesh. Surface 

staining was performed at 4°C in the dark for 30 mins. All staining’s were done in FACS buffer (FACS 

buffer (PBS, 2% FCS, 5mM EDTA, 0.05% sodium azide). 

Antibodies against CD8 (53-6.7), CD4 (IM7 or RM4-5), B220 (RA3-6B2), CD45.1 (A20), CD45.2 (104), 

Ly108 (330-AJ),  CX3CR1(SA01F11), PD-1 (29F.1A12) and Tim-3 (5D12) were from Biolegend, 

eBioscience/ThermoFisher or BDBioscience/PharMingen. All fluorescently labelled monoclonal antibodies 

were, if not otherwise indicated, diluted 1:100.  

For the detection of GP33 specific CD8 T cells, peptide MHC Class I tetramers (H-2Db tetramers loaded 

with the LCMV GP33-41 peptide-KAVYNFATM) obtained from the NIH-Core Facility or the University of 
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Lausanne Tetramer core facility were used. Unspecific binding was excluded by pre-gating on B220- CD4- 

CD8+ cells. Tetramer staining was performed at RT for 30 mins in the dark. 

Dead cells were excluded with Zombie UV Fixable Viability Kit (Biolegend) according to manufactures 

instructions.  

To detect intracellular levels of Tcf-1 we followed the protocol form eBioscienceTM FOXP3 transcription 

factor staining kit (Invitrogen). The transcription factor Tcf-1 was detected by incubating first with a primary 

antibody (C63D8, Cell Signaling, dilution:1:200) followed by adding a donkey anti-rabbit IgG PE 

(Poly4064-eBioscience).  

Samples were measured on BDLSRFortessa flow cytometer. FlowJo Software (Becton Dickinson) was used 

for analysis.  

 

 

4.2.4 Adoptive cell transfer 

 

For adoptive cell transfer, donor P14 CD8 T cells were MACS (Miltenyi Biotec-naïve CD8 T cell isolation 

kit, mouse) purified and administered i.v. For co-transfers, equal numbers of both cell populations were 

transferred. For analysis on day 6 p.i. 104 cells were injected. For analysis from day 8 onwards, mice received 

500 cells to stay in the physiological range of the precursor frequency of gp-33+ specific CD8 T cells (341). 

To avoid rejection of transferred cells, donor T cells from male or female were transferred into male 

recipients. The two transferred populations could be differentiated from each other and from the recipient’s 

CD8 T cells by means of their congenic CD45 markers. 

 

 

4.2.5 Bone marrow chimeric mice 

 

Wt and IFNAR-/- recipients were lethally irradiated (a dose of twice 5.5 gray was given in a 6-hour interval). 

One day later, recipients were reconstituted with ~ 1x107 wt or IFNAR-/- BM cells and splenocytes.  

After 5 weeks, a co-transfer of purified P14 Wt and P14 ST2-/- CD8 T cells was performed. Mice were 

infected the same day with LCMV Cl-13 high dose. 9 days later, spleens were harvested and analyzed for 

the expansion capacity of the transferred cells. Transferred P14 Wt cells were distinguished from the 

endogenous CD8 T cells by gp33 MHC Class I tetramer staining.   

 

 

4.2.6 In vivo antibody blockade 

 

Mice were depleted of type I interferon by intraperitoneal (i.p.) injection of 1 mg of anti-IFNAR (MAR-1-

5A3, BioXcell) one day before infection. Control groups were treated with 1mg of MOPC-21 (MOPC-21, 

BioXcell) one day before infection.  
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For transfer of P14 IFNAR-/- as well as P14 ST2-/- IFNAR-/-, NK cells were depleted as described in (342); 

depletion was performed by i.p. injection of 300 μg of α-NK.1.1 (clone PK136, BioXcell) 1 day before and 

after infection.  

 

 

4.2.7 Statistics 

 

For comparison of one parameter between multiple groups, one-way analysis of variance (ANOVA) was 

used. Two-way ANOVA for comparison of multiple parameters between 2 or more groups. ANOVA was 

followed by Tukey's post-test for multiple comparisons. To compare multiple groups to a control group, 

Sidak's post-test was used. Data were analyzed using GraphPad Prism software (version 9).  

 

 

4.3 Results 
 

 

4.3.1 The interplay of type I interferon and IL-33 in fostering an effective CD8 T cell response upon chronic 

antigen exposure 

 

In chapter 3.3, we were able to show that besides its role in favoring Tcf-1 expression, IL-33 signaling is 

counterbalancing IFN-I. Moreover, we could show that IFN-I equalized the expansion of both transferred 

CD8 T cell populations (see Fig. 3-3 B-C). Thus, we were wondering to which extent the IFN-I driven 

proliferation was connected to an intrinsic component. For this, a co-transfer of P14 Wt and P14 ST2 - / - 

CD8 T cells into IFNAR-/- was performed (Fig. 4-1 A). Under such conditions, only the transferred cells are 

able to respond to type I interferon. Interestingly, at day 8 of infection, there was a massive expansion of 

both ST2-/- and Wt P14 populations compared to Wt as well as α-IFNAR treated recipients. Despite the large 

increase of ST2-/- P14 cells in IFNAR recipients, these were still significantly lower than their Wt P14 

counterparts (Fig. 4-1 B).   

Since, type I interferon was shown to dampen Tcf-1 expression (117), it is important to understand whether 

IL-33 has any cross-talk on this effect on a CD8 T cell intrinsic level. For this, we generated a P14 ST2-/- 

IFNAR - / - mouse to have a deficiency in both signaling pathways. Importantly, based on the fact that NK 

cells were shown to mediate killing of activated P14 IFNAR-/- cells (185), NK cells were depleted. To 

measure the expansion capacity, same numbers of P14 Wt, P14 ST2-/-, P14 IFNAR-/- and P14 ST2-/- IFNAR- /- 

were transferred separately into NK-cell depleted Wt recipients (Fig. 4-2 A). Spleen cell analysis day 6 after 

infection showed the same impaired expansion capacity of P14 ST2-/- and P14 ST2-/- IFNAR-/- cells (Fig. 4-

2 B). To make sure that P14 ST2- /- IFNAR-/- cells have similar functional properties, we performed a transfer 

of those cells into type I interferon blocked mice (Fig.4-2 C).  
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As shown in Fig.4-2 D, P14 ST2-/- IFNAR-/- cells expanded to the same extent as P14 Wt cells as soon as 

IFN-I was blocked. Thus, we concluded that P14 ST2-/- IFNAR-/- cells were not intrinsically impaired in 

their in vivo response.  

Further analysis of all four transferred CD8 T cell populations clearly showed differences in their capacity 

to differentiate into CD8SCL cells (as determined by expression of Tcf-1+ Tim-3- or co-expression of Tcf-1 

and Ly108) (Fig. 4-2 E-G). As described by (117), P14 IFNAR-/- CD8 T cells showed the highest percentage 

of Tcf-1+ Tim-3- cells (Fig. 4-2 E-F). Importantly, P14 ST2-/- IFNAR-/- cells showed in comparison to P14 

IFNAR-/- CD8 T cells a clear reduction; the percentage of Tcf-1+ Tim-3- cells was similar to the one observed 

in P14 ST2-/- CD8 T cells.  

Moreover, both P14 IFNAR-/- as well as P14 ST2-/- IFNAR-/- CD8 T cells showed a significant reduction in 

the frequency of CX3CR1+ Tcf-1- cells (Fig. 4-2 H). 

 

 

4.3.2 IFN-I sensing by hematopoietic cells results in an inflammatory environment in which ST2-/- CD8 T 

cells expand poorly 

 

To address the question whether hematopoietic or non-hematopoietic IFNAR sensing impaired the 

expansion of ST2-/- CD8 T cells, we performed an adoptive P14 co-transfer using bone marrow chimeric 

mice as recipients (Fig. 4-3 A). Interestingly, the expansion of P14 ST2-/- cells was largely restored when 

the hematopoietic compartment of the recipient was IFNAR-/- (Fig. 4-3 B). In contrast, IFNAR-deficiency 

of the radioresistant compartment did not restore P14 ST2-/- expansion. To further dissect how IFNAR 

signaling in various immune cell types contribute to the expansion of ST2-deficient CD8 T cells, we tested 

the expansion of P14 Wt and P14 ST2-/- CD8 T cells in recipients with cell-type specific IFNAR deletion. 

As shown in Fig. 4-3 C, IFNAR deletion in T cells (CD4Cre), B cells (CD19Cre), myeloid cells (LysMCre) or 

dendritic cells (CD11cCre) showed no clear effect. Although a statistically significant effect can be observed 

in CD19Cre IFNARfl/fl as well as in LysMCre IFNARfl/fl mice, this effect is due to a lower proliferation of P14 

Wt cells in these recipient mice, whereas the expansion capacity of P14 ST2-/- cells is not affected.  

 

 

4.3.3 The impaired expansion of ST2-/- CD8 T cell cannot be explained by a higher sensitivity towards the 

immunosuppressive cytokine IL-10 

 

One reason postulated for the enhanced viral control observed in type I interferon blocked mice is the 

downregulation of IL-10 producing suppressor cells (174). Indeed, blockade of IL-10 during early LCMV 

Cl-13 infection resulted in viral clearance (101, 102). Although the success of IL-10 blockade critically 

depends on the virulence of the infecting strain (360), IL-10 blockade may provide a novel therapeutic target 

to potentially enhance CD8 T cell responses (361).  
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Based on these data, we were wondering whether a crosstalk between IL-33 and IL-10 is existing (Fig. 4-4 

A). Thus, we tested the expansion capacity of P14 ST2-/- CD8 T cells transferred into IL-10-/- recipients (Fig. 

4-4 B). At day 9 after infection, transferred P14 ST2-/- CD8 T cells showed the same impaired expansion in 

IL-10-/- mice as it is observed for Wt mice. Thus, IL-10 cannot be seen as a factor restricting the expansion 

capacity of ST2-/- CD8 T cells.  

 

 

4.4 Discussion  
 

In this chapter, we were able to gain further insight about the interplay of IL-33 and type I interferon in the 

context of a chronic infection.  

Based on the fact that the different expansion potential between P14 Wt and P14 ST2-/- CD8 T cells 

converged when transferred into either IFNAR-/- or αIFNAR treated mice, the impact of IFNAR blockade 

and ST2 signaling in CD8 T cells appears to be multifactorial. The fact that both CD8 T cell populations 

expanded to a higher extent in IFNAR-/- recipients points out that the higher availability of type I interferon 

present in these mice contribute to higher proliferation of transferred cells independently of the ST2 receptor 

expression. However, given that ST2-/- cells still proliferated to a lower extent than P14 Wt cells clearly 

suggest the importance of IL-33 to sustain a higher level of proliferation (Fig. 4-1 B). Moreover, these data 

are in line with the data presented in chapter 3.3 and support the concept of an IFN-I independent effect on 

IL-33 bioavailability. Yet, the pleiotropic differences in IFNAR-/- recipients do not allow us to exclude the 

possibility that the different inflammatory milieu present in these mice might have compensatory effects on 

IL-33 signaling deficiency.  

The data obtained from studying the phenotype of P14 IFNAR-/- ST2-/- (Fig. 4-2) clearly point out that on a 

single cell level, the impaired Tcf-1 expression levels observed in ST2 deficient CD8 T cells cannot be 

compensated by intrinsic IFN-I blockade. By this, IL-33 can be defined as the dominant factor to ensure 

Tcf- 1 expression on a cell-intrinsic basis.  

In accordance with data obtained from studying the phenotype of P14 IFNAR-/- in an acute infection, P14 

IFNAR-/- showed lower levels of CX3CR1+ effector-like CD8 T cells in the context of a chronic infection. 

Similar results were seen with P14 IFNAR-/- ST2-/- cells, whereas P14 ST2-/- CD8 T cells showed still higher 

levels of CX3CR1. These data point out that IFN-I function as a potent adjuvant for the generation of CD8EF. 

In summary, IFN-I is acting directly on CD8 T cells by tilting programming balance from CD8SCL towards 

CD8EF. Such data suggests that while IFN-I blockade maintains a stem-like CD8 T cell population, as it was 

proposed by (117), it also prevents efficient differentiation of CD8 TSCL cells into CD8 TEF. The higher CD8 

TSCL arising upon IFN-I blockade thus appear to be functionally impaired by developmental arrestment. To 

clearly address the question to which extent IFNAR-/- CD8 TSC cells are able to differentiate into CD8 TEF, 

an adoptive transfer of sorted P14 IFNAR-/- Tcfgfp+ and P14 Tcfgfp+ Wt counterparts in naïve mice challenged 

with LCMV Cl-13 would be an option.  

Furthermore, we were able to highlight that the effects of IFN-I on the expansion of ST2-/- CD8 T cells are 

based on hematopoietic IFNAR sensing (Fig. 4-3). To further dissect how IFNAR signaling in various 
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immune cell types is affecting the expansion of ST2-deficient CD8 T cells, cell-type specific IFNAR deletion 

models were used. As shown in Fig. 4-3 C, neither of the cell-type specific IFNAR deletion models 

phenocopied the data observed in IFNAR-/- or αIFNAR-treated mice. Although, lineage-specific Cre deletion 

models have certain limitations (362), the presented data suggest that the different expansion kinetics of P14 

ST2 - / - CD8 T cells observed in type I interferon blocked mice, might result from IFNAR sensing by two or 

more hematopoietic cell types and cannot be restricted to a single cell compartment.  

Nevertheless, it is possible that an unstudied cell compartment might be responsible for the observed effect 

such as NK cells that are known to be fully activated upon IFNAR signaling (363). Such hypothesis could 

be tested by transferring P14 Wt and P14 ST2-/- CD8 T cells into Ncr-1 Cre IFNAR fl/fl mice. In these mice, 

Cre-mediated deletion was shown to be tightly restricted to NK cells (364). 

Importantly, cell numbers of both P14 Wt and P14 ST2-/- CD8 T cells in CD4Cre IFNARfl/fl mice, which are 

IFNAR-deficient in both CD4 and CD8 T cell compartments, are comparable to Wt controls (Fig. 4-3 C). 

As such, the rescue of P14 ST2-/- observed in IFNAR-/- recipient mice cannot be explained by a higher 

competitional fitness over the endogenous, IFNAR-/- T cell compartment.  

Based on the fact that IFN-I is regulating IL-10 expression and having the anti-proliferative effects of IL-10 

in mind (101, 102), strongly suggested that IL-10 might be dispensable for the type I interferon effect on 

expansion of ST2-deficient CD8 T cells. However, in comparison to Wt mice, no phenotypic differences 

were observed in an IL-10 free environment.  

 

Collectively, these data highlight the overall complexity of type I interferon. Due to its broad spectrum on 

several immune mechanisms, it is indeed challenging to understand whether the observed extrinsic effects 

of IFN - I on CD8 T cells are a direct consequence of IFNAR signaling in certain immune cell compartments 

or whether it is due to a shift in downstream signaling cascades in these cells.    

Moreover, we provide fundamental insight into the T-cell intrinsic role of IL-33 for the compensation of 

type I interferon. On a single cell-level, IL-33 can be considered as the dominant factor regulating Tcf-1 

expression. By this, our data favor IL-33 stimulation over IFN-I blockade as the prime candidate to enable 

the generation of a stable pool of fully functional CD8 TSCL cells which are critically needed in chronic 

diseases where high antigenic load is present.  
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4.5 Figures 
 

 
Figure 4-1 Comparison of the expansion kinetics of P14 Wt and P14 ST2-/- CD8 T cells in type I interferon depleted mice in 

comparison to IFNAR-/- mice 

A: Experimental set-up used in B. Co-transfer of P14 Wt and P14 ST2-/- CD8 T cells into IFNAR-/-, Wt and type I interferon 

blocked mice followed by LCMV Cl-13 infection. B: Total number of P14 Wt and P14 ST2-/- cells day 8 after infection. 

Statistical analysis: Two-way ANOVA with Sidak's test for multiple comparison. Ns: not significant; *: p<0.05; **: p<0.01. 

Data are representative for one experiment. Symbols (n=4 per group) with mean ± SEM.  
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Figure 4-2 IL-33 signaling is compensating IFN-I signaling on a single cell level 

A: Experimental set-up used in B, E-H. Single transfer of P14 Wt, P14 ST2-/-, P14 IFNAR-/- and P14 ST2-/- IFNAR-/- in Wt 

mice followed by LCMV Cl-13 infection. B: Total number of transferred cells day 6 p.i. All recipients were NK-cell depleted 

as described in material and methods. C: Experimental set-up used in C: Co-transfer of P14 Wt and P14 ST2-/- IFNAR-/- in 

either type I interferon blocked mice or isotype treated mice. All recipients were NK-cell depleted. D: Total numbers of 

transferred cells on day 9 after LCMV Cl-13 infection. E: Representative FACS plots showing the expression of Tcf-1 and 

Tim-3 by P14 Wt, P14 ST2-/-, P14 IFNAR-/- and P14 ST2-/- IFNAR-/- cells on day 6 after infection. Numbers on FACS plots 

indicate the frequency of each gated population. F: Percentage of Tcf-1+ Tim-3- CD8 T cells shown for the indicated CD8 T 

cell populations. G: Percentage of Tcf-1+ Ly108+ CD8 T cells shown for the indicated CD8 T cell populations. H: Percentage 

of CX3CR1+ Tcf-1- CD8 T cells shown for the indicated CD8 T cell populations. Statistical analysis: (B, F-H) Two-way 

ANOVA with Sidak's test for multiple comparison. D: One-way ANOVA with Tukey's test for multiple comparisons. Ns: not 

significant; *: p<0.05; **: p<0.01. 

Data are representative for one (D) to two (B, E, F, G and H) experiments. Symbols (n=5 per group) with mean ± SEM.  
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Figure 4-3 Understanding the role of hematopoietic and non-hematopoietic IFNAR signaling for the expansion of P14 ST2-/- 

CD8 T cells 

A: Experimental set-up used in B. Generation of reciprocal Wt and IFNAR-/- BM chimeras. B: Co-transfer of P14 Wt and P14 

ST2-/- CD8 T cells into reciprocal Wt and IFNAR-/- BM chimeras. Final analysis was done 9 days after LCMV Cl-13 high dose 

infection. C: Co-transfer of P14 Wt and P14 ST2-/- CD8 T cells into recipients with cell-type specific IFNAR deletion. Analysis 

was done 9 days after LCMV Cl-13 high dose infection.  

Statistical analysis: (B) Two-way ANOVA with Dunnett's multiple comparison test. Wt->Wt group was used as reference. C: 

Two-way ANOVA with Dunnett's multiple comparison test. Each data set was compared to Ctrl. Group. Ns: not significant; 

*: p<0.05; **: p<0.01. 

Data are representative for two independent experiment. Both graphs show the results from both experiments. Symbols (n=5 

per group and experiment) with mean ± SEM.  
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Figure 4-4 Comparison of the expansion kinetics of P14 Wt and P14 ST2-/- CD8 T cells in IL-10-/- mice compared to Wt recipients 

A: Schematic overview summarizing potential link between IL-33 and IL-10 signaling. B: Co-transfer of P14 Wt and P14 

ST2-/- CD8 T cells into reciprocal Wt and IL10-/- mice followed by LCMV Cl-13 infection. Analysis was performed day 9 

after infection. Statistical analysis: (B) Two-way ANOVA with Dunnett's test for multiple comparison. Ctrl. group was used 

as reference. Ns: not significant; *: p<0.05; **: p<0.01. 

Data are representative for one experiment. Symbols (n=4-5 per group) with mean ± SEM.  
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III. Global Discussion and Perspectives 
 

For the development of new therapeutic approaches for chronic microbial diseases and cancer, a profound 

understanding of the molecular signals directing the immune response is of high importance. Besides 

inflammatory signals, both the amount and form of antigen-presentation are key components for a proper 

activation of the adaptive immune response. However, it is still poorly understood to which extent viral 

antigenic presence is modulating the ongoing immune response after a replicating viral infection is resolved 

(365). Moreover, a more profound knowledge on how the signaling pathways present in the initial 

inflammatory milieu affects the long-term immune differentiation is equally warranted. Both of these 

phenomena are of crucial importance for rational vaccine design, as well as having a better understanding 

on how the immune system can be further manipulated for greater treatment efficiency. Indeed, besides the 

revolutionary impact of the checkpoint inhibitor therapy (366), a more complete understanding of the 

molecular signaling pathways are key for the improvement of several immune therapies already in clinical 

use, such as CAR-T cell engineering (367), platforms for cytokine delivery (368) or inhibition (369), and 

enhancing antigenic availability (370-372). By the use of the LCMV infection model both these questions 

could be addressed simultaneously throughout this thesis.  

In the first part, we were able to highlight how in transiently CD4 T cell depleted mice, residual antigen can 

still shape the virus-specific B cell response after a replicating LCMV infection is eliminated. A more 

detailed analysis showed that the LCMV antigen-depots were capable of inducing a robust LCMV-plasma 

cell differentiation, whereas the generation of LCMV-specific memory B-cells was impaired.  

In the second part, we were able to demonstrate that a heterologous prime-boost combination of two distantly 

related arenavirus-vectors expressing a tumor-antigen provided a long-term anti-tumor CD8 T cell response 

capable of tumor growth control.  

Finally, in the third part, we demonstrate that the IL-33/ST2 axis plays a critical role in driving a potent anti-

viral CD8 T cell response in the context of a chronic LCMV infection.  

As demonstrated in chapter 1, despite the fact that an acute LCMV infection is controlled in the first 8 days 

after inoculation, the generation of antigenic-depots continued to modulate immune differentiation, in 

particular B cells, long after active viral replication. Such findings were independent of CD4 T cell and B 

cell priming at the infection onset, since CD4 T cells were transiently depleted immediately before infection. 

The proliferation of LCMV GP specific B cells transferred in recipient mice which had long cleared an acute 

LCMV infection, pointed out that sufficient antigenic availability had to be provided. Similar results were 

shown for the endogenous NP specific B cell response. Such data strongly corroborates the generation of 

long lived antigenic-depots even in the context of an acute LCMV infection. Moreover, since CD4 T cells 

were transiently depleted upon acute infection, the proliferation of NP specific B cells cannot be attributed 

to an ongoing germinal center response generated during active infection. Upon a closer look into the NP 

specific B cell response, a striking phenotypic differentiation can be appreciated between transiently CD4 T 

depleted mice and the control group. Whereas the memory B cell formation was intact in the control group, 
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such compartment was clearly reduced in anti-CD4 T cell treated mice. Such findings suggest that the initial 

priming of the CD4 T cell help is crucial for the development of a memory B cell response, while the 

repopulating CD4 T cells cannot shepherd newly activated B cells towards memory B cell formation. 

Additionally, in CD4 T cell depleted mice later B cell proliferation is critically dependent on the newly 

generated CD4 T cells since in MHC-II deficient mice the B cell response is absent (compare Fig. S 1-3). 

As such, this data points out that antigen specific CD4 T cells primed under the initial inflammatory milieu 

of a LCMV infection can instruct broader developmental choices of activated B cells, whereas B cells 

instructed by the repopulating antigen specific CD4 T cells are developmentally constricted. Indeed, IL-33, 

a key cytokine in the early phase of LCMV infection, was shown to enhance the expansion of polyfunctional 

anti-viral CD4 T cells (152). At the time-point of CD4 T cell repopulation, IL-33 or other equally relevant 

cytokines (e.g. IL-21 (206)) might be no longer available, thus giving rise to a functionally different CD4 T 

cell population. Besides the inflammatory milieu the lower antigen level might also be a key determinant for 

the developmental choices of the repopulating CD4 T cells in comparison with the early primed CD4 T cells 

(373). To differentiate between these two theories, a protein immunization experiment at the timepoint of 

CD4 T cell repopulation would provide further insight about this data.  

 

As previously shown, the IL-33 pathway is one of the key components for an effective CD8 T cell response 

after a LCMV infection. Moreover, the ability of IL-33 to stimulate an effective CD8 T response is also 

observed in the context of a viral vectored immunization such as artARENA-vector cancer therapy (58) 

(shown in chapter 2). Indeed, IL-33 dependent vectors were shown to better induce a functional CD8 T cell 

response in comparison to IL-33 independent vectors. Based on this, it was of further interest to study the 

IL-33 dependency for other Arenavirus-based vectors as potential vaccine candidates. Interestingly, IL-33 

dependency was not observed in all Arenavirus-candidates tested. In comparison to artPICV, artCAND 

immunization showed no dependency on IL-33 for CD8 T cell expansion. However, the CD8 T cell 

expansion upon artCAND administration was severely limited, thus further strengthening the role of IL-33 

for an efficient CD8 T cell expansion in vector immunization.  

Such data raises the more general question of which parameters lead to the induction of an IL-33 dependent 

antiviral CD8 T cell response. Is the mere release of IL-33 sufficient for a more potent antiviral CD8 T cell 

response or is it the interplay between IL-33 and the surrounding inflammatory milieu? A significant hurdle 

is the fact that IL-33 is constitutively expressed in the nucleus of most cells thus greatly limiting the ability 

to distinguish between nucleus stored IL-33 from exogenous IL-33 (released). Despite the limited 

knowledge, there are several possible explanations: (see Fig. S 0-1) 

 

Firstly, ST2 receptor induction. As shown by (168), ST2 receptor expression on CD8 T cells is strictly 

dependent on STAT-4 signaling. Cytokines that activate STAT-4 are IL-12, IFN-γ, IL-23, IL-2, IL-27 and 

IL-35 (374). To which extent the virus of interest provides the inflammatory environment that leads to 

STAT-4 pathway stimulation on CD8 T cells resulting in ST2 receptor upregulation is not known. 
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Secondly, as shown by (58) artLCMV vectors target IL-33 expressing stromal cells, which results in an IL-

33 enhanced CD8 T cell response. In this regard, differences in the capacity of the involved virus/vector to 

activate IL-33 expressing cells might play a role, since replication deficient vectors are not detectable in IL-

33 expressing cells.  

Thirdly, besides the tropism/invasiveness of the virus strain, the antigen-dose can be considered as another 

factor. IL-33 has a very short biological half-life since extracellular IL-33 is rapidly inactivated upon 

extracellular release by oxidation which results in the formation of two disulfide bridges in the IL-1-like 

cytokine domain (145). The limited availability of biologically active IL-33 speaks thus towards the theory 

that IL-33 signaling must occur in a very short time window. The antigen-presenting capacity of FRCs might 

thereby play an important role. If the antigen-dose is too low and a prolonged and stable surface presentation 

of MHC complexes is not enabled, the chance of IL-33 binding is quite low. Besides the antigen-dose itself, 

the number of virus-presenting FRCs might be another important aspect. T cells and antigen-presenting cells 

(APC) are interacting in a very intimate fashion (immunological synapse) (375, 376), moreover it is well 

described that high numbers of APCs could provide a more efficient and sustained signal. Thus, it might be 

possible that one requirement is that the whole layer of FRCs has to be infected to provide a stable T cell 

FRC interaction. However, it is not presently known whether an antigen presenting FRC is also releasing 

IL-33.  

Fourthly, as pointed out in chapter 3 and 4, IL-33 is counterbalancing IFN-I signaling to assure 

differentiation into CD8 TSCL cells. Upon IFN-I blockade, IL-33 signaling has no enhancing effect, based on 

the fact that the phenotypically differences between Wt and ST2-/- CD8 T cells are annulled. Such data points 

towards the conclusion that IFN-I sensing might be one of the main criteria that defines the anti-viral CD8 

T cell expansion dependency on IL-33. Indeed, replication deficient LMCV-based vaccine vectors are poor 

inducers of IFN-I (58) and induce identical CD8 T cell responses in Wt and ST2-/- mice (59). However, such 

a correlation could not be made for Wt Vacinia Virus (VV), which showed an impaired CD8 T cell response 

in ST2-/- mice. Since Vaccinia has evolved sophisticated strategies to strongly inhibit IFN-I signaling (377), 

IFN-I cannot be seen as the only determinant for IL-33 driven CD8 T cell expansion.  

Fifthly, the release might be caused by the inflammatory environment such as by other damage-associated 

molecular patterns (DAMP). Indeed, it was shown that ATP, that is considered as a classical DAMP released 

by stressed cells, is inducing the release of IL-33 by human bronchial airway epithelial cells in cell culture 

(378). However, whether such observations can be applied to a more physiological stimuli, such as a viral 

infection, remain to be determined.  

Sixthly, in general, one could argue that the dependency on IL-33 for the induction of an antiviral CD8 T 

cell response might be due to a compensatory function for co-stimulatory signals on CD8 T cells. In this 

regard, we excluded the possibility of a compensatory effect of IL-33 for CD28. In the course of an LCMV 

infection, CD8 T cells do not require CD28 signaling (379, 380). To exclude that IL-33 might have a 

compensatory effect, we transferred P14 CD28-/- cells into Wt and IL-33-/- mice infected with LCMV 

(unpublished data-generated with Dr. Weldy Bonilla). Since there were no differences in the expansion of 
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both cell populations, the possibility that CD28 co-stimulation is a critical factor in determining the 

requirement for IL-33 signaling can thus be ruled out.  

Overall, it is possible that the inflammatory, antigenic load, and replication kinetics of the virus might play 

an important role for IL-33 release. 

In conclusion, despite the limited knowledge, pathogen-specific conditions appear to differentially and 

uniquely dictate the need of the IL-33/ST2 axis for shaping effector CD8 T cell differentiation.    

 

 
S 0-1 Schematic overview summarizing the potential parameters leading to the induction of an IL-33 dependent antiviral 

CD8 T cell response  

(generated with biorender.com) 

 

Upon release IL-33 is besides IL-21 (381, 382) the only cytokine that shows an enhancing function on the 

survival of antigen-specific CD8 T cells upon chronic infection. With the data presented in this thesis, we 

could highlight the importance of IL-33 for the generation of Tcf-1 expressing cells. To exclude the 

possibility that the observed link might be due to the infectious context, an in vitro system was established. 

The in vitro activated CD8 T cells showed higher Tcf-1 expression upon IL-33 stimulus, thus pointing 

towards an infection independent effect. In this context, it should be mentioned that the link seems to exist 

exclusively for CD8 T cells based on the fact that the differentiation of CD4 T cells that rely on Tcf-1 

expression (e.g. Tfh) (383) is not affected by the absence of IL-33 (unpublished data-generated with Dr. 

Tiago Abreu Mota).  

Our data are not only providing a new mechanism on how IL-33 is influencing the differentiation of CD8 T 

cells in a chronic infection but also allow to re-interpret previous data. As reported by (168), IL-33 is required 

for efficient secondary expansion. Tcf-/- CD8 T cells showed an impaired recall response upon infection 

(349, 384) and by this recapitulate to a certain extent the phenotype of ST2-/- CD8 T cells. Overall, one could 

conclude that the impaired recall response in the absence of IL-33 is linked to an impaired Tcf-1 expression.  
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But does the reduction in Tcf-1 expressing compartment explains the dramatic expansion defect of ST2-/- 

CD8 T cells?  

In the setting of an acute infection, Tcf-1 deficient mice have been reported to show a comparable CD8 T 

cell response (349). Conversely, the transfer of TCR transgenic CD8 T cells as shown in (384) showed a 

clear defect in terms of expansion pointing towards a CD8 T cell intrinsic deficiency.  

In the context of a chronic LCMV infection, controversial data were published. Groups using Tcf fl/fl-CD4 

Cre (385) or Rosa26GFPTcf7fl/flhCD2-Cre+ (121) mice reported a reduced population size in the early phase 

of the infection. Others have reported that Tcf-1 expression is not influencing the CD8 T cell expansion and 

is more important for the T cell maintenance (120). In this particular publication, the Tcf-1 deficient mouse 

that was used was generated by disrupting the murine Tcf-1 gene, thus the findings might not be readily 

comparable (386). To clearly make a statement towards the link between Tcf-1 and the reported expansion 

defect of ST2-deficient CD8 T cells, it would be of importance to further study the Tcf-1 deficient CD8 T 

cell models.  

 

Exogenous supplementation with IL-33 may augment/potentiate stem-like CD8 T cell responses in chronic 

infection. To experimentally address such a question two main aspects, have to be considered: Firstly, at 

which time-points should the treatment start? Based on the presented data as well as on previous results 

(136), IL-33 release seems to occur within the first days of infection, coinciding with the peak of ST2 

receptor expression (around day 6/8 p.i.). Nevertheless, we were able to show that antiviral CD8 T cells do 

express the ST2 receptor, albeit at a lower level, on later time-points of the infection. Transfer of P14 Wt/P14 

ST2-/- CD8 T cells in preinfected mice pointed out that the effect of ST2 deficiency on CD8 T cell expansion 

is only of importance during the first 15 days or even less. Such data are speaking towards two different 

theories: i) Early IL-33 signaling may have an imprinting effect or ii) a prolonged IL-33 stimulus is 

influencing the behavior of the cells.   

To gain an idea at which time-points IL-33 has an impact on the CD8 T cells, we generated an inducible 

ST2-knock-out mouse. The phenotypic characterization of such mouse by inducing the deletion of the 

receptor at several time-points would provide further insight. Yet, the data obtained from the adoptive 

transfer experiments would rather speak towards an imprint mechanism. Although exogenously provided 

IL-33 could further elucidated whether a continues effect of IL-33 on CD8 T cell differentiation exists, such 

an experimental set up is not without caveats, since IL-33 has a pleotropic effect and might not rely on a 

direct CD8 T cell effect. Indeed, based on the fact that IL-33 was shown to also stimulate antigen-presenting 

cells such as DCs to upregulate MHC class II expression and other co-stimulatory signals (156) the IL-33 

therapy can accelerate LCMV chronic infection clearance independently of its direct effect on anti-viral CD8 

T cells.  

Secondly, how can we sustain an exogenous IL-33 stimulus in vivo given the short half-life of IL-33? One 

idea would be to deliver IL-33 in form of an adeno-associated vector (AAV), as previously shown for IL-2. 

If we would succeed in enhancing the differentiation/maintenance of stem-like CD8 T cells, a logical next 

step would consist in the generation of ST2-agonistic monoclonal antibodies as a therapeutic modality. 
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Moreover, based on the fact that different isoforms of full-length IL-33 and spliced variants of mature IL-33 

(166) show different biological activities, a ST2-agonistic monoclonal antibody could overcome such 

biological variability.  

Taking into account the dual role of IL-33 in the cancer field, IL-33 targeting therapies should be considered 

with caution. Indeed, several studies proposed cancer immunotherapy strategies based on exogenous IL-33 

administration (167, 351, 387), whereas others suggested to block IL-33 as a novel anticancer strategy (388-

390). The opposing roles in tumorigenesis might also be applied to viral infection as discussed in (391).  

In conclusion, the dependency on IL-33 for anti-viral and anti-tumor immunotherapies might depend on the 

site of infection, the duration of the disease and the cytokine milieu.  

 

Overall, this thesis provides fundamental insight how CD8 T cells are functionally differentiated after 

infection. By dissecting the critical role of IL-33 in inducing the formation of the CD8 TSCL population, 

which is responsible for producing and maintaining the effector CD8 T cell response throughout a chronic 

condition, a new therapeutical candidate can be considered in immunotherapy. Without the CD8 TSCL 

population, major immunomodulatory therapies currently in use, such as checkpoint inhibitors and other 

therapies targeting the reversion of CD8 T cell exhaustion would not be possible. Thus, defining the 

pathways that safeguard the generation of CD8 TSCL cells is defining new immunomodulatory therapeutical 

approaches for chronic diseases.  
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V.1 Background 
 

Needlestick accidents while handling of infectious material in research laboratories can lead to life-

threatening infections in laboratory personnel. In laboratories working with the lymphocytic 

choriomeningitis virus (LCMV), the virus can be transmitted to humans through needlestick injury and lead 

to serious acute illness up to meningitis. 

 

 

V.2 Case presentation 
 

We report of a case of LCMV meningitis in a laboratory worker who sustained a penetrating needlestick 

injury with a LCMV-contaminated hollow needle whilst disposing of a used syringe into the sharps waste 

bin. Four days after needlestick injury the laboratory worker developed a systemic disease: 11 days after 

exposure, she was diagnosed with meningitis with clinical signs and symptoms of meningismus, 

photophobia, nausea and vomiting, requiring hospitalization. The PCR was positive for LCMV from the 

blood sample. 18 days after exposure, seroconversion confirmed the diagnosis of LCMV-induced meningitis 

with an increase in specific LCMV-IgM antibodies to 1:10′240 (day 42: 1:20′480). Ten weeks after exposure, 

a follow-up titre for IgM returned negative, whereas IgG titre increased to 1:20′480. 

 

 

V.3 Conclusions 
 

This is the first case report of a PCR-documented LCMV meningitis, coupled with seroconversion, following 

needlestick injury. It highlights the importance of infection prevention practices that comprise particularly 

well-established safety precaution protocols in research laboratories handling this pathogenic virus, because 

exposure to LCMV can lead to a severe infection. 

 

 

V.4 Author contribution  
 

I contributed to this article by providing the clinical data. Throughout the course of my PhD, there was an 

unfortunate incident while infection mice with LCMV Cl-13 that resulted in a self-inoculation of LCMV 

Cl- 13. As you can read in the clinical report, although the first day’s post infection were asymptomatic, I 

developed a meningitis soon after the incubation period. As a consequence, I had to be hospitalized for 

symptomatic treatment and support. Given the verity of well documented LCMV infections that include full 

information about the source and route of the inoculum in humans, it was my interest together with the 

clinicians to publish such a report. The clinical data, that I provided included a self-reported description 

about my symptoms from onset to termination.  
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VI. Contributions to the work 
 

The article “Residual antigen in transiently CD4+ T cell depleted mice induces high levels of virus-specific 

antibodies but only limited B cell memory” was achieved in close collaboration of our lab with the group of 

Prof. Hanspeter Pircher at the University in Freiburg, Germany. This project was a continuation of my master 

thesis “Induction of virus specific antibodies after the acute phase of lymphocytic choriomeningitis 

infection”. Based on the preliminary data generated during my master thesis, further experiments were 

performed by Oliver Schweier and Ulrike Aichele. During my PhD in the group of Daniel Pinschewer, I 

could perform the experiment shown in Fig. 1-4.  

 

For the article “Heterologous arenavirus vector prime-boost overrules self-tolerance for efficient tumor-

specific CD8 T cell attack” I performed experiments and analyses, which contributed to Figure 2-4, Fig. 

S 2- 5 and Fig. S 2-6. 

 

The big majority of experiments in Chapter 3 were done by myself with the following exceptions.  

The in vitro data (experiment as well as analysis) shown in Fig. 3- 2 C were conducted in the laboratory of 

Prof. Max Löhning (Berlin) by Tobias Brunner.   

The bioinformatic data analysis of RNA seq data from P14 Wt and P14 ST2-/- (Fig. 3-1 I-L) was done by 

Florian Geier (Department of Biomedicine, Bioinformatics Core Facility, Basel).  

Immunofluorescence staining of spleen sections for IL-33 protein shown in Fig. 3-3 K and Fig. S 3-6 were 

conducted in the laboratory of Prof. Sanjiv Luther at the University of Lausanne by Leo Scarpellino and 

Melanie Charmoy (group Prof. Werner Held).  

 

All data presented in Chapter 4 were done by myself. The generation of chimeric mice was done with the 

help of Weldy Bonilla Pinschewer (group Prof. Daniel Pinschewer).  
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