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Summary/ Zusammenfassung

Summary
Persistent infections with the murine non-cytopathic Lymphocytic Choriomeningitis Virus (LCMV) have
proven instrumental to study immune responses and their regulation upon persistent viral infections
and have yielded important basic insights also pertinent to human non-or poorly cytopathic viral
infections with Human Immunodeficiency virus (HIV), Hepatitis B virus (HBV) or Hepatitis C virus (HCV).
Upon persistent infection with non-or poorly cytopathic viruses, CD8 T cell as well as Th1 CD4 T cell
responses undergo physical and functional impairment, collectively termed T cell exhaustion.
Interestingly, however, CD4 T cell differentiation is increasingly skewed to T follicular helper (TFH) cells
throughout persistent viral infection. TFH cells are the main regulators of T-help dependent B cell
responses, thereby influencing B cell differentiation as well as induction and maintenance of the
Germinal Center (GC) response. This implicates an important role of the humoral immune response in
control of such persistent viral infections. Especially virus-neutralizing antibodies were shown to be
particularly capable of containing viral spread and thereby expediting viral control. However,
neutralizing antibodies appear only late upon persistent infection with non-or poorly cytopathic
viruses. Furthermore, B cell dysregulations including hypergammaglobulinemia and polyclonal B cell
activation occur during such infections, resulting in the production of virus-unspecific antibodies with
concomitant impairment of virus-specific humoral immunity and contributing to the delayed
emergence of virus-neutralizing antibodies. In addition, persistent non-or poorly cytopathic RNA
viruses undergo constant evolution during infection, which often results in escape from virus-specific
adaptive immunity.
The aim of this study was to elucidate the long-term function of TFH cells and other virus-specific CD4
T cells in the regulation of the virus-specific antibody response and determining the overall regulation
of polyclonal B cell activation in the setting of a persistent LCMV infection.
Previous studies showed that constitutive ablation of TFH cells abrogated LCMV-specific antibody
responses entirely and impaired viral control. However, it is unclear how long TFH cells need to be
present during persistent viral infections to induce protective virus-specific antibody responses or
whether non-TFH LCMV-specific CD4 T cells might be capable of taking over some B helper functions
once the antibody response has been established. To address these questions, we employed a novel
in vivo experimental model that allows conditional depletion of CXCR5+/+ TFH cells or total LCMV-specific
CD4 T cells at any time point of the persistent LCMV infection. Depletion of these subsets after the
initial establishment of the LCMV-specific IgG response revealed that LCMV-specific CXCR5-/- CD4 T
cells are capable to enter the GC and support the overall maintenance of LCMV-specific IgG titers in
serum in absence of CXCR5+/+ TFH cells. However, LCMV-specific CXCR5-/- CD4 T cells were qualitatively
not comparable to CXCR5+/+ TFH cells, as emergence of protective LCMV-neutralizing antibodies was
2

Summary/ Zusammenfassung

dependent on continued presence and activity of CXCR5+/+ TFH cells. Moreover, neutralizing antibodies,
and thereby CXCR5+/+ TFH cell, proved to be essential for eventual control of the viral infection.
In addition, TFH cells have been implicated in the polyclonal B cell activation and induction of
hypergammaglobulinemia upon persistent viral infections. However, the exact kinetics of the LCMVunspecific B cell response and whether this response is induced in the follicle or at extrafollicular sites
is unclear. To address these questions, we studied the antibody response against 2,4-dinitrophenol
(DNP)-Ovalbumin and determined the fate of DNP-Ovalbumin-specific B cells in the context of a
persistent LCMV infection. We discovered that the induction of the DNP-Ovalbumin-specific B cell
response seems to take place predominantly at extrafollicular patches and is rather short-lived.
Further, the LCMV-unspecific B cell response is elicited independently of CXCR5+/+ TFH cells, as
conditional depletion of these cells did not ablate or alter the emergence of DNP-Ovalbumin-specific
antibodies. Surprisingly, however, the induction of LCMV-unspecific B cell responses was entirely
dependent on the CD4 T cell response against the immunodominant epitope gp61-81. Ablation of this
response impaired polyclonal B cell activation and consequently improved LCMV-specific antibody
responses and viral control. However, the frequencies and total numbers of CXCR5+/+ TFH cells were
unaltered by this reduced CD4 T cell activation, substantiating that CXCR5+/+ TFH cells were not involved
in the induction of polyclonal B cell responses.
In summary, we were able to elucidate the long-term functions of TFH cells and non-TFH LCMV-specific
CD4 T cells in the setting of a persistent viral infection in great detail. CXCR5+/+ TFH cells proved to be
essential for the induction of LCMV-neutralizing antibody responses and therefore eventual viral
control. Nevertheless, LCMV-specific CXCR5-/- CD4 T cells were capable of taking over some B helper
functions and thereby ensure the maintenance of the LCMV-specific binding antibody response.
However, LCMV-specific CD4 T cells recognizing the gp61-81 epitope, but without TFH cell
characteristics, were also responsible for the induction of the short-lived, extrafollicular LCMVunspecific polyclonal B cell response. This response significantly hampered LCMV-specific antibody
responses and eventual viral control.

Zusammenfassung
Das murine nicht-zytopathische Lymphozytäre Choriomeningitis Virus (LCMV) ist ein gut
charakterisiertes Modell für persistente Virusinfektionen und hat in den letzten Jahrzehnten wichtige
Erkenntnisse geliefert über die Regulation der adaptiven Immunität in persistenten viralen Infektionen,
die sich auch übertragen liessen auf humane Infektionen wie z.B. Infektionen mit dem Humanem
Immundefizienz-Virus (HIV), Hepatitis B Virus (HBV) oder Hepatitis C Virus (HCV). Bei persistenten
Virusinfektionen mit nicht-zytopathischen Viren kommt es zu einer Herrunterregulierung
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(„Erschöpfung“) der virus-spezifischen adaptiven Immunantwort. Besonders CD8 T Zellen sind
numerisch und funktionell eingeschränkt, aber auch die Funktion der Th1 CD4 Helferzellen ist
verändert. CD4 T Helferzellen differenzieren jedoch während solcher persistenten Virusinfektionen
vermehrt zu T follikulären Helferzellen (TFH Zellen). Diese übernehmen Hilfsfunktionen bei der
Produktion von Virus-spezifischen Antikörperantworten und bestimmen deren Affinitätsreifung. Dies
ist insofern interessant, als neutralisierende Antikörper, welche die Infektion von Zielzellen verhindern
können, zur Erniedrigung der Viruslast beitragen und letztendlich ein erfolgreiches Bekämpfen der
Virusinfektion ermöglichen. Allerdings werden diese neutralisierenden Antikörper erst spät während
einer persistenten Virusinfektion mit nicht-zytopathischen Viren produziert. Ein möglicher Einfluss auf
diese verzögerte Produktion von neutralisierenden Antikörpern ist die polyklonale B Zellaktivierung,
welche zu der Produktion von Virus-unspezifischen Antikörpern und Hypergammaglobulinemie
beitragen. Ausserdem verändern sich RNA Viren fortlaufend während der persistenten Virusinfektion
um der adaptiven Immunantwort zu entgehen.
Ziel unserer Studie war es nun die Langzeitfunktion von TFH Zellen und anderen Virus-spezifischen CD4
Helferzellen in Bezug auf die Produktion von Virus-spezifischen Antikörpern und der Regulation der
polyklonalen B Zellaktivierung im Rahmen einer persistenten LCMV Infektion zu untersuchen.
In einigen Studien konnte bereits gezeigt werden, dass TFH Zellen essentiell für die Induktion einer
LCMV-spezifischen Antikörperantwort sind. Allerdings wurde bisher nicht gezeigt, wie lange solche TFH
Zellen letztlich präsent bzw. funktional sein müssen, um die Antikörperproduktion zu regulieren bzw.
ob auch andere LCMV-spezifischen CD4 T Helferzellen B Zellhelferfunktionen übernehmen können,
sobald die LCMV-spezifische Antikörperantwort etabliert wurde. Um diese Fragestellung zu
beantworten, haben wir ein neues in vivo Model verwendet, welches die konditionale Depletion von
CXCR5+/+ TFH Zellen und aller LCMV-spezifischen CD4 T Helferzellen nach der Etablierung der LCMVspezifischen IgG Antikörperantwort erlaubt. Dabei zeigte sich, das LCMV-spezifische CXCR5-/- CD4 T
Zellen in Abwesenheit von CXCR5+/+ TFH Zellen durchaus in der Lage waren die bindende LCMVspezifische Antikörperantwort aufrechtzuerhalten. Jedoch, waren diese Zellen nicht in der Lage, die
Produktion von LCMV-neutralisierenden Antikörpern zu induzieren, dieser Vorgang war abhängig von
der kontinuierlichen Anwesenheit und Aktivität von CXCR5+/+ TFH Zellen. Des Weiteren war die Präsenz
von LCMV-neutralisierenden Antikörpern, und damit auch von CXCR5+/+ TFH Zellen, für die Kontrolle der
Virusinfektion essentiell.
TFH Zellen werden ausserdem mit der Induktion der polyklonalen B Zellaktivierung, die während vieler
persistenten Virusinfektionen mit nicht-zytopathischen Viren beobachtet werden kann, in Verbindung
gebracht. Die genaue Aktivierungskinetik von Virus-unspezifischen B Zellen ist bis anhin ungeklärt,
sowie ob sie einem follikulären oder einem extrafollikulären Entwicklungspfad folgen. Um diese
Fragestellungen, sowie die Rolle von TFH Zellen oder nicht-TFH LCMV-spezifischen CD4 T Helferzellen
4
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während einer persistenten LCMV Infektion zu beantworten, haben wir die Antikörperantwort gegen
ein Modellantigen, das Hapten 2,4-Dinitrophenol gekoppelt mit Ovalbumin (DNP-Ovalbumin), sowie
das Schicksal der DNP-Ovalbumin-spezifischen B Zellen genauer untersucht. Dabei zeigte sich, dass die
Aktivierung der DNP-Ovalbumin-spezifischen B Zellen früh nach der Infektion mit LCMV stattfand und
die Zellen einem extrafollikulären Entwicklungspfad zu folgen schienen, da die meisten DNPOvalbumin-spezifischen B Zellen in kurzlebige Plasmazellen differenzierten. Des Weiteren schienen
CXCR5+/+ TFH Zellen für die Induktion solcher B Zelldysregulationen keine Rolle zu spielen, da
konditionale Depletion dieser Zellen von Beginn der persistenten LCMV-Infektion an keinen Einfluss
auf die Stärke der DNP-Ovalbumin-spezifischen Antikörperantwort hatte. Allerdings, waren CD4 T
Helferzellen, welche spezifisch für das immundominante Epitop gp61-81 sind, involviert in die
Aktivierung LCMV-unspezifischer B Zellen. Ablation der gp61-81-spezifischen CD4 T Helferzellantwort,
und damit drastische Reduktion der CD4 T Helferzellantwort, unterband das Auftreten von DNPOvalbumin-spezifischen

Antikörpern

und

verbesserte

gleichzeitig

die

LCMV-spezifische

Antikörperantwort und auch die Kontrolle der Virusinfektion. Gleichzeitig waren die Frequenz und die
Anzahl von CXCR5+/+ TFH Zellen durch die Ablation der gp61-81-spezifischen CD4 T Helferzellantwort
nicht beeinflusst.
Zusammengefasst haben wir während dieser Studie die Rolle und Funktion von TFH Zellen und nicht-TFH
LCMV-spezifischen CD4 T Zellen differenzierter auflösen können. Kontinuierliche Aktivität von CXCR5+/+
TFH Zellen während einer persistenten LCMV Infektion ist essentiell für die Induktion von protektiven,
LCMV-neutralisierenden Antikörperantworten und damit für die Kontrolle der Virusinfektion. Jedoch
können nicht-TFH LCMV-spezifische CD4 T Helferzellen B Helferfunktionen übernehmen und so die
Aufrechterhaltung der bindenden LCMV-spezifischen Antikörperantwort gewährleisten. Allerdings
sind LCMV-spezifische CD4 T Helferzellen, wahrscheinlich ohne TFH Zellphänotyp, auch für die
kurzlebige Aktivierung von LCMV-unspezifischen B Zellen verantwortlich, welche LCMV-spezifische
Antikörperantworten sowie die Induktion von LCMV-neutralisierenden Antikörpern behindert.
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General Introduction

1.1 Types of viral infection
Viral infections can be distinguished by their outcome into acute resolved or persistent infections.
Which type of infection is established is determined by a multitude of host and virus factors (Virgin et
al., 2009). Acute resolved viral infections are well controlled by the adaptive immune system and are
therefore usually cleared after eight to ten days after infection. Persistent infections, as implicated by
the name, are established over a prolonged period of time and can in some cases even prevail lifelong.
In addition, persistent infections can be further distinguished into two subtypes: latent/ reactivating
and active persistent infection (Virgin et al., 2009).
Latent viral infections are induced for instance by members of the herpes virus family, e.g. Herpes
simplex virus (HSV) or Cytomegalovirus (CMV). They are marked by intermittent bursts of viral
replication followed by prolonged dormant phases in specific host cell types during which the virus
escapes immune surveillance. In immunocompetent hosts, the intermittent reactivation events are
quickly controlled by adaptive immunity (Virgin et al., 2009).
Actively persistent infections on the other hand are marked by sustained viremia due to continuous
viral replication. These types of infections are commonly induced by non- or poorly cytopathic viruses
like Human Immunodeficiency virus (HIV), Hepatitis C virus (HCV) or Hepatitis B virus (HBV) in humans
or Lymphocytic choriomeninigtis virus (LCMV) in rodents. One hallmark of such active persistent
infections is the numeric and functional downregulation of the T cell response due to prolonged
exposure to high levels of viral antigens (Virgin et al., 2009; Mueller and Ahmed 2009). The LCMV
model has been widely used to study the regulation of T cell responses in face of such active persistent
viral infections and to examine the establishment and maintenance of persistent viral infections
(Zinkernagel 2002).

1.2 Lymphocytic choriomeninigtis virus
LCMV was first discovered 1933 by Charles Armstrong and colleagues (LCMV Armstrong (Arm) strain)
(Armstrong and Lillie 1934). LCMV belongs to the family of Arenaviridae and is a non-cytopathic and
enveloped negative-strand RNA virus (Rowe et al., 1970; Lapošova et al., 2012). The natural reservoir
of LCMV are specific rodent species like the common house mouse (Mus musculus) where LCMV is
mostly transmitted congenitally (Lapošova et al., 2012). However, seldom infections of humans with
LCMV can occur as well. These infections are usually associated with mild flu-like symptoms, yet in
immunocompromised individuals aseptic meningitis can occur (Welsh 2008).
The viral genome consists of two ambisense coding segments, encoding for four proteins. The larger L
segment contains the genes for the matrix Z protein and the RNA-dependent RNA polymerase (L
8
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protein), whereas the smaller S segment encodes for the viral nucleoprotein (NP) and the two
glycoproteins (GP1, 2) which are generated by proteolytic cleavage of a common precursor
glycoprotein (Lapošova et al., 2012). Afterwards GP1 and GP2 interact by ionic interactions with each
other and form homotrimers that are embedded into the lipid envelope of the virus (Eschli et al., 2006).
The glycoprotein mediates infection of the host cells by binding for instance to α-dystroglycan (α-DG),
which is a widely expressed cell surface receptor usually binding to proteins of the extracellular matrix
(ECM) (Cao et al., 1998). LCMV infects dendritic cells (DCs), macrophages, hepatocytes, fibroblasts,
fibroblastic reticular cells (FRCs) and endothelial cells (Gairin 1991; de la Torre 1992; Matloubian 1993;
Bergthaler 2007; Mueller 2007), although infection is not necessarily always dependent on presence
of α-DG (Imperiali et al., 2008; Imperiali et al., 2005). Upon binding of the receptor, LCMV is taken up
in smooth-walled vesicles, which are subsequently fused with acidified endosomes (Borrow and
Oldstone, 1994). In a pH-dependent mechanism the viral RNA is then released into the cytoplasm
(Borrow and Oldstone, 1994) where viral replication takes place mediated by the NP and L protein
(Pinschewer et al., 2003; Lee et al., 2000). After release of the viral RNA, the L protein and NP are
synthesized first, while at the same time the genomic regions encoding for the GP precursor and the Z
protein are transcribed into antigenomic RNA (agRNA) (Perez and de la Torre, 2003). Subsequently the
agRNA is encapsulated by NP and translated into the GP precursor and Z protein (Perez and de la Torre,
2003). The Z protein subsequently, by serving as matrix protein, mediates assembly and budding of
the virions (Perez et al., 2003).
Depending on the LCMV strain, differences in the viral tropism or replication kinetics are observed,
determining the outcome of the infection. While the Armstrong (Arm) strain can only induce an acute
resolved infection, strains like LCMV Clone13 and Docile can both induce an acute or a persistent
(duration of ca. 60-90 days) viral infection dependent on the inoculum size (Ahmed et al., 1988; Ahmed
and Oldstone 1988; Bergthaler et al., 2010). For the latter strains it has been reported that mutations
in the glycoprotein that increase its affinity for α-DG which leads to increased infection of dendritic
cells and thereby contributes to establishment of viral chronicity (Smelt et al., 2001; Bergthaler et al.,
2010; Sullivan et al., 2011). However, using reverse genetic approaches to generate LCMV strains that
encode for defined S and L segments indicated that the replicative capacity of LCMV is the primary
determinant for virus persistence rather than specific configurations of the viral glycoprotein
(Bergthaler et al., 2010). The fact that both types of infections can be induced by some strains makes
LCMV an ideal model to compare immune responses against acute and persistent infections elicited
by the same virus side by side (Ng et al., 2013).
Furthermore, due to its simple genome, its well characterized immunological and virological properties
as well as the transferability of results concerning immune regulation of persistent LCMV infections to
infections with human non- or poorly cytopathic viruses like HIV-1 or HCV, LCMV has proven
9
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instrumental to study the establishment and maintenance of persistent viral infections (Wilson et al.,
2010; Frebel et al., 2011).

1.3 Cellular immune responses towards LCMV
Acute resolved LCMV infections are cleared within eight to ten days post-infection (pi) due to a
pronounced virus-specific CD8 T cell response (Fig. 1.3.1) (Moskophidis et al., 1987; Ahmed et al.,
1984). Although the CD8 T cell response is directed against a multitude of viral epitopes, it is dominated
by the response against the epitopes gp33-41 (gp33, contained in the viral glycoprotein) and np396404 (np396, contained in the viral nucleoprotein) (Kotturi et al., 2007). The virus-specific CD8 response
peaks around day seven or eight pi and is marked by a strong expression of pro-inflammatory cytokines
such as tumor necrosis factor (TNF) or Interferon-ɣ (IFN-ɣ) and a pronounced cytolytic activity of these
virus-specific CD8 T cells (Fig. 1.3.1) (Ng et al., 2013; Lapošova et al., 2012). After clearance of the acute
LCMV infection, about 5% of the virus-specific CD8 T cells present at the peak of the response persist
as long-lived memory cells. Their maintenance is dependent on Interleukin (IL)-7 and IL-15 signals and
independent of viral antigen (Fig. 1.3.1) (Kaech and Wherry, 2007). The CD8 T cell response during
acute LCMV infection is further supported by a strong Th1 CD4 T cell response, which is dominated by
the response towards the gp61-81 epitope contained in the viral glycoprotein (Oxenius et al., 1998).
Th1 CD4 T cells produce pro-inflammatory cytokines as well, however are not essential for initial viral
clearance (Ahmed et al., 1984; Lapošova et al., 2012).
Persistence of LCMV on the other hand is associated with an increased infection of DCs due to one
point mutation which increases the affinity of the viral glycoprotein towards α-DG in some strains and/
or by the replicative capacity endowed by the viral polymerase (Bergthaler et al., 2010; Sullivan et al.,
2011). These infected DCs display a decreased capacity to stimulate T cell responses due to a
downregulation of Major Histocompatibility Complex (MHC) class II and costimulatory molecules like
CD80, CD86 and CD40 on their surface. Furthermore, their migration towards T cell zones of secondary
lymphoid organs is diminished thereby limiting their contact with T cells (Sevilla et al., 2004). This
rather immunosuppressive programming is dependent on the prolonged presence of type I interferons
(IFN-I), which are produced at high amounts upon viral infection (Sevilla et al., 2004; Cunningham et
al., 2016). In addition, due to IFN-I signaling, DCs express the immunoregulatory cytokine IL-10 which
is known to dampen T cell responses (Ng and Oldstone 2012). Blockage or ablation of IL-10 has been
shown to inhibit the establishment of persistency -at least for some LCMV strains (Brooks et al., 2006;
Richter et al., 2013).
The T cell dysfunctions observed upon persistent LCMV infection are collectively termed T cell
exhaustion. Initially, T cell responses are elicited similar to an acute resolved infection. However, due
10
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to continued high viral antigen burdens, T cells undergo exhaustion after one to two weeks pi (Mueller
and Ahmed, 2009; Ng et al., 2013; Wherry 2011). This process has been extensively studied in CD8 T
cells and is also known to occur in human persistent viral infections such as with HIV-1, HBV and HCV
(Wherry 2011; Frebel et al., 2010; El-Far et al., 2008; Boni et al., 2007; Radziewicz et al., 2006). T cell
exhaustion in CD8 T cells is associated with several functional and physical impairments (Fig. 1.3.1).
Their proliferative capacity is drastically reduced, clonal deletion of CD8 T cells occurs and hierarchical
loss of pro-inflammatory cytokine expression can be observed. At first IL-2 expression is diminished,
followed by TNF and lastly IFN-ɣ expression (Fig. 1.3.1) (Wherry et al., 2003; Fuller and Zajac 2003;
Zajac et al., 1998; Wherry 2011). At the same time, CD8 T cells upregulate several immune inhibitory
receptors such as Programmed cell death (PD)-1, T cell immunoglobulin and mucin domain (Tim)-3 and
Lymphocyte-activation gene (Lag)-3 (Fig. 1.3.1) (Barber et al., 2006; Blackburn et al., 2009; Crawford
and Wherry 2009; Jin et al., 2010; Ng et al., 2013). Blockage of such inhibitory receptors has proven
beneficial to expedite viral clearance in the setting of persistent LCMV infections (Barber et al., 2006;
Blackburn et al., 2009; Jin et al., 2010; Richter et al., 2010). The upregulation of inhibitory receptors is
commonly associated with changes in the expression of certain transcription factors. Exhausted CD8 T
cells express higher levels of B lymphocyte- induced maturation protein (Blimp)-1 and Eomesodermin
(Eomes) and lower levels of T-box transcription factor (T-bet) as compared to CD8 effector and memory
T cells during acute LCMV infection (Barber et al., 2006; Paley et al., 2012). Moreover, memory CD8 T
cell formation is highly impaired and maintenance of virus-specific CD8 T cells becomes dependent on
the presence of viral antigen and CD4 T cell produced IL-21 rather than lL-7 or IL-15 signals (Shin et al.,
2007; Wherry et al., 2004; Elsaesser et al., 2009; Fröhlich et al., 2009; Yi et al., 2009). However,
exhausted CD8 T cells also retain some effector functions such as their cytolytic potential in vivo, which
contributes to local control of the viral burden (Agnellini et al., 2007; Garcia et al., 2015). Indeed, loss
of exhausted CD8 T cell populations impairs viral control and elicits life-long persistent infection (Virgin
et al., 2009; Paley et al., 2012).
Compared to CD8 T cell exhaustion, CD4 T cell exhaustion is far less investigated. It is known that Th1
CD4 T cells, alike CD8 T cells, lose their ability to produce pro-inflammatory cytokines during persistent
LCMV infections (Fuller et al., 2004; Oxenius et al., 1998). Furthermore, CD4 T cells are, besides DCs,
major producers of IL-10 upon persistent LCMV infection, thereby contributing to the limited T cell
responses (Richter et al., 2013; Parish et al., 2014). At the same time, CD4 T cell differentiation is
significantly screwed towards T follicular helper (TFH) cells throughout the persistent LCMV infection
(Fahey et al., 2011; Harker et al., 2011). This increased differentiation towards TFH cells has been
described for human persistent infection i.e. with HIV-1 as well (Lindqvist et al., 2012). To this point,
however, it remains unresolved whether the sustained presence and activity of TFH cells plays a
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physiological role besides reducing pro-inflammatory cytokine production which can precipitate lethal
immunopathology (Oxenius et al., 1998; Penaloza-MacMaster et al., 2015; Hunziker et al., 2002)

Figure 1.3.1 CD8 T cell responses towards acute and persistent viral infection. Upon acute infection, CD8 T cells are highly
polyfunctional. They express pro-inflammatory cytokines IFN-γ, TNF and IL-2, exhibit a strong cytolytic activity and
proliferative potential. Furthermore, the cells are less prone to undergo apoptosis. In addition, memory CD8 T cell formation
is intact. CD8 T cells upon persistent infection undergo exhaustion dependent on the viral load, which is negatively correlated
with CD4 T cell help. Exhausted CD8 T cells sequentially lose the ability to produce pro-inflammatory cytokines, first IL-2, then
TNF and lastly IFN-γ. Furthermore, their proliferative potential is reduced and in some instances cells even lose their cytolytic
potential. Moreover, exhausted CD8 T cells become increasingly prone to undergo apoptosis. In addition, exhausted CD8 T
cells upregulate inhibitory receptors like PD-1 and LAG-3. Modified after: Wherry 2011, Nat. Immunol.

1.4 T follicular helper cells
TFH cells are the main regulators of T-help dependent antibody responses (Vinuesa et al., 2016).
Instruction of TFH cell differentiation is mediated in two steps (Vinuesa et al., 2016). Priming of CD4 T
cells that commit to the TFH cell lineage takes place in the T cell zone (Fig. 1.5.1) and is mediated by
conventional DCs (cDCs) or monocyte-derived DCs (mDCs) (Butler and Kulu, 2015; Chakarov and
Fazilleau 2014). Which factors/cytokines instruct TFH differentiation is still not entirely resolved.
However, it has been reported that both IL-6 and IL-21 can induce TFH differentiation via signaling
through the transcription factor Signal transducer and activator of transcription (STAT)-3 (Eto et al.,
2011; Karnowski et al., 2012). In the context of persistent LCMV infection, it has furthermore been
shown that late follicular dendritic cell (FDC) derived IL-6 is essential for TFH cell maintenance and
eventual control of the infection (Harker et al., 2011).
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CD4 T cells differentiating to TFH cells upregulate the hallmark transcriptional repressor B cell
lymphoma (Bcl)-6 (Johnston et al., 2009; Nurieva et al., 2009; Yu et al., 2009). Bcl-6 promotes TFH cell
differentiation by repression of Blimp-1, which mediates expression of genes that are involved in the
differentiation into other CD4 T cell lineages (Johnston et al., 2009). Furthermore, Bcl-6 promotes
localization of TFH cells towards the B cell follicle where T-help dependent antibody responses take
place. This is achieved in two different ways. For one, Bcl-6 represses the expression of molecules
promoting localization in the T cell zone or egress from secondary lymphoid organs i.e. CC chemokine
receptor (CCR)-7, Epstein-Barr virus-induced G-protein coupled receptor (EBI)-2 or P-selectin
glycoprotein (PSGL)- 1 (Hatzi et al., 2015; Weber et al., 2015; Lee et al., 2015). On the other hand,
Bcl-6 stabilizes the expression of CX- chemokine receptor (CXCR) 5 on TFH cells, which has been
upregulated by the transcription factor achaete-scute homologue-2 (ASCL-2) upon priming of the CD4
T cell (Liu et al., 2014). CXCR5 is essential for the localization of TFH cells towards the CXCL13- rich B cell
follicles (Fig. 1.5.1) (Ansel et al., 1999; Breitfeld et al., 2000; Schaerli et al., 2000). TFH cells can further
be distinguished by expression of other typical markers, which have important functions in mediating
cognate interactions with B cells and thus sustaining antibody responses. Among these markers are
the costimulatory molecules Inducible T-cell costimulator (ICOS) and CD40 ligand (CD40L), the
immunoregulatory molecule PD-1, their hallmark cytokine IL-21 and the T cell adaptor protein SAP
(Chtanova et al., 2004; Haynes et al., 2007; Reinhardt et al., 2009; Choi et al., 2011; Qi et al., 2008;
Vinuesa et al., 2016).
Expression of these markers is moderate after priming and needs to be sustained and increased by
interaction of TFH cells with cognate B cells and by ICOS signals delivered by ICOS ligand (ICOSL)
expressing bystander B cells in the interfollicular zone (Barnett et al., 2014; Deenick et al., 2010;
Goenka et al., 2011; Kitano et al., 2011). These first interactions between TFH cells and B cells also
determine the differentiation of TFH cells into Germinal Center (GC) TFH cells that induce and maintain
the GC response and play an important role in the positive selection of affinity matured B cell clones
(Fig. 1.5.1). Expression of TFH markers is highest in GC-TFH cells (Kitano et al., 2011; Kim et al., 2001;
Suan et al., 2015). After an immune response, some TFH cells have been shown to differentiate into
long-lived memory cells, which downregulate some of their typical TFH markers like CXCR5, Bcl-6 and
PD-1 (Lüthje et al., 2012; Weber et al., 2012).
In humans there have been further reports about circulating TFH-like cells that express CXCR5 and
display a memory phenotype. Their expression of ICOS, PD-1 and Bcl-6 is reduced as well. However,
these cells have been proven to be efficient producers of IL-21 and IL-10 in in vitro co-culture and to
be effective inducers of B cell differentiation.
Closely related to TFH cells and equally important for the regulation of the GC responses are so called
follicular regulatory T (TFR) cells. These are derived from thymus-derived T regulatory (Treg) cells, which
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adopt some TFH cell characteristics, like CXCR5 and Bcl-6 expression, to be able to migrate into B cell
follicles. However, TFR cells lack expression of CD40L, IL-4 or IL-21 and have a higher expression of
PD-1. TFR cells negatively regulate the GC response in contrast to TFH cells (Chung et al., 2011; Linterman
et al., 2011; Wollenberg et al., 2011).

1.5 The Germinal Center response
The first encounter between TFH cells and activated B cells occurs, as mentioned above, in the
interfollicular zone which lies at the border between T cell zone and B cell follicle (Fig. 1.5.1) (Coffey et
al., 2009; Kerfoot et al., 2011; Okada et al., 2005). Here, interaction between TFH cells and cognate B
cells induces a first round of B cell proliferation and instructs them to undergo one of three possible
differentiation pathways. Either B cells undergo differentiation into short-lived extrafollicular
plasmablasts, which produce a first wave of protective yet low affinity antibodies, to differentiate to
GC-independent memory B cells or to differentiate to GC B cells (Fig. 1.5.1) (Lee et al., 2011;
MacLennan 2003; O’Connor et al., 2006; Paus et al., 2006; Taylor et al., 2012). B cells destined to induce
the GC response migrate with a subset of TFH cells, GC TFH cells, further into the B cell follicle (Fig. 1.5.1).
This migration is mediated by downregulation of EBI2 and upregulation of Sphingosine-1-phosphate
receptor 2 (S1PR2) on both B and TFH cells (Coffey et al., 2009; Green et al., 2011; Paus et al., 2006;
Okada and Cyster 2006).
The GC is partitioned into two distinct zones, the dark zone (DZ) and the light zone (LZ) (Fig. 1.5.1). In
the DZ the cytokine CXCL12 is predominantly produced while the cytokine CXCL13 is predominantly
produced in the LZ . Thereby, localization of B cells in DZ and LZ is controlled by differential expression
of the chemokine receptors CXCR4 (migration into DZ) and CXCR5 (migration into LZ) (Allen et al.,
2004). In the DZ, B cells undergo sequential rounds of proliferation (Fig. 1.5.1) (Allen et al., 2007;
Victora et al., 2010; Mesin et al., 2016). During this process, B cells upregulate the activation-induced
cytidine deaminase (AID) which introduces point mutations into the variable regions of the B cell
expressed antibodies, a process termed somatic hypermutation (SHM) (Fig. 1.5.1) (Muramatsu et al.,
2000; Muramatsu et al., 1999; Teng and Papavasiliou, 2007). Thereby, clonal B cell variants with
different affinities towards one given antigen are generated. The activity of AID is also essential for
class-switch reactions, which change the isotype of the antibodies (Muramatsu et al., 2000; Teng and
Papavasiliou, 2007).
As SHM is a random process, it is necessary for B cells to undergo a selection process to ensure affinity
maturation of the antibody repertoire and to exclude B cells that lost affinity for one antigen,
decreased their affinity or even developed into autoreactive B cells. This selection process takes place
in the LZ of the GC where also most of the GC TFH cells and FDCs are located (Fig. 1.5.1) (Allen et al.,
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2007; Victora et al., 2010; Mesin et al., 2016). Upon entry into the LZ, B cells take up antigen which is
stored on/ presented by FDCs via their mutated BCR according to their affinity towards the antigen.
Afterwards B cells present processed antigen to cognate GC TFH cells via their surface MCH II molecules
(Fig. 1.5.1). Higher affinity B cells are believed to be able to take up more antigen than B cells with a
lower affinity and thus higher affinity B cell clones are able to present more antigen on their surface
MHC II molecules (Batista and Neuberger 2000). The amount of antigen presentation determines the
amount of survival signals via ICOS, CD40L and IL-21 a B cell clone receives from cognate GC TFH cells
(Shulman et al., 2014; Liu et al., 2015; Mesin et al., 2016).

Figure 1.5.1: The germinal center response. Naive CD4 T cells are primed in the T cell zone and when instructed to become
TFH cells migrate to the border of the T cell zone and the B cell follicle mediated by upregulation of CXCR5. There the first
encounter with cognate, antigen-activated B cells takes place. Thereby, TFH cells instruct these B cells to undergo proliferation
and differentiate into either short-lived plasma blasts migrating to extrafollicular foci, GC-independent memory B cells or to
become GC B cells. GC B cells migrate with a subset of TFH cells, GC TFH cells, further into the B cell follicle to form the GC. The
GC itself is partitioned into a dark zone, in which B cells undergo sequential rounds of proliferation and where SHM takes
place, and a light zone, where positive selection of the B cell clones according to their affinity takes place. Positively selected
B cell clones either undergo another round of proliferation and SHM in the dark zone or leave the GC response as long-lived
plasma cells or memory B cells. Modified from: Kurosaki et al., 2015; Nat. Reviews Immunology

B cell clones that do not receive sufficient survival signals and therefore are negatively selected
undergo apoptosis mediated by binding of Fas, expressed by the B cell, to its ligand FasL, expressed by
the GC-TFH cell (Yoshino et al., 1994; Victora and Nussenzweig 2012). Positively selected B cell clones
either undergo another round of proliferation and SHM in the DZ or leave the germinal center reaction
as long-lived plasma cells or memory B cells (Fig. 1.5.1) (Allen et al., 2007; Victora et al., 2010;
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Shinnakasu et al., 2016). It is believed that B cells with the highest affinity differentiate preferentially
into plasma cells (Paus et al., 2006; Phan et al., 2006; Smith et al., 1997). B cell clones with a lower
affinity however, rather differentiate into memory B cells (Shinnakasu et al., 2016). In addition,
memory B cells rather form in the early phase of the GC response whereas plasma cells are
preferentially formed at later stages of the GC response (Weisel et al., 2016).

1.6 Humoral immune responses towards LCMV
Upon viral infection two types of antibody responses are elicited, a neutralizing and a binding antibody
response. Neutralizing antibodies inhibit new infection of host cells by either binding the epitope
mediating infection directly or binding the virus in such a way that they sterically obstruct binding of
the virus to its target cell. Binding antibodies on the other hand cannot prevent new infection of host
cells as most of these antibodies are elicited from viral fragments, recognize viral proteins not
presented on the virion surface or do not bind epitopes mediating infection of the host cell.
Nevertheless, these binding antibodies can play a role in diminishing the overall viral burden by
activation of the complement cascade, enhancement of phagocytosis or induction of antibody
dependent cell cytotoxicity (ADCC) (Hangartner et al., 2006b).
During persistent LCMV infections, but also persistent infections with HIV-1 or HCV, the appearance of
neutralizing antibodies is strongly delayed (Fig. 1.6.1). In case of persistent LCMV infection until d4080 pi (Eschli et al., 2007; Battegay et al.,1994; Wei et al., 2003). However, neutralizing antibodies are
believed to be essential for the eventual control of a persistent LCMV infection (Ciurea et al., 2000;
Recher et al., 2004; Seiler et al., 1998).
Their delayed appearance can be ascribed to several reasons. One is that the virus exploits a “hole” in
the germline encoded antibody repertoire. The precursor frequency of B cells producing antibodies
that recognize the neutralizing epitope of LCMV, which is comprised in the GP-1 glycoprotein (Bruns
et al., 1983; Parekh et al., 1986; Weber et al., 1988), is low. Also, these B cells have a low affinity for
the neutralizing epitope at first, meaning that they have to undergo extensive somatic hypermutation
(SHM) and affinity maturation before being able to potently neutralize the virus (Eschli et al., 2007).
These processes take place in the Germinal Center (GC) reaction, however the induction of this process
is delayed due to CD8 mediated disruption of the architecture of secondary lymphoid organs upon
(persistent) LCMV infection. This disruption prompts a delayed activation of CD4 T cells and hampers
cognate interactions between CD4 T cells and B cells necessary to induce the GC reaction (Odermatt
et al., 1991; Battegay et al., 1993; Eschli et al., 2007). Moreover, virus-specific B cells are depleted upon
onset of the persistent infection (Fallet et al., 2016; Sammicheli et al., 2016; Moseman et al., 2016;
Daugan et al., 2016). Either these B cells are differentiate into short-lived plasmablasts that cannot be
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sustained over a prolonged period of time (Fallet et al., 2016) or are directly eliminated (Sammicheli
et al., 2016; Moseman et al., 2016). These processes are dependent on the sustained activity of IFN-I
elicited upon persistent infection. Blockage of IFN-I signaling improves the maintenance of virusspecific B cells and expedites the formation of neutralizing antibodies (Fallet et al., 2016; Sammicheli
et al., 2016; Moseman et al., 2016; Daugan et al., 2016).
Above that, a glycan shield and conformational masking protect the neutralizing epitope of LCMV,
which exacerbates the recognition of the epitope by neutralizing antibodies (Pinschewer et al., 2004;
Sommerstein et al., 2015). Moreover, due to increasing pressure of emerging neutralizing antibodies
viral escape mutants can arise that evade immune recognition, thereby promoting viral persistence
(Ciurea et al., 2000; Ciurea et al., 2001b; Picher et al., 1990).
Earlier upon persistent LCMV infection, binding antibodies are elicited (Fig. 1.6.1). These cannot
prevent the establishment of viral persistence, however, have been shown to contribute to the control
of the overall viral burden (Hangartner et al., 2006a; Hangartner et al., 2006b). Without B cells or in
cases where B cells cannot undergo class-switch reactions the persistent LCMV infection is protracted
or even persists life-long (Bergthaler et al., 2009). This protective capacity is not dependent on the
complement system or recognition by Fc receptor (FcR)- ɣ (recognizing antibody coated surfaces and
mediating ADCC) (Bergthaler et al., 2009). Furthermore, LCMV-specific antibodies that have been
transferred to naïve hosts before infection have been proven capable of inhibiting the establishment
of a persistent LCMV infection. The protection in these transfer experiments was also not dependent
on complement or FcR-ɣ either (Richter and Oxenius, 2013; Straub et al., 2013).
Another process occurring during persistent infections with LCMV, HIV-1 and HCV, and possibly
contributing to the delayed appearance of virus neutralizing antibodies, is a polyclonal B cell activation.
This is associated with hypergammaglobulinemia, which describes elevated Ig titers and the
appearance of virus-unspecific antibodies in serum (Fig. 1.6.1) (Coutelier et al., 1994; Hunziker et al.,
2003; Recher et al, 2004; Lane et al., 1983; De Milito et al., 2004; Moir et al., 2009; Meyer et al, 2008;
Cheng et al., 1999). During persistent LCMV infection about 90% of the antibodies in the initial stages
of the persistent infection are actually not LCMV-specific (or their binding affinity is below the
detection threshold of the applied read-outs) (Hunziker et al., 2004). These LCMV-unspecific
antibodies even comprise autoantibodies, however these mostly seem to be of low affinity (Hunziker
et al., 2004; Ludewig et al., 2004). Polyclonal B cell activation is dependent on CD4 T cells and cognate
interactions of CD4 T cells with LCMV-unspecific B cells via CD40:CD40L (Hunziker et al., 2004; Jellison
et al., 2007). These interactions are probably induced by presentation of viral antigen on the MHC II
surface molecules by the B cells. However, how the viral antigen is taken up independent of the B cell
receptor (BCR) specificity and in absence of active infection of B cells upon LCMV infection is so far
unclear (Hunziker et al., 2004; Jellison et al., 2007). Moreover, the increased differentiation into
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TFH cells has been, at least in the context of HIV-1 infection, associated with the occurrence of
hypergammaglobulinemia and polyclonal B cell activation (Vinuesa 2012).

Figure 1.6.1: Antibody responses during persistent LCMV infection. LCMV-binding antibodies (green) are elicited early upon
persistent LCMV infection (virus titers in black). At the same time, a polyclonal antibody response (blue) comprising LCMVunspecific antibodies occurs as well. Neutralizing antibodies (red), that can help limit the viral load, appear only late during
the infection (ca. day 40 to 80 pi).
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Differentiation of CD4 T cells is skewed towards TFH cells during persistent viral infections with non- or
poorly cytopathic viruses like LCMV in mice or HIV-1 in humans (Fahey et al., 2011; Harker et al., 2011;
Lindqvist et al., 2012). The aim of our study was to elucidate the long-term function of TFH cells and
also other LCMV-specific CD4 T cells in the induction of protective antibody responses, maintenance
of virus-binding antibodies and the regulation of polyclonal B cell activation in the setting of a
persistent LCMV infection.

In the setting of persistent LCMV infection, constitutive absence of TFH cells abrogates LCMV-specific
antibody responses as well as viral clearance (Fahey et al., 2011). This implicates an important role for
TFH cells in the induction of LCMV-specific antibody responses. However, it is not resolved how long TFH
cells need to be present during persistent LCMV infection to induce protective antibody responses or
whether other LCMV-specific CD4 T cells might be able to promote emergence of these protective
virus-specific antibodies as well. Therefore, we set out to determine the role of TFH cells and overall
LCMV-specific CD4 T cells in the establishment of neutralizing antibody responses and control of the
persistent LCMV infection by depletion of these specific CD4 T cell subsets after initial establishment
of isotype-switched IgG responses.

The increase in TFH cell numbers has been further implicated to prompt the CD4 T cell dependent
polyclonal B cell activation and hypergammaglobulinemia upon persistent viral infections (Vinuesa
2012; Preite et al., 2015; Baumjohann et al., 2013). Moreover, exact kinetics of the virus-unspecific B
cell response and whether the polyclonal response is sustained throughout a persistent infection is not
resolved. In our second project, we therefore set out to determine the kinetics of the LCMV-unspecific
antibody response and whether virus-unspecific B cells can participate in the GC response and
differentiate into long-lived plasma cells. At the same time, we wanted to analyze the specific role of
TFH cells and CD4 T cells specific for the immunodominant epitope gp61-81 in regards to polyclonal B
cell activation.
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2.1 Abstract
Virus-specific Th1 immunity is numerically and functionally compromised during chronic viral
infections, alike virus-specific CD8 T cell immunity. Instead, the CD4 T cell response is increasingly and
long-term skewed towards T follicular helper (TFH) cells, yet their functional relevance is unclear during
established chronic infection. Using chronic LCMV infection in combination with a novel in vivo system
that allows conditional ablation of TFH cells or LCMV-specific CD4 T cells, we show that TFH cells - but
not LCMV-specific CD4 T cells - are dispensable for the maintenance of LCMV-specific IgG antibody
titers after their initial establishment. However, sustained activity of TFH cells is mandatory for the late
emergence of LCMV-specific antibodies that are capable of neutralizing the viral inoculum and
contemporary virus isolates. By supporting the generation of neutralizing antibodies, continued
activity of TFH cells promotes eventual control of the chronic infection in face of exhausted CD8 T cell
responses.
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2.2 Introduction
During chronic infections with non- or poorly cytopathic viruses like HIV-1, HCV and HBV in humans or
LCMV in the mouse, adaptive immune cells are continuously confronted with cognate antigen. In this
setting, multiple regulatory measures operate to avoid overt immunopathology, including the
functional impairment and physical decimation of virus-specific CD8 T cells, collectively termed T cell
exhaustion (Wherry 2011; Frebel et al., 2010; El-Far et al., 2008; Boni et al., 2007; Radziewicz et al.,
2006). In particular, pro-inflammatory cytokine production of virus-specific CD8 T cells is severely
impaired - a functional adaptation that is also apparent in virus-specific CD4 T cells (Fuller et al., 2004;
Oxenius et al., 1998). Instead, virus-specific CD4 T cells exhibit a differentiation bias towards follicular
helper cells (TFH) throughout the infection (Fahey et al., 2011; Harker et al., 2011; Lindqvist et al., 2012;
Petrovas et al., 2012). In the context of acute infections or vaccinations TFH cells support induction and
selection of T-help dependent B cell responses (Vinuesa et al., 2016), but whether, when and how
sustained TFH activity is important during established chronic infections is unresolved.
TFH cells are distinguished from other CD4 T cell subsets by expression of specific markers. Their
differentiation and maintenance is controlled by the transcriptional repressor Bcl-6 (Johnston et al.,
2009; Nurieva et al., 2009; Yu et al., 2009) that sustains upregulation of CXCR5 which mediates
localization of TFH cells to the CXCL13-rich B cell follicles (Breitfeld et al., 2000; Schaerli et al., 2000).
Further typical markers of TFH cells are the costimulatory molecules ICOS and CD40L, the co-inhibitory
molecule PD-1 as well as their hallmark cytokine IL-21 (rev. in: Vinuesa et al., 2016). These markers
endow TFH cells, and especially germinal center (GC) TFH cells (Kim et al., 2001; Kitano et al., 2011) to
instruct B cell differentiation and to induce the GC response. The GC itself is partitioned into a dark
zone (DZ), where B cells predominantly undergo sequential rounds of proliferation and somatic
hypermutation (SHM), and a light zone (LZ), where B cells undergo selection based on their affinity for
a given antigen (Allen et al., 2007; Victora et al., 2010; Mesin et al. 2016). High-affinity B cell clones
form the most intense interactions with GC TFH cells and therefore receive most ICOSL-, CD40- and IL21 signals, fostering their continued survival and differentiation into long-lived plasma cells or memory
B cells (Shulman et al., 2014; Liu et al., 2015; Mesin et al. 2016).
In the setting of a persistent LCMV infection, the pronounced differentiation of CD4 T cells towards TFH
cells and their role in supporting antibody responses is of special interest as LCMV-binding and
neutralizing antibodies have been shown to have important functions in virus control. LCMV binding
antibodies, which are generated early and throughout the infection, limit viral spread and possess
some indirect protective capacities (Hangartner et al., 2006a; Richter and Oxenius 2013; Straub et al.,
2013; Bergthaler et al., 2009). However, these antibodies alone - even if binding the viral glycoprotein
that mediates attachment and infection of host cells - cannot prevent infection (Hangartner et al.,
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2006b). LCMV-neutralizing antibodies, however, can directly inhibit infection of host cells by binding
the viral glycoprotein and thereby limit viral spread and replication. Yet, neutralizing antibodies arise
rather late, around day 40-80 post-infection (pi) in case of persistent LCMV infection (Eschli et al.,
2007; Hangartner et al., 2006b). At the same time, persistently infecting RNA viruses are prone to
undergo mutational adaptations that escape pressure imposed by adaptive immune cells and
antibodies, thereby promoting viral persistence (Ciurea et al., 2000; Pircher et al., 1990). In this
scenario, B cells are in principle uniquely equipped with the ability to counter-adapt their BCRs and
antibodies to the currently prevailing antigen by the process of SHM and selection in the LZ. Whether
such adaptations rely on sustained activity of TFH cells is plausible but has never been formally shown.
The induction of LCMV-specific antibodies is dependent on CD4 T cells and in particular on TFH cells.
Their absence at the onset of a persistent LCMV infection dramatically curtails the overall LCMVspecific humoral response and prevents viral clearance (Fahey et al., 2011). However, the contribution
of TFH cells to the generation of late appearing likely affinity-matured and neutralizing antibodies is
unclear. Here we addressed the following questions: Does the accentuated TFH differentiation
observed during persistent viral infections fulfill any relevant biological and physiological function? Do
TFH cells need to be present throughout the infection or might other LCMV-specific CD4 T cells be able
to provide B cell helper functions as well once the initial antibody response is induced? Therefore, we
established a new experimental mouse model that allows the conditional depletion of TFH or LCMVspecific CD4 T cells after the initial establishment of LCMV-specific isotype-switched antibody
responses. Using this model, we discovered that TFH cells, in contrast to LCMV-specific CD4 T cells, were
not necessary for the maintenance of overall LCMV-specific IgG titers once these had been established.
However, TFH cells were indispensable for the generation of LCMV-neutralizing antibodies - with
specific activity towards the inoculum virus as well as towards contemporary virus isolates - and
thereby for the eventual termination of the chronic infection.

2.3 Results
2.3.1 Specific Depletion of CD4 T cells employing the "CD4-DTR" mouse line
To establish conditions in which CD4 T cells can be specifically depleted in chronically infected hosts, a
new mouse model ("CD4-DTR") was engineered that expresses the primate diphtheria toxin receptor
(DTR) on CD4 T cells. To this end a loxP-flanked stop cassette preceding the DTR gene was targeted
into the CD4 locus and these gene-targeted mice were then crossed to lck- Cre transgenic mice (Hennet
et al., 1995). This leads to excision of the stop cassette during T cell development in the thymus,
yielding "CD4-DTR" mice that express the DTR specifically in CD4 T cells. Overall, CD4-DTR mice were
comparable to wildtype (wt) C57BL/6 (B6) mice with regards to the thymic development of T cells (Fig.
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2.3.1 a, b). Also, the percentage and total cell numbers of CD4 and CD8 T cells in spleen and mesenteric
lymph node (mLN) were comparable between CD4-DTR and wt mice (Fig. 2.3.1 c, d, e, f).

Figure 2.3.1: Basic characterization of the CD4-DTR mouse line. A) Total cell counts B) and percentage of cells in different T
cell developmental stages in the thymus of CD4-DTR (white) and wt C57BL/6 (black) mice. DN = double negative, DN1-DN4:
defined by CD25 and CD44 expression. DP = double positive. SP = single positive. C) Total cell counts and D) percentage of
CD4, CD8 and B cells in spleen of CD4-DTR (white) and wt C57BL/6 (black) mice. E) Total cell counts and F) percentage of CD4,
CD8 and B cells in mesenteric lymph nodes (mLN) of CD4-DTR (white) and wt C57BL/6 (black) mice. One representative
experiment shown with 6 mice per group. Statistical analysis performed with multiple unpaired t tests with the Holm-Sidak
method with ns p ≥ 0.05, * p< 0.05, **, p< 0.01, *** p< 0.001 and **** p< 0.0001.
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Figure 2.3.2: Specific depletion of CD4-DTR derived CD4 T cells. A) Lethally irradiated CD4-/- mice were reconstituted with a
60:40 mixture of CD4-DTR (CD45.2+) and CD45.1+ B6 bm. After 8 weeks of reconstitution, mixed bm chimeras were
persistently infected with 2x 106 ffu LCMV Clone13. From d20 pi onwards, continuous DTx treatment every 3-4 days was
initiated. B) Longitudinal analysis of CD4 and CD8 T cell ratios in blood. CD4-DTR derived CD4/CD8 T cells (CD45.2+) and
CD45.1+ B6 derived CD4/CD8 T cells are separately plotted. C) Ratios of CD4-DTR derived CD4 T cells to CD45.1+ B6 derived
CD4 T cells in spleen, mLN and lung at d40 pi. D) Ratios of CD4-DTR derived (CD45.2+) and CD45.1+ B6 derived non-TFH (red
gate; CXCR5-) and TFH (blue gate; CXCR5+ PD-1+) cells in spleen at d40 pi in untreated or DTx treated animals. FACS blots
pregated on CD4+ single lymphocytes. E) Viral titers in spleen on d40 pi. One representative experiment of two is shown with
4 mice per group. Statistical analysis was performed using Mann Whitney U tests: ns p≥0.05, * p< 0.05, ** p< 0.01 and ***
p< 0.001, **** p< 0.0001.
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To test whether DTR-expressing CD4 T cells can be specifically depleted during chronic virus infection,
we generated mixed bone marrow (bm) chimeras harboring 40% wt and 60% CD4-DTR T cells. To this
end, CD45.1+ B6 bm and CD45.2+ CD4-DTR bm was mixed and transferred to lethally irradiated CD4-/recipients (Fig. 2.3.2 a). After reconstitution, these mixed bm chimeras were persistently infected with
LCMV Clone13. On day (d) 20 pi continuous treatment with diphtheria toxin (DTx) was initiated and
maintained over 20 days (Fig. 2.3.2 a). Longitudinal depletion efficacy was analyzed in blood samples
of DTx treated mice (Fig. 2.3.2 b). Unlike CD4 T cells derived from the CD45.1+ B6 compartment, CD4 T
cells derived from the CD4-DTR compartment (CD45.2+) were fully depleted from d25 pi onwards (Fig.
2.3.2 b). In untreated animals, the ratio between CD4-DTR derived and wt derived CD4 T cells remained
unaltered (Fig. 2.3.3 b, left upper panel). Importantly, CD8 T cells derived from the CD4-DTR
compartment were not affected by the DTx treatment (Fig. 2.3.2 b). CD4-DTR derived CD4 T cells were
also efficiently and specifically depleted in spleen, mLN and lung at d40 pi (Fig. 2.3.2 c).
As our main interest were TFH cells, we analyzed whether the TFH (CXCR5+ PD-1+) and the non-TFH
(CXCR5-) populations were equally ablated by DTx treatment. Indeed, TFH cells were entirely and nonTFH cells almost entirely depleted when cells were derived from the CD4-DTR bm compartment (Fig.
2.3.2 d). TFH cells as well as non-TFH cells derived from the CD45.1+ B6 bm compartment were not
affected by DTx treatment (Fig. 2.3.2 d).
Moreover, DTx treatment did not affect viral clearance or viral titers in spleen at d40 pi (Fig. 2.3.2 e),
indicating that the remaining CD4 T cells after DTx treatment were sufficient to support eventual virus
control.
We conclude, CD4-DTR cells can be specifically and efficiently depleted during chronic LCMV infection.

2.3.2 Specific depletion of TFH or LCMV-specific CD4 T cells
As our aim was to determine the role of LCMV-specific T helper cells and TFH cells during chronic LCMV
infection, we employed CD4-DTR cells to generate mouse models that enabled us to specifically and
conditionally deplete these CD4 T cell subsets during established chronic LCMV Clone13 infection. To
this end, we generated mixed bm chimeras harboring CD4-DTR cells alongside a CD4 T cell
compartment that cannot form TFH cells (CXCR5-/- CD4 T cells) or does not contain LCMV-specific CD4
T cells (M25 TCR transgenic cells). CXCR5 is a defining marker for TFH cells, which mediates their
follicular localization and therefore is essential for their B cell helper function (Breitfeld et al., 2000;
Schaerli et al.; 2000). M25 TCR transgenic cells are specific for the M25 epitope of murine
cytomegalovirus (MCMV) (Walton et al., 2011), a virus non-related to LCMV.
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Figure 2.3.3: Specific depletion of TFH and LCMV-specific CD4 T cells employing CD4-DTR bm chimeras. A) Experimental
approach. Lethally irradiated CD4-/- mice were reconstituted with a 60:40 mixture of CD4-DTR (CD45.2+) bm and CD45.1+ B6
(control chimeras), CXCR5-/- (CXCR5-/- chimeras) or M25 (M25 chimeras) bm. After 8 weeks of reconstitution, mixed bm
chimeras were persistently infected with 2x 106 ffu LCMV Clone13. From d20 pi onwards, continuous DTx treatment every 34 days was initiated. B) Longitudinal analysis of ratios of CD4-DTR derived (CD45.2+) and CD45.1+ B6 (left panel), CXCR5-/(CD45.1+; middle panel) or M25 (CD45.1+; right panel) derived CD4 T cells in blood in untreated (upper panels) or DTx treated
(lower panels) mixed bm chimeras. C) Ratios of CD4-DTR derived (CD45.2+, white) and CD45.1+ B6 (black), CXCR5-/-(CD45.1+;
red) or M25 (CD45.1+; blue) derived CD4 T cells in spleen (left panel) and mLN (right panel) at d70 pi in DTx treated chimeras.
D) Total CD4 T cells in spleen d70 pi of untreated or DTx treated control (black), CXCR5-/- (red) or M25 (blue) chimeras. E) Flow
cytometric analysis of TFH cells (CXCR5+ PD-1+) in spleen on d70 pi in untreated or DTx treated control (black), CXCR5-/- (red)
and M25 (blue) chimeras. Pregated on CD4+ single lymphocytes. One representative experiment of three is shown with 3 to
4 mice per group. Statistical analysis was performed using Mann Whitney U tests: ns p≥0.05, * p< 0.05, ** p< 0.01 and ***
p< 0.001, **** p< 0.0001.

We lethally irradiated CD4-/- recipients and reconstituted those with either a mixture of CD4-DTR bm
and (1) CD45.1+ wt bm (control chimeras), (2) CD45.1+ CXCR5-/- bm (CXCR5-/- chimeras) or (3) CD45.1+
M25 bm (M25 chimeras) and infected them with LCMV Clone 13 (Fig. 2.3.3 a). Before initiation of
longitudinal DTx treatment on day 20 pi in half of the animals, all chimeras were able to generate
LCMV-specific CD4 T cells and TFH cells from the CD4-DTR compartment and had a population of
follicular B cells (Fig. 2.3.3 a).
Depletion efficiency of the CD4-DTR derived CD4 T cell populations was validated in longitudinal blood
samples (Fig. 2.3.3 b). From d30 pi onwards, CD4-DTR derived CD4 T cells were fully depleted in DTx
treated control and CXCR5-/- chimeras and almost entirely in M25 bm chimeras (Fig. 2.3.3 b). CD4 T
cells derived from CD4-DTR compartment were also efficiently depleted in DTx treated control,
CXCR5-/- and M25 chimeras in spleen and mLN at d70 pi (Fig. 2.3.3 c). Absolute numbers of CD4 T cells
in spleen were not significantly reduced in control chimeras, however the population was reduced
about 2-fold in DTx treated CXCR5-/- and M25 chimeras (Fig. 2.3.3 d).
Importantly, while CXCR5+/+ TFH cells were ablated in DTx treated CXCR5-/- chimeras as well as DTx
treated M25 chimeras compared to the untreated chimeras (Fig. 2.3.3 e), the TFH population was
maintained in DTx treated control chimeras (Fig. 2.3.3 e).
Hence, this experimental model is ideally suited to analyze the specific functional roles of T FH and
LCMV-specific CD4 T cells in the setting of established chronic LCMV infection.

2.3.3 LCMV-specific CD4 T cells, but not TFH cells are required for the maintenance of LCMVspecific antibody titers
TFH cells play an important role in the induction and maintenance of the germinal center (GC) response,
as well as in the selection of affinity matured B cell clones (Allen et al., 2007; Arnold et al., 2007; Rolf
et al., 2010). Moreover, TFH cells also influence the differentiation of B cells into memory B cells or
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plasma cells (rev. in Mesin et al., 2016). Whether this also holds true for the setting of a chronic
infection with abundant and prolonged presence of viral antigen remains unclear. Although absence
of TFH cells or CD4 T cells throughout the entire course of chronic LCMV infection compromises LCMVspecific IgG responses and leads to prolonged viral persistence (Fahey et al., 2011), it remains
unresolved whether TFH cells or LCMV-specific CD4 T cells are still required after the induction and
initial establishment of the LCMV-specific IgG response.
Analysis of the three mixed bone marrow chimera groups at day 70 pi (50 days after initiation of DTx
treatment) revealed that the total cell count of splenic GC B cells (CD95+ CD38-/lo) in absence of TFH or
LCMV-specific CD4 T cells was 4-fold, respectively 2.5-fold reduced compared to untreated chimeras
(Fig. 2.3.4 a, b). Likewise, the total number of memory B cells (isotype-switched CD38+) in spleen was
reduced in absence of TFH or LCMV-specific CD4 T cells compared to untreated chimeras and DTx
treated control chimeras (Fig. 2.3.4 a, b). Surprisingly, numbers of LCMV-specific antibody secreting
cells (ASC) were not reduced in spleen (Fig. 2.3.4 c) and bm (Fig. 2.3.4 d) in absence of TFH cells. The
same holds true in the spleen in absence of LCMV-specific CD4 T cells, however ASC numbers were
reduced in the bm about threefold in their prolonged absence (Fig. 2.3.4 d).
Subsequently, we also determined LCMV-specific IgG titers in serum. At d20 pi all chimeras exhibited
similar serum titers of LCMV-specific antibodies, which were maintained in untreated chimeras and
DTx treated control chimeras until d100 pi (Fig. 2.3.5 a). LCMV-specific antibody titers were
significantly reduced in serum at d100 pi in prolonged absence of LCMV-specific CD4 T cells (Fig. 2.3.5
b), reflecting the reduced ASC counts in bm. Both LCMV NP-specific and GP1-specific IgG titers were
reduced in serum of DTx treated M25 chimeras (Fig. 2.3.5 c, d). Surprisingly, however, prolonged
absence of TFH cells did not alter overall LCMV-specific antibody titers in serum compared to untreated
chimeras or DTx treated control chimeras at d100 pi (Fig. 2.3.5 b), which was also the case for both GPand NP-specific IgG titers (Fig. 2.3.5 c,d).
In conclusion, TFH cells seem to be dispensable for the differentiation and maintenance of ASC or the
maintenance of the overall LCMV-specific IgG response after initiation of the LCMV-specific IgG
response. Yet, LCMV-specific CD4 T cells appear to be essential for maintenance of LCMV-specific ASCs
in the bm and for overall LCMV-specific IgG titers.
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Figure 2.3.4: TFH cells are dispensable for the maintenance of LCMV-specific antibody antibody-secreting cells. A) Gating
strategy for analysis of isotype-switched GC B cells (CD95+ CD38-/lo) and memory B cells (CD38+) in spleen. Pre-gated on
lymphocytes and single cells. B) GC B cell (CD95+ CD38-/lo) and memory B cells (CD38+) in spleen. Shown are representative
FACS blots of untreated (upper panel) and DTx treated (lower panel) control (left), CXCR5 -/- (middle) and M25 (right) chimeras.
Below quantifications of total cell counts of GC B cells and memory (mem) B cells are depicted. Data of two independently
conducted experiments with 3-5 mice per group were pooled. Mann-Whitney U tests used for statistical analysis. C) Number
of LCMV-specific ASC as determined by ELISPOT in spleen D) Number of LCMV-specific ASC as determined by ELISPOT in bm.
One representative of two experiments is shown with 3-5 mice per group. Mann-Whitney U tests used for statistical analysis.
ns p≥0.05, * p< 0.05, ** p< 0.01 and *** p< 0.001, **** p< 0.0001.
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Figure 2.3.5: TFH cells are dispensable for maintenance of the general LCMV-specific antibody response. A)Titers of LCMVspecific IgG in sera of control, CXCR5-/- and M25 chimeras on d20 pi and B) d100 pi in untreated (filled squares) and DTx
treated (empty squares) mice as determined by ELISA. D20 pi corresponds to the first day of DTx treatment. C) Titers of LCMVClone13-GP1-Fc-specific or D) LCMV-Clone13-NP-specific antibodies in untreated (left) and DTx treated (right) control,
CXCR5-/- and M25 chimeras. Serum was pre-diluted 1:20 for ELISA analysis and further diluted in a 3-fold dilution series. Serum
obtained from naïve C57BL/6 mice was used as negative control. One representative experiment of three is shown with 3-5
mice per group. Multiple unpaired t tests with the Holm-Sidak method were used for statistical analysis. ns p≥0.05, * p< 0.05,
** p< 0.01 and *** p< 0.001, **** p< 0.0001.

2.3.4 CXCR5-/- CD4 T cells are found in the GC in absence of TFH cells
As TFH cells were not essential for the maintenance of the overall LCMV-specific IgG titers once they
had been established, we wondered whether non-TFH LCMV-specific CD4 T cells might be able to
interact with B cells and take over some of the functions of TFH cells in the setting of a chronic viral
infection. It has been shown previously that CXCR5-/- CD4 T cells are able to migrate to the T:B border
(Haynes et al., 2007). CD4 T cells might also be passively dragged into the B cell follicle and even into
the GC by cognate B cells forming motile conjugates with LCMV-specific CD4 T cells (Okada et al., 2005).
To analyze whether there is contact between CD4 T cells and B cells in TFH depleted chronically infected
animals, we stained GC B cells (peanut agglutinin (PNA)+), naïve mature B cells (IgD+) and CD4 T cells in
splenic thin sections.
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Figure 2.3.6: GCs contain non- TFH cells in absence of TFH cells. A) Immunofluorescence staining of splenic thin sections of
untreated (upper panel) or DTx treated (lower panel) control (left), CXCR5 -/- (middle) and M25 (left) chimeras for GC B cells
(PNA+; blue), B cell follicles (IgD+; red) and CD4 T cells (yellow). Scale bar: 60 µm B) Ratio of the CD4 and PNA MFI in the area
of the GC. 20-30 GCs in two independent experiments with 3-4 mice per group were analyzed in total. Mann-Whitney U tests
performed for statistical analysis. ns p≥0.05, * p< 0.05, ** p< 0.01 and *** p< 0.001, **** p< 0.0001. C) FACS blots pre-gated
on PD-1+ CD4 T cells. Representative FACS blots for CXCR4 and CXCR5 expression on PD-1+ CD4 T cells at d100 pi in spleen in
untreated or DTx treated control and CXCR5-/- chimeras. D) Quantification of the percentage of CXCR4+ CXCR5- (non-TFH cells,
black) or CXCR5+ (TFH cells, white) cells in untreated or DTx treated control and CXCR5-/- chimeras. E) FACS blots pre-gated on
PD-1+ CD4 T cells. Representative FACS blots for ICOS and CXCR5 expression on PD-1+ CD4 T cells at d100 pi in spleen in
untreated or DTx treated control and CXCR5-/- chimeras. F) Quantification of the percentage of ICOS+ CXCR5- (non-TFH cells,
black) or CXCR5+ (TFH cells, white) cells in untreated or DTx treated control and CXCR5-/- chimeras. One representative
experiment of two is shown with three mice per group.
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In all untreated or DTx treated chimeras GCs were localized regularly in the B cell follicle (Fig. 2.3.6 a).
However, in DTx treated M25 chimeras and therefore in absence of LCMV-specific CD4 T cells, GCs
contained far less CD4 T cells compared to the untreated chimeras as the ratio of CD4 Mean
Fluorescence Intensity (MFI) to PNA MFI in the area of the GC was significantly reduced (Fig. 2.3.6 a,
b). Surprisingly, in contrast, GCs in DTx treated CXCR5-/- chimeras contained similar or even more CD4
T cells in these chimeras without CXCR5+/+ TFH cells compared to untreated CXCR5-/- chimeras (Fig. 2.3.6
b).
Therefore, even in absence of CXCR5+/+ TFH cells there still appears to be intense contact between
LCMV-specific CD4 T cells and B cells, probably contributing to the overall maintenance of the LCMVspecific ASCs and IgG titers.
Next, we analyzed how CXCR5-/- LCMV-specific CD4 T cells might be able to enter into GCs to maintain
LCMV-specific IgG titers in the absence of CXCR5+/+ TFH cells. Possible candidates are CXCR4 (Allen et
al. 2004) and ICOS which regulates GC B cell selection, differentiation and survival (Liu et al., 2015). For
this reason, we analyzed CXCR4 and ICOS expression on PD-1+ CD4 T cells, which comprise the antigenactivated LCMV-specific CD4 T cells (Fig. 2.3.6 c-f). Within the PD-1+ CD4 T cell population we could
identify both CXCR5+ (TFH cells) and CXCR5- (non-TFH cells) cells which stained positive for CXCR4 (Fig.
2.3.6 c, d) and ICOS (Fig. 2.3.6 e, f). However, the percentages of CXCR4+ cells were in general much
higher than the percentages of ICOS+ cells (Fig. 2.3.6 c-f). The percentages of CXCR4+ or ICOS+ cells were
not altered by DTx treatment in both control and CXCR5-/- chimeras, with the exception that CXCR5
expressing cells were absent in DTx treated CXCR5-/- chimeras as expected (Fig. 2.3.6 d, f). In CXCR5-/chimeras we could also detect a PD-1+ CD4 T cell population that was negative for CXCR4 which was
not present in control chimeras (Fig. 2.3.6 c).
Overall, as we could detect CXCR4 and ICOS expressing non-TFH cells, it is conceivable that these cells
might be able to enter the GC reaction and are able to govern differentiation and survival of B cells in
absence of CXCR5+/+ TFH cells.

2.3.5 TFH cells are essential for the generation of LCMV-neutralizing antibodies and control of
chronic LCMV infection
As TFH cells were dispensable for the overall maintenance of the LCMV-specific IgG titers, we next
analyzed the quality of the IgG response. The LCMV-specific antibody response consists at early time
points almost exclusively of LCMV-binding, non-neutralizing antibodies. Precursors for LCMVneutralizing antibodies are infrequent and / or early ablated (Fallet et al., 2016; Sammicheli et al., 2016;
Moseman et al., 2016), leading to late appearance (d40-d80 pi) of neutralizing antibodies in the serum
during persistent LCMV infection (Eschli et al., 2007; Hangartner et al., 2006a; Hangartner et al.,
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2006b). However, neutralizing antibodies are believed to contribute to eventual viral clearance (Ciurea
et al., 2000; Recher et al., 2004; Seiler et al., 1998). Hence, we measured the neutralizing capacity of
sera isolated at d70 pi of untreated or DTx treated chimeras against the inoculum virus. Sera of both
untreated and DTx treated control chimera exhibited about 40% neutralization (Fig. 2.3.7 a). Sera of
untreated M25 chimeras showed a similar neutralizing capacity compared to control chimeras, sera of
untreated CXCR5-/- chimeras an even higher neutralization of about 60- 70% (Fig. 2.3.7 a). Strikingly, in
absence of TFH cells or all LCMV-specific CD4 T cells, the neutralization capacity of sera was reduced to
1-10% (Fig. 2.3.7 a), neutralizing antibodies were thus almost absent in sera of DTx treated CXCR5 -/and M25 chimeras. This clearly shows, that continued presence of LCMV-specific TFH cells is essential
for the generation of neutralizing antibodies upon persistent LCMV infection.
As LCMV-neutralizing antibodies may be key effectors in mediating eventual clearance of a persistent
LCMV infection, we next analyzed viral titers in blood at d20 pi and d70 pi (Fig. 2.3.7 b) as well as in
spleen (Fig. 2.3.7 c) at d100 pi. At d20 pi, before DTx treatment was initiated, all chimeras had
comparable virus titers in blood (about 105 ffu per ml blood, Fig. 2.3.7 b). At d70 pi most of the mice
from the untreated groups and also of the DTx treated control chimeras had either cleared the
infection or displayed reduced viral titers in the blood (Fig. 2.3.7 b), a finding confirmed in the spleen
at d100 pi (Fig. 2.3.7 c). Importantly, DTx treated CXCR5-/- and M25 chimeras showed still comparable
viral titers to d20 pi, and none of these mice had cleared the infection (Fig. 2.3.7 b, c). Therefore,
continuous absence of TFH cells not only affects the generation of neutralizing antibodies, but also
abolishes control of persistent LCMV infection, indicating that TFH-driven generation of neutralizing
antibodies is directly responsible for control of the persistent infection.
To confirm the role of continued TFH activity for induction of neutralizing antibodies and control of
persistent LCMV infection using a different in vivo experimental setup that did not involve irradiation
of mice, we adoptively transferred mixes of mature CD4-DTR and wt or CXCR5-/- T cells into TCRβ-/hosts (Fig. 2.3.8 a). One week after transfer, mice were chronically infected with LCMV Clone13 and
after establishment of the initial LCMV-specific IgG titers, half of the mice were treated with DTx
starting from d20 pi onwards (Fig. 2.3.8 a). As before, depletion of TFH cells in DTx treated CXCR5-/chimeras did not alter the overall titers of the LCMV-specific IgG antibody response in serum at d80 pi
compared to untreated chimeras or DTx treated control chimeras (Fig. 2.3.8 b). Yet, again, LCMVneutralizing antibodies only emerged in presence of TFH cells. Most sera of untreated or DTx treated
control chimeras as well as untreated CXCR5-/- chimeras exhibited robust neutralization of the
inoculating virus on d80 pi (around 40-50%), while sera of DTx treated CXCR5-/- chimeras were generally
unable to neutralize the inoculum (5-10% neutralization) (Fig. 2.3.8 c). Thus, we could confirm with
this second in vivo experimental model that TFH cells, although dispensable for overall maintenance of
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the LCMV-specific IgG responses, are essential for the induction of LCMV-neutralizing antibody
responses.

Figure 2.3.7: TFH cells are essential for the generation of LCMV- neutralizing antibodies and eventual clearance of a
persistent LCMV infection. A) Neutralization of LCMV by serum of untreated or DTx treated control, CXCR5 -/- and M25
chimeras. Pooled data of three independent experiments with 3-5 mice per group. B) Viral titers in blood at d20 and d70 pi
in untreated and DTx treated control, CXCR5-/- and M25 chimeras. C) Viral titers in spleen at d100 pi in untreated and DTx
treated control, CXCR5-/- and M25 chimeras. B)-C) Data of two independently conducted experiments with 3-5 mice per group
have been pooled. Mann-Whitney U tests used for statistical analysis. ns p≥0.05, * p< 0.05, ** p< 0.01 and *** p< 0.001, ****
p< 0.0001.
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Figure 2.3.8: TFH cell functions during establish chronic infection can be confirmed in a TCR-β-/- splenocyte chimera in vivo
model. A) Experimental approach. TCR-β-/- mice received a 50:50 mixture of mature CD4-DTR (CD45.2+) splenocytes and
CD45.1+ B6 (control chimeras) or CXCR5-/- (CXCR5-/- chimeras) splenocytes per adoptive transfer. One week after transfer
chimeras were persistently infected with 2x 106 ffu LCMV Clone13. From d20 pi onwards, continuous DTx treatment every 34 days was initiated. B) Titers of LCMV-specific IgG in sera of control and CXCR5-/- chimeras on d20 (left panel) and d80 pi
(untreated chimeras middle panel; DTx treated chimeras right panel) as determined by ELISA. Serum was pre-diluted 1:20
and further diluted in a 3-fold dilution series. Serum obtained from naïve C57BL/6 mice was used as negative control. Multiple
unpaired t tests with the Holm-Sidak Method were used. C) Neutralization of LCMV by serum of untreated or DTx treated
control and CXCR5-/- chimeras at d80 pi. Mann-Whitney U tests used for statistical analysis. ns p≥0.05, * p< 0.05, ** p< 0.01
and *** p< 0.001, **** p< 0.0001.

2.3.6 TFH cells drive adaptation of the neutralizing antibody response towards contemporary
virus species
So far, we had determined the serum IgG neutralization capacity against the inoculating virus.
However, it is conceivable that mutational escape of LCMV from neutralizing antibodies or CD8 T cell
recognition may occur during a chronic infection (Ciurea et al., 2000; Ciurea et al., 2001a; Ciurea et
al.,2001b).
Therefore, we wondered in how far TFH cells play a role in the adaptation and shaping of the antibody
response towards contemporary viral species. For this purpose, we produced virus isolates and
antibodies from identical time points of single chimeras and tested the neutralization capacity of sera
of the same chimera against the respective contemporary isolate.
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At d20 pi, right before the start of the DTx treatment, little neutralization (10-20%) of the inoculating
virus could be detected, only a few chimeras depicted already a neutralization capacity of around 40%
(Fig. 2.3.9 a, upper left panel). Except for two chimeras, s (20%) and u (15%), no neutralization of the
contemporary virus isolates from d20 pi could be detected (Fig. 2.3.9 a, upper right panel). Generation
of neutralizing antibodies against the contemporary isolate therefore seemed to lack behind the
generation of neutralizing antibodies against the inoculum.
At d70 pi sera of untreated chimeras and DTx treated control chimeras showed robust neutralization
capacity between 40% and 60%, with just one exception (chimera m) (Fig. 2.3.9 a, lower left panel).
Also at this time point of infection neutralization of the contemporary isolate was in general lower
compared to the neutralization against the inoculum in the untreated groups, ranging between 20%
and 40% (Fig. 2.3.9 a, lower right panel). Exceptions were chimeras j and n which exhibited the same
neutralization capacity of their serum against the contemporary isolate and the inoculating virus (Fig.
2.3.9 a, lower panel). Surprisingly, chimera m that did not display neutralization of the inoculum
seemed to be able to neutralize the contemporary isolate (20 % neutralization) (Fig. 2.3.9 a, lower
panel). Sera of chimeras without TFH cells could still neutralize the inoculum to a minor extent (10-20%),
comparable to neutralization on d20 pi (Fig. 2.3.9 a, left panels), but not the contemporary isolates at
d70 pi (Fig. 2.3.9 a, lower right panel). In chimeras without any LCMV-specific CD4 T cells no
neutralizing antibodies could be detected against either the inoculum or the contemporary isolate (Fig.
2.3.9 a, lower panel). In general, the generation of neutralizing antibodies seems to lag behind the
evolution of circulating viral species and TFH cells seem to play an important role in driving the
adaptation towards the contemporary virus species. Moreover, sera isolated on d100 pi of these
chimeras were able to neutralize the virus isolates from d70 pi far better, with neutralizing capacities
ranging from 40% to 60% (Fig. 2.3.9 c). Finally, robust neutralization of the contemporary virus isolate
- and less so of the inoculum - was generally linked to enhanced virus control (Fig 2.3.9 b).
Furthermore, we wondered whether viral evolution in our infection setting is driven predominantly by
neutralizing antibodies or by the CD8 T cell response. Therefore, we used the different contemporary
virus isolates derived from d70 pi blood to infect thioglycollate-induced peritoneal macrophages and
used these infected cells for re-stimulation of CD8 T cells derived from mice acutely infected with the
inoculum virus. The hypothesis was, that contemporary isolates evading control by CTLs would not be
as potent in stimulating CD8 T cells as the inoculum. No significant differences in the total CD8 T cell
number producing INF-ɣ (Fig. 2.3.10 b, e) or TNF (Fig. 2.3.10 b, f) after 6 hours of stimulation with either
the inoculum or any of the contemporary isolates could be detected. This also holds true for gp33tetramer+ CD8 T cells after 3h of stimulation (Fig. 2.3.10 a, c, d). Therefore, we have no indication for
CTLs being a main driving force for viral adaptation during chronic LCMV infection.
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Figure 2.3.9: TFH cells drive the adaptation of the neutralizing antibody response towards the contemporary virus species.
A) Neutralization of sera isolated from single chimeras (indicated by letters) isolated at d20 (upper panel) or d70 (lower panel)
pi against the inoculum (left panels) or the contemporary virus isolates (right panels). Untreated chimeras are marked in
green and DTx treated chimeras are marked in orange. Lines represent effective neutralization of >1.5 SD of the control. One
representative experiment of two is shown. B) Correlation between neutralization against the inoculum (upper panel) or the
contemporary isolate (lower panel) and viral clearance in untreated (green) and DTx treated (orange) control, CXCR5 -/- and
M25 chimeras. Data of three (inoculating virus) or two (contemporary isolates) independently conducted experiments are
shown. C) Neutralization of sera isolated from single chimeras on d100 pi against the contemporary virus isolates extracted
on d70 pi of the respective chimera. Untreated chimeras are marked in green and DTx treated chimeras are marked in orange.
Lines represent effective neutralization of >1.5 SD of the control. One representative experiment of two is shown.

As IL-21-producing CD4 T cells also play a role in maintaining the CD8 T cell response during persistent
LCMV infection (Elsaesser et al., 2009; Fröhlich et al., 2009; Yi et al., 2009), we also analyzed the LCMVspecific CD8 T cell response in our chimeras. The total amount of activated (CD44+) CD8 T cells (Fig.
2.3.11 a, b), as well as the total amount of exhausted (PD-1+) CD8 T cells (Fig. 2.3.11 a, c), was not
affected by absence of TFH or LCMV-specific CD4 T cells as compared to untreated or DTx treated
control chimeras. The production of effector cytokines IFN-ɣ (Fig. 2.3.11 d) and TNF (Fig. 2.3.11 e) after
re-stimulation of CD8 T cells with gp33 peptide was also unaltered by absence of TFH or LCMV-specific
CD4 T cells. However, due to the exhausted state of the CD8 T cells, cytokine production was overall
very modest (Fig. 2.3.11 d, e).
In conclusion, clearance of persistent LCMV infection, as well as viral adaptation during persistent
LCMV infection, is mainly driven by neutralizing antibodies whose generation is strictly dependent on
continued activity of LCMV-specific TFH cells. CD8 T cells might also contribute to the eventual control
but seem not to be directional as CD8 T cell function and numbers were comparable in chimeras with
and without LCMV-specific TFH cells
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Figure 2.3.10: Viral escape is not driven by pressure of CTLs. A) FACS staining for IFN-γ and TNF expression by gp33-tetramere
positive CD8 T cells after 3h of stimulation on macrophages infected with either the inoculum or contemporary isolates
isolated on d70 pi. B) Intracellular FACS staining for IFN-γ or TNF expression by CD8 T cells after 6h of stimulation on
macrophages infected with inoculum or contemporary virus isolates isolated on d70 pi. C) Total number of IFN-γ or D) TNF
producing gp33-tetramer+ CD8 T cells isolated from mice acutely infected with the inoculum and re-stimulated for 3h with
macrophages infected with the inoculum (red) or contemporary virus isolates isolated on d70 pi of single chimeras (indicated
with letters) of untreated (green) or DTx treated (orange) control, CXCR5 -/- and M25 chimeras. Uninfected macrophages
(white) were used as negative control and PMA/Ionomycin re-stimulation as positive control (black). E) Total number of IFNγ or F) TNF producing CD8 T cells isolated from mice acutely infected with the inoculum and re-stimulated for 6h with
macrophages infected with the inoculum (red) or contemporary virus isolates isolated on d70 pi of single chimeras (indicated
with letters) of untreated (green) or DTx treated (orange) control, CXCR5 -/- and M25 chimeras. Uninfected macrophages
(white) were used as negative control and PMA/Ionomycin re-stimulation as positive control (black). Lines indicate the
cytokine production by samples stimulated by the inoculum virus. One representative experiment of two is shown.
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Figure 2.3.11: CD8 T cell responses are unaffected by absence of TFH or LCMV-specific CD4 T cells. A) FACS staining and B) +
C) quantification of total cell numbers of CD44hi (B) or PD-1+ (C) CD8 T cells in untreated or DTx treated control (black),
CXCR5-/-(red) and M25 (blue) chimeras. D) + E) FACS staining and quantification of ΔIFN-γ (D) and ΔTNF (E) production,
substracting values of unstimulated control condition from a gp33-peptide stimulated condition, in untreated or DTx treated
control (black), CXCR5-/- (red) and M25 (blue) chimeras. One representative experiment of two is shown with 3-5 mice per
group. Mann-Whitney U tests performed for statistical analysis, ns p≥0.05, * p< 0.05, ** p< 0.01 and *** p< 0.001, **** p<
0.0001.

2.4 Discussion
Although chronicity of LCMV infection prevails over several weeks, being associated with severe
dysfunction of CD8 and Th1 T cell immunity (Frebel et al., 2010; Wherry 2011; Fuller et al., 2004;
Oxenius et al., 1998), it is eventually controlled in most cases. This offers the unique opportunity to
evaluate mechanistically how chronic viral infections can be naturally controlled in absence of overt
immunopathology. Experimental reinvigoration of CD8 T cell numbers and function, for instance by
blocking co-inhibitory receptors (Barber et al., 2006; Blackburn et al., 2009; Jin et al., 2010), by
provision of additional T cell help (Aubert et al., 2011), by curtailing Tregs (Penaloza-MacMaster et al.,
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2014; Schmitz et al., 2013) or by blocking immunosuppressive cytokines (Brooks et al., 2006; Richter
et al., 2013a; Richter et al., 2013b) was shown to expedite control of the infection. However, it has not
been satisfyingly resolved which immune effector functions are naturally most relevant for resolution
of a chronic infection. As recent studies have noticed that CD4 T cell responses are increasingly skewed
towards TFH cells during chronic viral infections, including HIV-1 infection in humans and LCMV infection
in mice (Fahey et al., 2011; Harker et al., 2011; Lindqvist et al., 2012), it is tempting to speculate that
emphasis on TFH cells might have physiological relevance.
In chronic LCMV infection, constitutive absence of CXCR5 severely impairs LCMV specific IgG responses
and virus control (Fahey et al., 2011). Interestingly, during acute influenza virus infection, constitutive
absence of TFH cells was not abrogating antibody responses and virus-specific Th1 cells were sufficient
to provide B helper functions, leading to the generation of protective antibodies (Miyauchi et al.,
2016). This is partly in line with our data showing that overall LCMV-specific IgG responses were not
affected by depletion of TFH cells after the initial establishment. However, conditional depletion of TFH
cells during established chronic LCMV infection abrogated the development of virus-controlling
antibodies. This indicates a differential requirement for continued activity of TFH cells in the setting of
an acute compared to a chronic infection where viral antigen is abundant and evolving over a
prolonged period of time. Using our new experimental in vivo system we were able to clearly
demonstrate a pivotal role of continued activity of LCMV-specific TFH cells in supporting the late
generation of LCMV-neutralizing antibodies against the inoculating virus but also against
contemporary circulating viruses, enabling control of LCMV infection. Importantly, conditional ablation
of TFH cells or LCMV-specific CD4 T cells did not affect LCMV-specific CD8 T cell immunity as LCMVspecific CD8 T cell numbers and functions were comparable in mice with and without conditional
depletion of TFH or LCMV-specific CD4 T cells. Thus, these results strongly support a key role for T FH
cells and antibodies in natural resolution of chronic LCMV infection.
Concerning the maintenance of the LCMV-binding antibody response during chronic infection in
absence of TFH cells, non-TFH cells were clearly capable of taking over some B helper functions,
analogous to acute influenza infections of mice with constitutive TFH absence (Miyauchi et al., 2016).
This help most likely takes place in the GC as even in absence of TFH cells or LCMV-specific CD4 T cells,
the GC response was, in accordance with previous publications (Arnold et al., 2007; Haynes et al., 2007;
Junt et al., 2005; Voigt et al., 2000), reduced, but not absent. However, in absence of LCMV-specific
CD4 T cells the GCs were devoid of CD4 T cells while LCMV-specific CXCR5-/- CD4 T cells could access
the GC in absence of CXCR5+/+ TFH cells. These LCMV-specific CXCR5-/- CD4 T cells might encounter
cognate B cells at the T:B border by downregulation of CCR7 upon T cell activation, as localization to
the B cell follicle is dependent on both CXCR5 up- and CCR7 downregulation (Hardtke et al., 2005;
Haynes et al., 2007). Through cognate interaction with B cells, CXCR5-/- CD4 T cells may be dragged into
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the GCs as B cells form motile, B cell led, conjugates with cognate CD4 T cells (Okada et al., 2005).
Alternatively, recruitment of LCMV-specific CXCR5-/- CD4 T cells into the GC might be mediated by their
expression of CXCR4 (Allen et al., 2004), which was expressed at high levels on PD-1+ CXCR5-/- CD4 T
cells, comprising most likely the antigen-activated LCMV-specific CD4 T cells. However, the exact
localization and functional attributes of these CXCR4-expressing CD4 T cells within the GC remain to
be determined. Interestingly, in the context of autoimmunity there have been reports about T FH - like
cells which migrate to extrafollicular sites by expression of CXCR4. These cells were able to support
antibody production, even class-switch reactions, by extrafollicular plasmablasts through secretion of
IL-21 and expression of CD40L (Odegard et al., 2008). It needs to be determined whether these cells
might also play a role in maintaining the antibody response in absence of CXCR5+/+ TFH cells during
chronic viral infection. Furthermore, it might be of interest to resolve whether the LCMV-binding
antibodies produced in absence of TFH cells actually arise from the GCs or are generated at
extrafollicular sites.
On a functional level, our data suggest that CXCR5-/- CD4 T cells are able to support LCMV-specific ASC
formation in absence of CXCR5+/+ TFH cells, evidenced by comparable numbers of LCMV-specific ASCs
in spleen and bm in absence of CXCR5+/+ CD4 T cells. However, they have an impaired ability in
promoting generation/ selection of ASCs producing LCMV-neutralizing antibodies and therefore might
not be qualitatively and functionally fully comparable to TFH cells or might not / poorly localize to the
GC light zone where selection processes take place. This is in contrast to the recent findings during
acute influenza virus infection (Miyauchi et al., 2016) where protective antibody responses emerged
independent of TFH cells. Probably the maturation trajectories of protective neutralizing antibodies
differ between LCMV and influenza virus infection in the sense that influenza virus-neutralizing abs
might be much faster and easier generated compared to LCMV-neutralizing antibodies and that the
latter might therefore depend much more on continued activity of TFH cells. Furthermore, in absence
of TFH cells during acute influenza virus infection the protective antibody response was of low-affinity,
indicating that somatic hypermutation (SHM) and affinity selection might play an inferior role in
creating this protective response. However, during chronic viral infections with LCMV, but also other
non-cytopathic viruses, neutralizing antibodies generally have to undergo several rounds of SHM and
affinity selection in the GC to arise in such titers that the spread of the virus can be contained (Eschli
et al., 2007; Burton and Mascola, 2015; Klein et al., 2013). Reasons might be that precursors of B cells
producing neutralizing antibodies occur only in low frequencies and have a low affinity at first - or are
rapidly depleted early during infection (Fallet et al., 2016; Sammicheli et al., 2016; Moseman et al.,
2016; Eschli et al., 2007). In accordance with our results, it has been recently reported in the context
of a HIV vaccination trial, that development of neutralizing antibodies against HIV correlated directly
with the strength of the GC response and is dependent on the quality of the TFH cell response, while
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the emergence of a binding antibody response was not affected by both these factors. Neutralizing
antibodies only emerged in animals which exhibited extensive GC reactions and in which few GC B cells
interacted with one GC TFH cell (Havenar-Daughton et al., 2016). This indicates an essential role for TFH
cells in the selection process of B cells producing neutralizing antibodies in the setting of chronic viral
infections, which is substantiated by the fact that we could not detect any significant LCMVneutralizing antibodies in absence of CXCR5+/+ TFH cells.
Concomitant to the emergence of LCMV-neutralizing antibodies the infecting virus may undergo rapid
mutation to escape detection by these antibodies (Ciurea et al., 2000; Hunziker et al., 2003).
Occurrence of viral escape mutants evading detection by neutralizing antibodies has so far been mainly
studied in systems that were either CTL depleted (Ciurea et al., 2000) or in mouse models with a
reduced CD8 T cell response (Hunziker et al., 2003). Here, we were able to show that neutralization of
contemporary virus isolates is generally delayed compared to neutralization of the inoculum, even in
presence of a normal CD8 T cell response. Together with the finding that the contemporary isolates
and the inoculum comparably activated LCMV-specific CD8 T cells, this indicates that also in a system
in which CD8 T cells are present, neutralizing antibodies are the main drivers of viral escape. Further,
as no neutralization of contemporary isolates can be detected in absence of CXCR5+/+ TFH cells, it seems
that these cells are essential in driving the adaptation of the humoral response towards the mutating
virus. Importantly, the TFH driven appearance of LCMV-neutralizing antibodies leads to viral clearance
of persistent LCMV infection, demonstrating that neutralizing antibodies are main drivers of viral
clearance in established chronic LCMV infection.
Overall, we demonstrate a pivotal role of sustained activity of TFH cell functions during a persistent
LCMV infection as it drives the generation of LCMV-neutralizing antibodies and supports adaptation of
neutralizing antibody responses towards emerging viruses that escape detection of existing antibody
pressure, thereby promoting control of the infection.

2.5 Materials and Methods
2.5.1 Mice
The CD4-DTR mouse line was engineered by targeting a loxP-flanked stop cassette preceding the
primate diphtheria toxin receptor (DTR) into exon 2 of one CD4 allele in C57BL/6 ES cells (construct
design, production, ES cell targeting, selection and generation of germline transmitters was done by
Ozgene, Bentley, Australia) . Gene-targeted mice were then crossed to lck-Cre transgenic mice (Hennet
et al., 1995), leading to excision of the stop cassette during the CD4/ CD8 double positive (DP) stage of
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T cell development in the thymus. CD4-DTR, CXCR5-/- (Förster et al., 1996), CD4-/- (Rahemtulla et al.,
1991), M25 TCR transgenic (Walton et al., 2011), TCRβ-/- (Mombaerts et al., 1992; kindly provided by
Manfred Kopf (ETH Zürich)) and CD45.1+ B6 (Janowska-Wieczorek et al., 2001; Schluns et al., 2002;
Yang et al., 2002) mice were bred and maintained under specific pathogen-free (SPF) conditions at the
ETH Phenomics Center. All knockout (KO) and transgenic mice strains were crossed on C57BL/6
background for more than 10 generations.
Bm chimeras were generated by lethal irradiation with 950 rad (Cs source) of CD4 -/- mice and
intravenous (i.v.) injection of 4x106 bm cells. The donor bm was frozen in 90% fetal calf serum (FCS)
and 10% Dimethylsulfoxide (DMSO) in liquid nitrogen prior to transfer to increase the reconstitution
efficiency of CD4-DTR bm. Bm chimeras were given Borgal (Veterinaria AG) in the drinking water (0.1
%) for 2 weeks after reconstitution. After 8 weeks of reconstitution, bm chimeras were used in
experiments. TCRβ-/- mixed splenocyte chimeras were generated by adoptive transfer of splenocyte
mixtures consisting of each ¼ of the splenocytes isolates from donor spleens. Mice were kept for one
week prior to use in experiments. Mixed bone marrow chimeras and TCRβ-/- mixed splenocyte
chimeras were persistently infected with 2x 106 ffu LCMV Clone13 i.v.. Acute infection was induced
with 200 ffu LCMV Clone13 i.v..
All animal experiments were performed according to institutional guidelines and Swiss federal
regulations, and were approved by the veterinary office of the canton of Zürich (animal
experimentation permission 147/2014).

2.5.2 Virus and viral peptides
The viral peptide gp33-41 (gp33; KAVYNFATM) was purchased from NeoMPS. 1µg / ml of viral peptide
was used to re-stimulate gp33-specific CD8 T cells.
LCMV Clone13 was propagated on BHK-21 cells (Ahmed et al., 1984) and viral titers were determined
as described before (Battegay et al., 1991).
Ex vivo isolates of LCMV were obtained from blood of persistently infected mixed bm chimeras and
propagated in two consecutive rounds on MC57G cells. Viral titers of the virus isolates were
determined as described (Battegay et al., 1991).

2.5.3 Depletion of CD4-DTR derived cells
CD4 T cells derived from CD4-DTR bm compartments were depleted by intraperitoneal (i.p.)
administration of 250 ng / mouse diphtheria toxin (DTx, Sigma-Aldrich Chemie GmbH) diluted in PBS.
For longitudinal depletion, DTx was injected every three to four days.
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2.5.4 Flow cytometry and lymphocyte stimulation
Flow cytometry stainings were performed on blood samples (ca. 30 µl) and splenocytes. Single
splenocytes were obtained by smashing whole spleens through a metal mesh using a syringe plunger.
Blood samples were taken in FACS buffer containing EDTA. Antibodies used for flow cytometry were
purchased from BD biosciences (αCD95-PE, αLy6G-APC-Cy7), ebioscience (αCD38- PERCP-Cy5.1,
αCXCR5-PE, αPD-1-FITC), Invitrogen (Streptavidin-PB) and Biolegend (αCD4-PB, αCD8-PERCP, αCD8ABC-Cy7, αCD3-PE-Cy7, αCD45.1- APC, αCD45.2-FITC, αCD44-BV510, αIFN-γ-PB, αTNF-APC, αCD107aFITC, αCD19-PE-Cy7, αCD138-BV605, αIgD-FITC, αIgM-APC, αTer119-APC-Cy7, αCD3-APC-Cy7, αNK1.1APC-Cy7, αCD11b-APC-Cy7, αCD11c-APC-Cy7, αF4/80-APC-Cy7, α-CXCR4-APC, α-ICOS-Biotin).
Surface stainings of blood lymphocytes and B cells were performed at 4°C for 20 minutes (min). Surface
staining to identify TFH cells was performed with an anti-CXCR5-PE (ebioscience) antibody at room
temperature (RT) for at least 30 min in the dark. Afterwards, all samples were treated with 1ml ACK
lysis buffer for red blood cell lysis for 10 min at RT. Cells were then fixed in PBS containing 1%
paraformaldehyde (PFA). For blockage of Fc receptors, 2.4G2 (rat anti-mouse CD16/CD32) was used
before surface staining in a 1:100 dilution and samples were incubated for 10 min at 4°C.
Cytokine expression was analyzed by intracellular staining in stimulated lymphocytes. CD8 T cells were
either stimulated for 3 or 6 hours (hrs) at 37°C in the presence of Monensin A on thio-macrophages
infected with 0.1 MOI of the inoculating virus or different virus isolates. Or, CD8 T cells were stimulated
with 1µg/ml of the gp33 peptide in presence of Monensin-A for 6 hrs at 37°C. For detection of
degranulation, an anti-CD107a-FITC antibody was added in a 1:100 dilution during stimulation of the
lymphocytes. At first, surface staining was performed for 20min at 4°C followed by the
permeabilization of the cells with 500µl of 2x FACS BD Lysis Solution with 0.08% Tween20 for 10 min
at RT. After a washing step, intracellular staining of IFN-ɣ and TNF was performed for 30 min at RT in
the dark. Samples were stored in PBS containing 1% PFA.
Multiparameter flow analysis was performed on a FACS LSR II flow cytometer (BD) with FACSDiva
software. Data analysis was performed with FlowJo software (FlowJo Enterprise, Version 10).

2.5.5 Production of recombinant LCMV-Clone13-GP1-Fc and LCMV-Clone13-NP
The sequence of the GP1 (amino acids 1 to 265) of the LCMV Clone13 strain was amplified and cloned
into a pHPI vector containing the sequence of the LCMV-WE GP1 and the human IgG1 Fc part. The pHPI
vector is similar to the vector containing WE-GP1-Fc created by Eschli et al. (Eschli et al., 2007), it only
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lacks a hygromycin resistance cassette. Cloning was performed so that the LCMV-WE GP1 sequence
was replaced by the sequence of the Clone 13 GP1. The forward primer used for amplifying the Clone13
GP1 (5’-AAAAACGCGTCGACAGGATGG-3’) added a SalI restriction site to the PCR product and the
reverse primer used for Clone13 GP1 amplification (5’- AAAACCGCCTGCAGCGCTAGTCTCCTAGTGAGG
-3’) added a PstI restriction site to the PCR product. Expression of Clone13-GP1-Fc was performed by
transient transduction of CHO cells with jetPEI according to the manufactures protocol. Transduced
cells were cultured for 2 to 3 days, afterwards the supernatant containing the GP1-Fc was harvested
and used for ELISA analysis.
The gene sequence of the LCMV-Clone13 nucleoprotein (NP) was cloned into the IPTG-inducible
bacterial expression vector pET28b (Novagene) in a way that the gene is under the control of the T7
promoter and that the Clone13-NP is linked to a N-terminal His-Tag (6x His) (forward primer: 5’AAAACCGCTCTAGACAGGCGGCCGCATGTCCTTGTCTAAGG-3’, adding a XbaI restriction site; reverse
primer: 5’ AAAAACGCGGATCCGGGAGTGTCACAACATTTGGGCCTC-3’, adding a BamHI restriction site).
Production of Clone13-NP-His was performed in BL21 bacteria cultured in 100ml of TB medium.
Production was induced when the bacteria reached an OD of 0.8 with 1 mM IPTG (Sigma-Aldrich).
Afterwards bacteria were cultured at 16°C o/n. Then bacteria were harvested, lysed with lysozyme (1
ml per g pellet; Sigma-Aldrich) for 1h at 4°C and further sonicated (140 s, 10s per run and a 20%
amplitude). Afterwards the supernatant was bound to ProtinoR Ni-NTA Agarose beads (100 µl per 2 ml
sample) for 1h at 4°C. Thereafter the sample was loaded to a column and the residue was washed
three times with wash buffer containing increasing amounts of imidazole (0 mM, 40 mM and 150 mM;
Sigma-Aldrich). This was followed by three elution steps with elution buffer containing 250 mM
imidazole. Every washing and elution step was kept for analysis and stored at 4°C. Presence of Clone13NP-His was confirmed by SDS-Page and ELISA.

2.5.6 ELISA
ELISA were carried out in 96-well Nunc Maxisorp Immunoplates (VWR International AG). Plates were
coated overnight at 4°C with the respective specific antigen diluted in 0.1M sodium carbonate buffer
(pH=9,6). For detection of LCMV-specific antibodies plates were coated with 20 µg/ml lysate of LCMVClone13 infected MC57G or as negative control with 20 µg/ml lysate of uninfected MC57G. For
detection of GP1-specific antibodies plates were coated with 1:50 diluted GP1-humanFc and NPspecific antibodies were detected on plates coated with 10 µg/ml of recombinant Clone13-NP.
Development of the ELISA was then performed as described in Eschli et al., 2007. HRPO was detected
by an ABTS color reaction, which was measured 30-60 minutes later with a spectrophotometer
(Spectramax Plus, Molecular Devices) at a wavelength of 405nm.
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2.5.7 ELISPOT
ELISPOT assays for detection of LCMV-specific antibody-secreting cells (ASC) in spleen or bm were
carried out in 96-well Multiscreen-IP PVDF Filter Plates (Millipore). Plates were coated for 90 min at
37°C with the respective antigen diluted in 50µl 1x PBS. For coating 20 µg/ml lysate of LCMV-Clone13
infected MC57G or 20 µg/ml lysate of uninfected MC57G (as negative control) were used, or wells
were treated with 1x PBS only (as further negative control). After coating, plates were blocked with
Roswell Park Memorial Institute (RPMI) medium containing 10% FCS. To obtain single splenocyte
suspensions, spleens were smashed through a metal grid with a syringe plunger. Single cell suspensions
from bm were obtained by flushing the bone of a hind leg with medium und re-suspending the bm
several times with a 10 ml pipet. Single cell suspensions were treated with ACK lysis buffer for 5min at
RT to lyse red blood cells and after a washing step cell numbers were determined using a Neubauer
counting chamber. 1x105 cells per well were transferred in 100 µl RPMI medium (10% FCS) onto the
coated ELISPOT plates. Afterwards, plates were incubated overnight at 37°C without disturbing or
moving them. Then, plates were incubated with 50 µl of a Biotin-coupled anti-mouse IgG antibody
(Jackson Immunoresearch Laboratories Inc.) diluted 1:1000 in PBS. Thereafter, the biotinylated
antibody was detected with AP-coupled Streptavidin (Vector Laboratories) diluted 1:1000 in 50µl of
PBS. Eventually detection was performed using the AP Conjugate Substrate Kit (Biorad). Between every
step plates were washed six times with PBS-T. Counting of spots was performed using the AID ELISpot
reader (CTL, Germany) with the AID ELISpot software (Version 7.0).

2.4.8 LCMV-neutralization assay
Neutralizing capacities of sera isolated from infected mice were tested in a foci-reduction assay. Sera
were heat-treated at 56°C for 10 min to kill all viral particles that might be contained in the sera.
Afterwards sera were diluted 1:6 in Modified Eagles Medium (MEM) containing 2% FCS in a 96-well
plate and a 2-fold dilution series was performed. Then 30 foci-forming units of the respective virus
inoculum or virus isolate were added to the serum dilutions and incubated for 90 min at 37°C in a cell
incubator. Afterwards 50 µl of a MC57G solution (concentration: 8 x 105 cells/ml) were added to the
serum dilutions/ virus mixtures and plates were incubated for further 2 to 4 hours at 37°C in a cell
incubator to allow infection of cells. Thereafter ca. 100µl of a viscous medium, consisting of 1:1 mixed
2% methylcellulose and 2-times Dulbecco Modified Eagles Medium (DMEM) containing 10% FCS, was
added on top of every well to prevent spread of newly formed viral particles by infected cells. Plates
were incubated for 48 hours at 37°C before fixation of the cell layer and visualization of the foci as
described elsewhere (Battegay et al., 1991). Neutralization capacities of sera were determined by
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reference to the number of foci that were counted when MC57G cells were infected with virus, which
was not pre-incubated with serum or infected with virus pre-incubated with naïve serum. Effective
neutralization was determined as neutralization higher than 1.5 SD of the control situation.

2.5.9 Immunohistochemistry and fluorescence microscopy
7 µm thin sections were prepared from frozen spleens embedded in Optimal Cutting Temperature
(O.C.T.) compound (Sakura). Thin sections were air-dried and afterwards fixed in ice-cold acetone for
10 min at RT. Then, thin sections were rehydrated in PBS and blocked with PBS containing 10% goat
serum for 1 h at RT. After blocking, Biotin and Avidin binding sites in tissues were blocked with an
Avidin/Biotin blocking kit (Vector Laboratories) following manufacturer’s instructions. Primary staining
was performed with the following reagents: PNA-Biotin (Sigma-Aldrich), anti-IgD-APC (Biolegend) and
anti-CD4-PE (Biolegend). Antibodies were diluted in blocking buffer and staining was performed for 1
h at RT in the dark. After three washing steps with PBS a secondary staining was performed.
Streptavidin-PB was diluted in blocking buffer and slides were incubated for 45 min at RT in the dark.
Afterwards, slides were again washed three times with PBS and then slides were mounted with Mowiol
(Sigma-Aldrich Chemie GmbH) and air-dried until the Mowiol had hardened. Images were acquired on
the Visitron Confocal System (inverse confocal microscope, Visitron Systems GmbH) with 20x
magnification (20x objective, Type: Plan-Neofluar, Aperture: 0.5; Immersion: Air, Contrast: Ph2) at RT.
Acquisition of fluorescence pictures was performed using Evolve 512 EMCCD cameras (Photometrics).
Data was analysed using Volocity software (version 6.3, PerkinElmer).

2.5.10 Statistical analysis
For statistical analysis non-parametric Mann-Whitney U tests were performed using GraphPad Prism
Software. For statistical analysis of ELISA data multiple unpaired t tests were performed using the
Holm-Sidak Method using GraphPad Prism Software. Statistical significance was determined with * p<
0.05, ** p< 0.01, *** p< 0.001 and **** p< 0.0001.
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2.6 Open Questions
Does absence of TFH cells affect the number of somatic mutations in the variable regions of IgG heavy
and light chains?
It has been reported that TFH cell interaction with cognate B cells in the LZ of the GC can influence how
many rounds of proliferation a B cell undergoes afterwards in the DZ and thereby might influence the
amount of somatic mutations a B cell can acquire (Gitlin et al., 2014). Therefore, it would be of interest
to determine whether conditional ablation of TFH cells or LCMV-specific T cells during persistent LCMV
infection influences the amount of somatic mutations or the localization of somatic mutations in the
variable regions of the IgG heavy and light chains. To address these questions, one could isolate LCMVspecific plasma cells from bm at the endpoint of the infection from untreated or DTx treated CXCR5-/chimeras. Identification of LCMV-specific plasma cells would be achieved using single plasma cell
cultures of sorted plasma cells from the bm. Their LCMV-specificity would be tested using culture
supernatant for ELISA analysis. Afterwards, variable regions of the heavy and light chain genes would
be amplified from single LCMV-specific plasma cells and sequenced to determine the amount and
location of somatic mutations in the variable regions.

How many mutations did virus isolates at various time points after infection acquire compared to
the inoculating virus?
It would be of interest to determine how much the virus isolates derived from circulating viruses at
various time points after infection mutated compared to the inoculating virus stock upon persistent
LCVM infection. Did the contemporary virus isolates only acquire a few mutations? Are there any
hotpots of mutations? To address this question, single virus particles could be isolated by LCMV Plaque
Assay (Welsh & Seedhom 2008) from the bulk stocks of circulating virus isolates or the inoculating
virus. Afterwards, the glycoprotein sequence, containing the neutralizing epitopes (Eschli et al., 2007;
Hangartner et al., 2006) and therefore most likely the site of mutations, would be determined by
Sanger sequencing and sequences obtained from the circulating virus isolates can be compared with
the sequences obtained from the inoculating virus. Alternatively, one could perform next generation
sequencing (NGS) of amplified LCMV GP genes within the inoculation stock and virus isolates from
different time points after infection.

Are ASC created in absence of TFH cells long-lived plasma cells or are the ASC short-lived and
continuously replaced in the bm?
To gain some insights into the longevity of the ASC developed in absence of TFH cells, one could apply
BrdU in drinking water for one or two weeks after conditional depletion of TFH cells in CXCR5-/- chimeras.
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At the endpoint of the infection, BrdU labelling of the ASC in bone marrow could be determined. If the
cells were rather long-lived one would expect more BrdU+ ASC in the bone marrow compared to a case
in which ASC would be rather short-lived. Another possibility would be to analyze CD19 or B220
expression of the ASC in bone marrow at the end point of infection. CD19 or B220 negative ASC are
believed to be rather long-lived and CD19 or B220 low ASC are believed to be rather short-lived.

How can LCMV-specific non-TFH cells maintain the LCMV-specific antibody titers in absence of TFH
cells?
Our data suggest that CXCR5-/- CD4 T cells might enter the GCs in absence of CXCR5+/+ TFH cells by
expression of CXCR4 and might be able to interact and influence B cell survival and differentiation by
ICOS expression. However, other important molecules affecting B cell differentiation and survival are
CD40L and IL-21 (Linterman et al., 2010; Shulman et al., 2014; Liu et al., 2015). Therefore, it would be
of interest to determine the influence of these molecules on the maintenance of LCMV-specific
antibody responses in absence of CXCR5+/+ TFH cells. To determine whether CXCR5-/- CD4 T cells are
capable of IL-21 expression in absence of CXCR5+/+ TFH cells, the IL-21-Kartushka- IL-4-GFP reporter
mouse (Weinstein et al., 2016) could be employed. One could determine IL-21 expression by CXCR5-/CD4 T cells as well as their localization upon persistent LCMV infection in these mice by analysis of
immunofluorescence stainings of splenic thin sections.
Concerning the role of CD40L:CD40 interaction, one could generate chimeras with bone marrow cells
derived from CD4-DTR and CD40L-/- mice. LCMV- specific antibody and overall B cell responses would
be analyzed longitudinally after conditional depletion of CD40L+/+ CD4-DTR derived cells, leaving behind
only CD40L-/- CD4 T cells. We already generated these chimeras and they are currently under
investigation.
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3.1 Abstract
During persistent virus infections with non- or poorly cytopathic viruses B cell dysregulations
commonly occur. These include the induction of hypergammaglobulinemia and the emergence of
significant titers of virus-unspecific antibodies due to CD4 T cell dependent polyclonal B cell activation.
These seemingly unspecific antibody responses interfere with the virus-specific humoral immunity and
thereby delay virus control. However, the exact kinetics and whether these virus-unspecific antibodies
are induced in the B cell follicle or at extrafollicular sites is unclear as well as whether one specific CD4
T cell subset is involved in the polyclonal B cell activation. Here we studied the antibody response with
specificity for 2,4-dinitrophenol (DNP)-Ovalbumin in the context of persistent LCMV infections.
Analysis of the differentiation of DNP-Ovalbumin-specific B cells throughout persistent LCMV infection
revealed that the LCMV-unspecific antibody response is short-lived and seems to be induced
predominantly at extrafollicular sites. Surprisingly, induction of this response was solely dependent on
the presence of gp61-81-specific CD4 T cells. Ablation of the gp61-81-specific CD4 T cell response
abrogated the LCMV-unspecific antibody response, which consequently improved LCMV-specific
humoral immunity and expedited viral control.
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3.2 Introduction
The adaptive immune response during persistent viral infections with non-cytopathic viruses like HIV1, HCV or HBV in humans or with LCMV in the mouse is significantly altered compared to acute /
resolved infections or vaccinations due to continued exposure to high viral antigen burdens. Especially
CD8 T cells, but also Th1 CD4 T cells, undergo a process termed T cell exhaustion. This process
comprises functional and physical impairment of the T cell response, including the loss of proinflammatory cytokine expression and clonal deletion (Wherry et al., 2011; Boni et al., 2007; El-Far et
al., 2008; Radziewicz et al., 2006; Fuller et al., 2004; Oxenius et al., 1998). However, at the same time
CD4 T cell differentiation is markedly skewed towards T follicular helper (TFH) cells throughout these
persistent viral infections (Fahey et al., 2011; Harker et al., 2006; Lindqvist et al., 2012; Petrovas et al.,
2012). TFH cells have vital functions in the regulation of T help dependent antibody responses e.g.
induction of the Germinal Center (GC) response and selection of affinity matured B cell clones (Vinuesa
et al., 2016; Crotty 2014), leading to the assumption that virus-specific antibody responses might gain
importance for the eventual control of such persistent viral infections. Indeed, as shown in the first
results chapter of this thesis, continuous CXCR5+/+ TFH cell activity is required for the generation of
LCMV-neutralizing antibody responses that play a decisive role for the eventual control of the
persistent LCMV infection.
Anti-viral antibody responses are usually comprised of virus- binding and virus- neutralizing antibodies
(Hangartner et al., 2006b). The kinetics of these antibody responses during persistent infection have
been widely studied in the setting of persistent LCMV infections. LCMV-binding antibodies occur early
during the infection and possess indirect protective capacities, particularly when present before the
onset of infection. For example, transfer of LCMV-binding antibodies to naïve mice prior to infection
inhibits establishment of viral persistence via still ill-defined indirect mechanisms (Hangartner et al.,
2006a; Straub et al., 2013; Richter & Oxenius 2013). However, binding antibodies cannot prevent new
infection of host cells (Hangartner et al., 2006).
In contrast, LCMV-neutralizing antibodies are able to inhibit new infection of host cells, presumably by
binding to an epitope on the viral glycoprotein that is crucial for infection. Yet, these neutralizing
antibodies appear rather late (day 40 to 80 post-infection) (Battegay et al., 1993; Eschli et al., 2007;
Hangartner et al., 2006b). One probable reason for this delayed appearance might be the low
precursor frequency of B cells expressing these neutralizing antibodies, and/ or their initial low affinity
for the epitope or an early ablation of B cells expressing neutralizing antibodies (Fallet et al., 2016;
Sammicheli et al., 2016; Moseman et al., 2016). It is therefore possible that B cells being eventually
able to produce LCMV-neutralizing antibodies have to undergo several rounds of proliferation, somatic
hypermutation (SHM) and affinity maturation in the GC (Eschli et al., 2007). Also, severe destruction
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of lymphoid tissue architecture due to sustained CD8 T cell mediated effector functions might
negatively affect the emergence of LCMV-neutralizing antibodies by hampering spatially coordinated
cognate interactions between CD4 T cells and B cells (Odermatt et al., 1991; Battegay et al., 1993;
Eschli et al., 2007).
Another factor contributing to the late appearance of LCMV-neutralizing antibodies is
hypergammaglobulinemia - the strong induction of elevated IgG titers in serum of mice persistently
infected with LCMV (Coutelier et al., 1994; Hunziker et al., 2003; Recher et al.), which has also been
reported during other persistent viral infections like HIV-1 or HCV (Lane et al., 1983; De Milito et al.,
2004; Moir et al., 2009; Meyer et al, 2008; Cheng et al., 1999). Hypergammaglobulinemia is further
associated with the appearance of non-virus-specific antibodies, including autoantibodies (Hunziker et
al., 2003; Lane et al., 1983; Moir et al., 2001; Shirai et al., 1992; Rosa et al., 2005). In the setting of
persistent LCMV infection, the emergence of unspecific antibodies is dependent on CD4 T cells and
their CD40L mediated interaction with unspecific B cells, presenting viral antigen via their MHC II
molecules (Hunziker et al., 2004; Jellison et al., 2007). Reducing the number of CD4 T cells present
during persistent infection or restricting CD4 T cell activation in this setting reduces
hypergammaglobulinemia drastically and positively affects the appearance of LCMV-neutralizing
antibodies (Hunziker et al., 2003; Recher et al., 2004).
However, the exact kinetics of the LCMV-unspecific antibody responses and whether this response
takes place at extrafollicular or follicular sites is unknown. It also remains to be determined whether
long-lived LCMV-unspecific plasma cells can develop during persistent infection or whether the
response is short-lived. Additionally, it would be of interest to establish whether the increase in TFH
cells throughout the persistent infection may support the induction of these LCMV-unspecific antibody
responses.
To address these questions, we analyzed the LCMV-unspecific antibody response throughout a
persistent LCMV Clone13 infection in greater detail by resolving the antibody response against a
hapten, 2,4-dinitrophenol (DNP) coupled to Ovalbumin as carrier protein, as model non-LCMV related
antigen. Moreover, we determined the fate of DNP-Ovalbumin-specific B cells throughout persistent
LCMV infection. Thereby, we discovered that the LCMV-unspecific antibody response seems to be
rather short-lived and most likely takes place at extrafollicular sites. Also, while depending on CD4 T
cells and cognate T: B interactions mediated by CD40:CD40L, presence or absence of TFH cells did not
alter the LCMV-unspecific antibody response. Yet, ablation of the immunodominant LCMV-specific CD4
T cell response (gp61-80-specific) abrogated the appearance of LCMV-unspecific antibodies entirely,
which was beneficial for the LCMV-specific antibody response and eventual termination of the
persistent infection. Taken together, the pronounced CD4 T cell response during the induction of a
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persistent LCMV infection seems to foster the emergence of short-lived LCMV-unspecific
extrafollicular plasmablasts, thereby hampering the LCMV-specific humoral immune response.

3.3 Results
3.3.1 LCMV-unspecific antibodies are induced during persistent LCMV infections
Hypergammaglobulinemia during persistent LCMV infection has been reported previously (Coutelier
et al., 1994; Hunziker et al., 2003) and we first determined the kinetics and the extent of
hypergammaglobulinemia during persistent infection with LCMV Clone 13. To this end, we evaluated
total IgG levels in serum of acutely or persistently LCMV Clone13 infected wildtype (wt) C57BL/6 (B6)
mice at different days (d) post-infection (pi). Sera of naïve mice were used to determine the basal level
of IgG present in serum in absence of an active immune response. In acutely LCMV infected mice, IgG
titers increased until d20 pi and then slowly decreased again until they reached basal levels on d80 pi
(Fig. 3.3.1 A). In contrast, IgG titers increased to a greater extent in persistently infected wt B6 mice
(Fig. 3.3.1 A). An increase of total IgG in serum was even observable until d40 pi (Fig. 3.3.1 A).
Afterwards, titers decreased also in persistently infected mice, however did not reach basal levels until
d80 pi (Fig. 3.3.1 A).
Hypergammaglobulinemia during persistent LCMV infections is commonly associated with the
emergence of not only LCMV-specific antibodies, but also antibodies with diverse non-LCMV related
specificities, even including autoantibodies (Hunziker et al., 2003). Therefore, we determined titers of
non-LCMV-specific antibodies in sera isolated on d20 pi from persistently LCMV Clone13 infected wt
B6 mice. As antigens we chose the hapten 2,4- dinitrophenol (DNP) coupled to the carrier protein
Ovalbumin, as the hapten-specific B cell precursor frequency is quite high (Kettman & Dutton 1970)
and we therefore reasoned that DNP-Ovalbumin specific antibody titers might be easily detectable in
serum. As an alternative not LCMV related and non-self antigen, we tested the response against Hen
Egg Lysozyme (HEL). To confirm the occurrence of autoantibodies, we also analyzed the response
against the self-antigens double-stranded (ds) DNA and Insulin. In contrast to sera of naïve B6 mice,
antibodies against all four selected antigens could be detected in sera of persistently infected wt B6
mice on d20 pi (Fig. 3.3.1 B). Therefore, indeed, production of several LCMV-unspecific antibodies,
comprising also autoantibodies, was induced upon persistent LCMV infection.
For further analysis of the LCMV-unspecific antibody response during persistent infection, we decided
to focus on responses against DNP-Ovalbumin.
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Figure 3.3.1: Hypergammaglobulinemia and the emergence of LCMV-unspecific antibodies upon persistent LCMV infection.
A) Total IgG titers in sera isolated from naïve (grey; control condition), acutely (black circles) or persistently (empty squares)
LCMV Clone13 infected wt B6 mice at the indicated days pi. B) Titers of DNP-Ovalbumin-, Hen Egg Lysozyme (HEL)-, double
stranded (ds) DNA- and Insulin- specific antibodies in sera isolated from persistently LCMV Clone13 infected wt B6 mice on
d20 pi (empty squares) as analyzed by ELISA. Sera were pre-diluted 1:8 (DNP-Ovalbumin, HEL) or 1:5 (dsDNA,Insulin) and then
further diluted in a 3-fold dilution series. Sera of naïve mice (light grey) were used as negative control.; One representative
experiment of two is shown with five mice per group.

3.3.2 LCMV-unspecific antibodies depend on cognate CD4 T cells during persistent LCMV
infection
The induction of polyclonal B cell responses during persistent LCMV infections is dependent on CD4 T
cells and cognate interactions between CD4 T cells and B cells (Hunziker et al., 2003; Jellison et al.,
2006). Therefore, we wanted to ensure that the occurrence of DNP-Ovalbumin specific antibodies
during a persistent LCMV infection is also subjected to the presence of CD4 T cells and cognate T and
B cell interactions as well.
First, we infected wt B6 mice with a high dose of LCMV Clone13 and treated half of the group with the
monoclonal α-CD4 antibody YTS 191.1 every 3 days for 20 days which effectively depleted CD4 T cells
from d3 pi onwards in blood (Fig. 3.3.2 A) and spleen (data not shown). As expected, CD4 T cell
depletion had a major impact on the presence of DNP-Ovalbumin specific, and also HEL-specific,
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antibodies at d20 pi. In absence of CD4 T cells their titers were not detectable by ELISA in contrast to
serum of the untreated mice (Fig 3.3.2 B).
To test for the relevance of cognate interactions between CD4 T cells and B cells, either wt B6 mice or
CD40L-/- mice were persistently infected with LCMV Clone13. Cognate CD40L:CD40 interaction is one
of the major pathways by which CD4 T cells promote B cell activation and differentiation (Kooten &
Banchereau 1997; Banchereau et al., 1994). In contrast to wt B6 mice which exhibited both antibody
responses against DNP-Ovalbumin and LCMV, full CD40L-/- mice neither showed a response against
DNP-Ovalbumin nor LCMV (Fig. 3.3.2 C). In order to evaluate whether LCMV-specific CD4 T cells were
required for the induction of non-LCMV-specific B cell responses, we transferred 1000 or 104 Smarta
CD4 T cells, which express a transgenic T cell receptor (TCR) specific for the LCMV gp61-80 epitope
contained in the viral glycoprotein (Oxenius et al., 1998). Both CD40L-/- groups that received Smarta
CD4 T cells displayed an LCMV-specific antibody response at d15 pi (Fig. 3.3.2 C). Regarding the DNPOvalbumin specific response, only CD40L-/- mice that received 104 Smarta CD4 T cells mounted an
antibody response against DNP-Ovalbumin, but not CD40L-/- mice that received only 1000 Smarta CD4
T cells (Fig. 3.3.2 C). This confirmed on the one hand the importance of CD4 T cells and their cognate
interactions with B cells via CD40:CD40L for the induction of LCMV-unspecific polyclonal B cell
responses. On the other hand, this result implicated that the amount of the available LCMV-specific
CD4 T cell help influences the induction of such LCMV-unspecific antibody responses.
Additionally, hypergammaglobulinemia and the emergence of unspecific antibodies seems to depend
on presentation of LCMV antigens by LCMV-unspecific B cells via their surface MHC II molecules
without B cells being actively infected (Hunziker et al., 2003; Jellison et al., 2006). To test whether this
holds true for DNP-Ovalbumin- specific B cells, we implemented a co-culture between CFSE labelled
naïve Smarta CD4 T cells and DNP-Ovalbumin- specific B cells. The DNP-Ovalbumin-specific B cells were
either isolated from naïve or persistently LCMV Clone13 infected mice on d20 pi. As a control, cocultures of naïve CFSE-labeled Smarta CD4 T cells with DCs, which were either unloaded or loaded with
LCMV gp61 peptide, were set up. The CFSE dilution was then analyzed after 5 days of co-culture by
flow cytometry (Fig. 3.3.2 D) and the percentage of CFSElow Smarta CD4 T cells was determined (Fig.
3.3.2 D). Co-culture of Smarta CD4 T cells with gp61-loaded, in contrast to unloaded, DCs induced a
strong increase in CFSElow Smarta CD4 T cells (Fig. 3.3.2 D), indicating activation and proliferation of
these cells. DNP-Ovalbumin- specific B cells isolated from naïve mice induced a slightly higher dilution
of CFSE and therefore an increase in CFSElow Smarta CD4 T cells compared to unloaded DCs. However,
the percentage of CFSElow Smarta CD4 T cells was significantly higher in co-cultures between Smarta
CD4 T cells and DNP-Ovalbumin-specific B cells isolated from persistently infected wt B6 mice (Fig 3.3.2
D). Yet, CFSE dilution induced by DNP-Ovalbumin-specific B cell isolated from persistently infected
mice did was significantly lower than the dilution induced by gp61-peptide loaded DCs (Fig 3.3.2 D).
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Nevertheless, this indicates that DNP-Ovalbumin-specific B cells during persistent LCMV infection
indeed present viral peptide on their surface, rendering them capable of interactions with cognate CD4
T cells.

Figure 3.3.2: LCMV-unspecific antibodies depend on cognate help by CD4 T cells. A) Representative FACS blots and
quantification of CD4 T cell percentages in wt B6 mice persistently infected with LCMV Clone13. One group was left untreated
(black) and another group was treated throughout with α-CD4 antibody (red) every 3 days for 20 days. B) Titers of DNPOvalbumin- and Hen Egg Lysozyme (HEL)-specific antibodies in untreated (black) and α-CD4 treated (red) mice on pi LCMV
Clone13 infection as analyzed by ELISA. Sera were pre-diluted 1:8 and then further diluted in a 3-fold dilution series. Naïve
sera (light grey) were used as negative control. C) Titers of DNP-Ovalbumin- or LCMV-specific antibodies in sera of naïve (light
grey) or persistently LCMV Clone13 infected wt B6 mice (black) or CD40L-/- mice, which either received no (red squares), 1000
Smarta CD4 T cells (open squares) or 104 Smarta CD4 T cells (open circles), on d15 pi as analyzed by ELISA. Sera were prediluted 1:8 (DNP-Ovalbumin) or 1:20 (LCMV-specific) and then further diluted in a 3-fold dilution series. A)-C) One
representative experiment of two shown, n=3. D) Naïve CFSE-labelled Smarta CD4 T cells were co-cultured with either DCs
(unloaded (middle grey) or gp61 peptide loaded (dark grey)) or DNP-Ovalbumin- specific B cells isolated from naïve (light
pink) or persistently LCMV Clone13 infected (red) wt B6 mice on day20 pi for five days. CFSE dilution was analyzed by flow
cytometry (upper panels) and the percentage of CFSElow Smarta CD4 T cells was quantified. One representative experiment
of two is shown with 3 mice per group. Mann-Whitney U test used for statistical analysis. ns p≥0.05, * p< 0.05, ** p< 0.01
and *** p< 0.001, **** p< 0.0001.
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Overall, the DNP-Ovalbumin specific antibody response is subjected to cognate help by CD4 T cells.
This makes the DNP-Ovalbumin-specific B cells good candidates to further study the kinetics and
regulation of polyclonal LCMV-unspecific B cell responses during persistent LCMV infection.

3.3.3 DNP-specific IgG responses are short-lived
So far, not much is known about the kinetics or longevity of LCMV-unspecific antibody responses. Do
these LCMV unrelated antibodies occur only early during persistent infection or throughout? Do
antibody secreting cells (ASC) producing these LCMV-unspecific antibodies migrate into the bm and
differentiate into long-lived plasma cells?
To address these questions, we first longitudinally determined titers of DNP-Ovalbumin specific
antibodies in sera of persistently LCMV Clone13 infected mice. At d8 pi, virtually no DNP-Ovalbumin
specific antibodies were detectable in sera of the persistently infected mice (Fig. 3.3.3 A). By d20 pi
DNP-Ovalbumin specific antibodies were strongly induced before they declined to lower titers at d40
and d70 pi (Fig. 3.3.3 A). This indicated that DNP-Ovalbumin-specific B cells are activated early during
persistent LCMV infection to secrete DNP-Ovalbumin specific antibodies but that this activation is
much weaker or maybe even absent during later stages.
To directly investigate the kinetics and phenotype of DNP-Ovalbumin-specific B cells during persistent
LCMV infection we performed several flow cytometry stainings of DNP-Ovalbumin-specific B cells in
spleen (Fig 3.3.3 B) and bm (Fig. 3.3.3 C). The overall number of DNP-Ovalbumin-specific isotypeswitched CD19+ B cells in the spleen expanded continuously from d5 pi onwards until peaking on d30
pi. Afterwards hardly any DNP-Ovalbumin-specific B cells could be detected anymore (Fig. 3.3.3 D).
Increased numbers of isotype-switched DNP-Ovalbumin-specific B cells were also detectable in bm on
d30 pi, but, as in spleen, already on d40 pi numbers of DNP-Ovalbumin-specific B cells were drastically
reduced to levels seen in naïve mice (Fig. 3.3.3 E). During persistent infection, differentiation of DNPOvalbumin-specific B cells into IgG switched GC B cells or ASC could be observed. The number of GC B
cells specific for DNP-Ovalbumin however was peaking, as well as the total number of DNP-Ovalbuminspecific B cells in the spleen, between d20 and d30 pi. Afterwards the number of DNP-Ovalbumin
specific GC B cells was fast declining (Fig. 3.3.3 E), although the GC reaction was still ongoing at this
time point pi (data not shown). DNP-Ovalbumin specific ASC in the spleen peaked earlier than DNPOvalbumin specific GC B cells, around d5 and d10 pi. Afterwards numbers were significantly reduced
(Fig. 3.3.3 F). DNP-Ovalbumin specific ASC were also detectable in the bm, yet only on d30 pi in
significant numbers (Fig. 3.3.3 G). These results could be confirmed by ELISPOT analysis as well. DNPOvalbumin specific ASC were mainly detectable in the spleen, yet pre-dominantly early during
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persistent infection, and only few DNP-Ovalbumin specific ASC were detectable in the bm (Fig. 3.3.3
H).
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Figure 3.3.3: Kinetics of DNP-Ovalbumin- specific B cells throughout the course of a persistent LCMV Clone13 infection. A)
IgG titers of DNP-Ovalbumin specific antibodies in sera of naïve (light grey; negative control) or persistently LCMV Clone13
infected (open squares) wt B6 mice at the indicated times pi as analyzed by ELISA. Sera were pre-diluted 1:8 and further
diluted in a 3-fold dilution series. B) Gating strategy for flow cytometry analysis of DNP-Ovalbumin- specific B cells and their
different subsets in the spleen. Isotype-switched ASC are identified as CD138+ CD19-/low, isotype-switched GC B cells are
identified as CD19+ CD95+ CD38-/low. Arrows in the upper panel indicate subsequent gating strategy, it was applied to all plots.
Plots are pre-gated on single-cell lymphocytes and B cells. The DNP-Ovalbumin gate was set using a staining control that did
not contain DNP-Ovalbumin-FITC as opposed to samples from naïve and persistently infected mice. C) Gating strategy for
flow cytometry analysis of DNP-Ovalbumin-specific B cells and their different subsets in the bone marrow (bm). Isotypeswitched ASC are identified as CD138+ CD19-/low. Plots are pre-gated on single-cell lymphocytes. Arrows in the upper panel
indicate subsequent gating strategy; it was applied to all plots. The DNP-Ovalbumin gate was set using a staining control that
did not contain DNP-Ovalbumin-FITC as opposed to samples from naïve and persistently infected mice. D) Quantification of
isotype-switched CD19+ DNP-Ovalbumin-specific B cells in the spleen at indicated days pi. E) Quantification of isotypeswitched CD19+ DNP-Ovalbumin-specific B cells in bm at indicated days pi. F) Quantification of DNP-Ovalbumin specific GC B
cells in the spleen at indicated days pi. G) Quantification of DNP-Ovalbumin specific ASC in the spleen at indicated days pi. H)
Quantification of DNP-Ovalbumin specific IgG ASC in the bm at indicated days pi. I) Quantification of DNP-Ovalbumin specific
IgG ASC by ELISPOT in the bm (blue) and spleen (red) in persistently LCMV Clone13 infected wt B6 mice at indicated days pi.
One representative experiment of three is shown with 5 mice per group. Mann-Whitney U test used for statistical analysis.
ns p≥0.05, * p< 0.05, ** p< 0.01 and *** p< 0.001, **** p< 0.0001.

These results indicated that the induction of LCMV-unspecific antibody responses indeed occurs early
during persistent LCMV infections. The early increase in ASC specific for DNP-Ovalbumin in the spleen
and the fact that DNP-Ovalbumin specific ASC were almost not detectable in the bm, suggests a
differentiation of the DNP-Ovalbumin-specific B cells mainly into extrafollicular plasmablasts.

3.3.4 Reduced LCMV-specific CD4 T cell responses improve LCMV-specific antibody responses
and prevent induction of LCMV-unspecific responses
It was previously demonstrated that reducing the magnitude of the LCMV-specific CD4 T cell response
diminishes hypergammaglobulinemia, but increases the LCMV specific antibody responses and
thereby promotes control of the persistent infection (Recher et al., 2004). We wondered whether a
reduced CD4 T cell response might also affect the occurrence of LCMV-unspecific antibodies.
For this reason, we employed a LCMV Clone13 mutant with a deletion of the immunodominate CD4 T
cell epitope gp61-81 (c13gp61). We then persistently infected transiently CD8 T cell depleted wt B6
mice with either the LCMV mutant c13gp61or its revertant, which again contains the gp61 epitope
(c13 wt) (Fig. 3.3.4 A). The c13Δgp61 mutant cannot induce a gp61-81 specific CD4 T cell responses
upon persistent infection, thus c13Δgp61 infected mice display a reduced overall CD4 T cell response
towards LCMV compared to mice persistently infected with c13 wt.
Strikingly, titers of DNP-Ovalbumin specific antibodies were strongly reduced or almost absent in mice
persistently infected with c13gp61 as opposed to mice infected with c13 wt (Fig. 3.3.4 B). In contrast,
LCMV-specific antibody titers were drastically increased in sera of mice infected with c13gp61 on d35
pi compared to mice infected with c13 wt (Fig. 3.3.4 C). Hence, in absence of the immunodominant
gp61-81 specific CD4 T cell response the induction of LCMV-unspecific antibodies is abrogated, while
LCMV-specific antibody induction is improved.
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Figure 3.3.4: Reduced LCMV-specific CD4 T cell response inhibits emergence of LCMV-unspecific antibodies and improves
the LCMV-specific response. A) Infection model. Wt B6 mice with transiently depleted CD8 T cells were either persistently
infected with wt LCMV Clone 13 (c13 wt) or a LCMV Clone13 mutant lacking the immunodominate CD4 T cell epitope gp61
(c13gp61). On d10 and d35 pi antibody titers in sera, LCMV neutralization and viral titers in spleen were analyzed. B) Titers
of DNP-Ovalbumin-specific antibodies or C) LCMV-specific antibodies in sera of naïve (light grey; negative control), c13 wt
(dark grey) or c13gp61 (red) infected wt B6 mice on d10 and d35 pi as analyzed by ELISA. Sera were pre-diluted 1:8 (DNPOvalbumin) or 1:20 (LCMV) and then further diluted in a 3-fold dilution series. One representative experiment of three shown
with 3 mice per group. Multiple unpaired t tests with Holm-Sidak method used for statistical analysis. D) LCMV-neutralization
capacity of sera isolated from naïve (light grey), c13 wt (dark grey) or c13gp61 (red) infected wt B6 mice on d35 pi. A
monoclonal LCMV-neutralizing antibody (WEN 3.1) was used as positive control. E) Viral titer in spleen from naïve (light grey),
c13 wt (dark grey) and c13gp61 (red) infected wt B6 mice in d10 and d35 pi. One representative experiments of three is
shown with 3-5 mice per group. Mann-Whitney U test used for statistical analysis. ns p≥0.05, * p< 0.05, ** p< 0.01 and ***
p< 0.001, **** p< 0.0001.
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Next, we examined whether these improved titers of LCMV-specific antibodies also contained
neutralizing antibodies and might therefore accelerate LCMV control. We could detect a slight,
although not significant, increase in LCMV neutralization by sera isolated on d35 pi from mice
persistently infected with c13gp61 compared to sera isolated from mice infected with c13 wt (Fig.
3.3.4 D). However, these slight differences seemed to be sufficient to improve viral clearance in spleen
of mice infected with c13gp61 (Fig. 3.3.4 E). On d10 pi both groups infected with either c13 wt or
c13gp61 exhibited similar viral titers in spleen, yet a majority of mice infected with c13gp61 had
cleared the persistent infection in spleen by d35 pi in contrast to mice infected with c13 wt (Fig. 3.3.4E).
We conclude that ablation of the gp61-specific CD4 T cell response not only inhibited the emergence
of LCMV-unspecific antibody responses, but also improved the LCMV-specific response and thereby
expedited viral clearance.

3.3.5 Emergence of LCMV-unspecific antibodies is not dependent on the presence of T follicular
helper cells
So far, it has been shown that the production of LCMV-unspecific antibodies is dependent on CD4 T
cells, but not whether it depends on the activity of T follicular helper (TFH) cells, which are known to
induce T help dependent B cell responses and modulate B cell differentiation (Vinuesa et al., 2016).
Also, differentiation of CD4 T cells is strongly skewed towards TFH cells during persistent viral infections
with non-cytopathic viruses like LCMV (Fahey et al., 2011; Harker et al., 2011). We therefore analyzed
the impact of TFH cells on the induction of LCMV-unspecific antibodies early during persistent LCMV
infection.
At first, we determined the overall numbers of DNP-Ovalbumin-specific B cells in the spleen upon
infection with c13 wt and c13gp61 on d10 and d25 pi (Fig. 3.3.5 C, D). Compared to mice infected
with c13 wt, infection with c13gp61 significantly reduced the overall number of DNP-Ovalbuminspecific B cells on both days pi (Fig. 3.3.5 D). This was also reflected by a reduced number of DNPOvalbumin specific ASC and GC B cells in mice persistently infected with c13gp61 (data not shown).
This is consistent with the strongly reduced DNP-Ovalbumin specific antibody titers in the serum of
these mice (Fig. 3.3.4 D). Next, we determined the overall number of TFH cells in spleen of mice
persistently infected with c13 wt or c13gp61 at the same days pi as before (Fig. 3.3.5 A, B).
Unexpectedly, the number of TFH cells did not differ in mice infected with c13 wt compared to those
infected with c13gp61 (Fig. 3.3.5 B). In addition, overall numbers of GC B cells were not altered by
infection with c13gp61 as well (data not shown). Hence, although infection with c13gp61 resulted
in a reduced CD4 T cell response, this did not impact on the differentiation of CD4 T cells into TFH cells.
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Figure 3.3.5: TFH cells are not required for the induction of LCMV-unspecific antibodies during persistent LCMV infection.
A) Representative FACS blots and B) Quantification of TFH cell numbers in spleen of c13 wt (dark grey) or c13gp61 (red)
infected wt B6 mice on d10 and d25 pi. Naïve mice (light grey) were used as control. C) Representative FACS blots and D)
Quantification of DNP-Ovalbumin-specific B cell numbers in spleen of c13 wt (dark grey) or c13gp61 (red) infected wt B6
mice on d10 or d25 pi. Naïve mice (light grey) were used as control. A)-D) One representative experiment of three is shown
with 3 mice per group. E) Experimental approach. TCRβ-/- mice were reconstituted with 50:50 splenocyte mixtures containing
mature splenocytes from CD4-DTR mice and either CD45.1+ B6 splenocytes or CXCR5-/ splenocytes. Depletion of the CD4-DTR
derived CD4 T cells with 250 ng DTx every week was started in half of the groups together with the onset of persistent LCMV
Clone13 infection. F) Representative FACS blots and quantification of TFH cells in untreated or DTx treated control (black) and
CXCR5-/- (red ) chimeras to control TFH depletion in DTx treated CXCR5-/- chimeras. G) On day 20 pi titers of DNP-Ovalbumin
specific antibodies were determined by ELISA in untreated or DTx treated control (black) or CXCR5-/- (red) chimeras. Sera were
pre-diluted 1:8 and then further diluted in a 3-fold dilution series. Sera of naïve mice (light grey) were used as negative
control.; Multiple unpaired t tests with Holm-Sidak method used for statistical analysis. ns p≥0.05, * p< 0.05, ** p< 0.01 and
*** p< 0.001, **** p< 0.0001.

To study whether TFH cells are required for the induction of DNP-Ovalbumin-specific IgG responses, we
used a splenocyte chimera model. TCRβ-/- mice (Mombaerts et al., 1992), which are lacking all αβ T
cells, were reconstituted with 50:50 splenocyte mixtures derived from CD4-DTR mice and either
CD45.1+ B6 mice (control chimera) or CXCR5-/- mice (CXCR5-/- chimera) (Fig. 3.3.5 E). CD4-DTR mice
express the primate diphtheria toxin receptor (DTR) specifically in CD4 T cells allowing their depletion
with diphtheria toxin (DTx) (Greczmiel et al., unpublished data). CXCR5-/- mice cannot form TFH cells as
CXCR5 is a defining marker of TFH cells which mediates their localization towards the B cell follicle upon
activation (Breitfeld et al., 2000; Schaerli et al., 2000).
In half of the control and CXCR5-/- chimeras, depletion of the CD4-DTR derived CD4 T cells was then
induced before persistent infection with LCMV Clone13 while the rest of the groups remained
untreated (Fig. 3.3.5 E). To control for successful depletion of TFH cells in DTx treated CXCR5-/- chimeras,
total cell numbers of TFH cells were determined at the end of the experiment in spleen (Fig. 3.3.5 F). In
untreated chimeras as well as in DTx treated control chimeras TFH cells could be detected in spleen,
however these cells were entirely depleted in DTx treated CXCR5-/- chimeras as expected (Fig. 3.3.5 F).
On d20 pi, titers of DNP-Ovalbumin specific antibodies were then determined by ELISA in untreated or
DTx treated control and CXCR5-/- chimeras (Fig. 3.3.5 G). Both untreated control and CXCR5-/- chimeras
exhibited titers for DNP-Ovalbumin specific antibodies, as well as the DTx treated control and CXCR5-/chimeras (Fig. 3.3.5 G). The absence of TFH cells at the onset of infection therefore does not seem to
have any impact on the emergence of LCMV-unspecific antibodies and thus TFH cells are unlikely to play
a role in the induction of LCMV-unspecific antibody responses.

3.4 Discussion
Polyclonal B cell activation and hypergammaglobulinemia is commonly induced by persistent
infections with non- or poorly cytopathic viruses like HIV-1 or HCV in humans or LCMV in mice
(Coutelier et al., 1994; Hunziker et al., 2003; Lane et al., 1983; De Milito et al., 2004; Moir et al., 2009;
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Meyer et al, 2008; Cheng et al., 1999). These increased IgG titers contain a substantial proportion of
antibodies that are not specific for the infecting virus - at least when tested using ELISA or Western
Blot and contain antibodies with also self-reactivity and reactivity towards entirely unrelated antigens
such as dinitrophenol as analyzed in this study. In general, titers of these non-virus-specific IgG
responses are much lower compared to virus-specific IgG titers and seem to be of low affinity (Ludewig
et al., 2004). Interestingly, polyclonal B cell activation is correlated with reduced virus-specific IgG titers
and leads to delayed appearance of protective neutralizing antibody responses (Recher et al., 2004).
Thereby, viral persistence might be supported, as neutralizing antibodies are believed to exert
important functions concerning viral control (Ciurea et al., 2000; Recher et al., 2004; Seiler et al., 1998).
The importance of the antibody response for viral control is further emphasized by an extensive shift
of the CD4 T cell differentiation towards TFH cells throughout such persistent viral infections (Fahey et
al., 2011; Harker et al., 2011), while other T cell subsets undergo extensive T cell exhaustion (Wherry
et al., 2011). In the first part of this thesis, we were able to determine that TFH cells are absolutely
essential for induction of protective LCMV-neutralizing antibodies which in turn mediated termination
of the persistent infection.
In persistent viral infections, hypergammaglobulinemia and polyclonal B cell activation are dependent
on CD4 T cells and their CD40:CD40L mediated cognate interaction with unspecific B cells, presenting
viral antigen on their surface MHC II molecules (Hunziker et al., 2003; Recher et al., 2004; Jellison et
al., 2007). However, it is unknown where these unspecific B cell responses are localized in the follicle
or in extrafollicular patches, or whether these responses can give rise to long-lived plasma cells. In
addition, it is unclear whether the accumulation of TFH cells during these persistent infections might
support or even induce these virus-unspecific antibody responses. Addressing these questions, we
were able to elucidate the kinetics of the LCMV-unspecific antibody response and to determine the
influence of the CD4 T cell response, especially TFH cells, in greater detail. Thereby we analyzed the
antibody response towards a 2,4-dinitrophenol (DNP)-Ovalbumin antigen and followed the
differentiation of DNP-Ovalbumin-specific B cells in the setting of a persistent LCMV Clone13 infection.
Our data suggest that the LCMV-unspecific antibody response is rather short-lived and occurs mostly
due to antibody production by extrafollicular plasmablasts. The extrafollicular antibody response
emerges early during the immune response and usually produces a first wave of low- affinity antibodies
(Victora & Nussenzweig 2012). Usually, these are IgM antibodies, however class-switch reactions can
occur extrafollicularly as well (Marshall et al., 2011). Thus, the early peak in DNP-Ovalbumin-specific
antibodies substantiates our hypothesis. Further indications were the expansion of DNP-Ovalbuminspecific ASC that could only be observed early after the induction of the persistent infection and was
mostly confined to the spleen, which is one feature of extrafollicular antibody responses (MacLennan
2003). Also, DNP-Ovalbumin-specific ASC could only be found scarcely in the bm and exclusively
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around the peak of DNP-Ovalbumin-specific ASC in spleen. This further suggests that these LCMVunspecific ASC might be quickly replaced by long-lived, supposedly LCMV-specific, plasma cells that
were induced during the GC reaction (Allen et al., 2007a; Tarlington et al., 2008; Roth et al., 2014),
where LCMV-unspecific B cells seemed to be outcompeted quickly. Moreover, it has been reported
that autoantibodies found during LCMV infection are mostly of low-affinity and that their responses
mostly peaked at d20 pi (Ludewig et al., 2004), which is in accordance with our findings. The lowaffinity of these autoantibodies and the timeframe once more hints at an extrafollicular plasmablast
response, which needs to be analyzed in greater detail.
Interestingly, however, in the context of Salmonella typhimurium infection (De Niro et al., 2015) and
for some models of autoimmunity (William et al., 2002; William et al., 2005) it has been reported that
the antibody response takes place predominantly at extrafollicular sites. In case of Salmonella
infection, this antibody response initially even appears to be mostly Salmonella-unspecific (Di Niro et
al., 2015). However, in both autoimmunity models and Salmonella infection SHM and affinity
maturation occurred during these extrafollicular responses (William et al., 2002; William et al., 2005;
Di Niro et al., 2015). In Salmonella infection this induced a drastic increase of the previously
unmeasurable specificity of seemingly “unspecific” antibodies for Salmonella (Di Niro et al., 2015). It
would be of interest to determine whether some of the LCMV-unspecific antibodies might also have
some undetectable specificity for LCMV that can be increased by SHM and whether LCMV-unspecific
antibodies are generally subjected to SHM and affinity maturation despite appearing to be produced
extrafollicularly.
Concerning the involvement of CD4 T cells in the polyclonal B cell activation, we could determine that
it is dependent on virus-specific CD4 T cells. Restricting the CD4 T cell response improved the virusspecific antibody response and improved viral clearance as has been reported before (Recher et al.,
2004). Surprisingly, however, one single LCMV epitope seemed to be solely responsible for the
polyclonal B cell activation in our infection setting. Exclusion of gp61-specific CD4 T cells from the
response abrogated the induction of LCMV-unspecific antibodies completely. Interestingly, gp61 is the
immunodominate epitope (Varga et al., 1998), being recognized by most LCMV-specific CD4 T cells.
However, these results stand in contrast to previous findings showing that B cells which were coated
with other LCMV-derived CD4 T cell epitopes could be activated and produce antibodies upon LCMV
infection, although admittedly to a lower extent than gp61-peptide coated B cells (Jellison et al., 2007).
Moreover, peptide coating of these B cells was conducted in vitro which makes it possible that these
results do not reflect physiological conditions. However, the dependence on one sole epitope should
be analyzed in further detail.
Of special interest was also the role of TFH cells in polyclonal B cell activation upon persistent LCMV
infection, especially in light of the enhanced CD4 differentiation towards TFH cells during persistent
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infection (Fahey et al., 2011; Harker et al., 2011). Enhanced TFH cell differentiation and accumulation
of these cells has already been associated with the induction of several autoimmune diseases like
Systemic lupus erythematosus (SLE), Sjögren’s syndrome or rheumatic arthiritis (RA) in humans (Crotty
2014; Simpson et al., 2010; Choi et al., 2015; Ma et al., 2012; Szabo et al., 2013; Szabo et al., 2016), or
B cell dysfunctions in HIV infection (Vinuesa 2012). In addition, previous publications could correlate
the accumulation of TFH cells during LCMV infection in lymphopenic mice with enhanced polyclonal B
cell activation and hypergammaglobulinemia (Preite et al., 2015; Baumjohann et al., 2013). But, there
also have been reports that TFH cell dysfunction in HIV-1 infection might rather be a result of B cell
exhaustion (Cubas et al., 2013) or screwed ratios of TFH to T follicular regulatory (TFR) cells (Miles et al.,
2015). In case of persistent LCMV infection it could also be shown that increasing the number of TFH
cells by NK cell depletion (Cook et al., 2015) actually had a similar beneficial effect on the LCMV-specific
antibody response as restricting the overall CD4 T cell response (Recher et al., 2004). Employing
conditional depletion of TFH cells before and throughout persistent LCMV infection, we were able to
determine that TFH cells did not appear to be involved in the induction or regulation of the polyclonal
B cell activation, as DNP-Ovalbumin-specific antibodies could also be detected in serum of infected
mice in absence of TFH cells. This furthermore supports the later reports, stating that an accumulation
of TFH cells does not have per se a negative influence on virus-specific antibody responses. Moreover,
our data suggest that another LCMV-gp61-specific CD4 T cell subset is responsible for the induction of
LCMV-unspecific antibody responses. One candidate would be a CD4 T cell population with TFH cell
characteristics that was identified to support extrafollicular antibody responses in a mouse model for
SLE (Odegard et al., 2008). Another possibility is that the massive disruption of the lymphoid
architecture (Borrow et al., 1995; Odermatt et al., 1991) increases the available help by LCMV-specific
CD4 T cells (without TFH cell characteristics) by enabling contact between antigen-activated CD4 T cells
and B cells that would not take place otherwise. When the lymphoid structure is reorganized at later
stages of the persistent infection, access of LCMV-specific CD4 T cells to LCMV-unspecific B cells might
be restricted again, inducing the reduction in virus-unspecific antibody responses.
Overall, this leads us to the conclusion that a subset of CD4 T cells specific for the immunodominate
gp61-epitope supports polyclonal B cell activation at the onset of a persistent LCMV infection.
However, this response seems to be rather short-lived and taking place at extrafollicular sites.
Abrogation of the virus-unspecific response by ablation of gp61-specific CD4 T cell help resulted in an
improved LCMV-specific antibody response and enhanced viral clearance, implicating that the virus,
among other strategies, might employ the induction of an extensive gp61-specific CD4 T cell response
to weaken the virus-specific antibody response and evade recognition.
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3.5 Materials and Methods
3.5.1 Mice
C57BL/6 mice were obtained from Janvier Elevage. CD4-DTR (Greczmiel et al., unpublished data),
CXCR5-/- (Förster et al., 1996), CD45.1+ B6 (Janowska-Wieczorek et al., 2001; Schluns et al., 2002; Yang
et al., 2002), CD40L-/- (Renshaw et al., 1994), TCRβ-/- (Mombaerts et al., 1992; kindly provided by
Manfred Kopf (ETH Zürich)) and Ly5.1 x Smarta mice (Oxenius et al., 1998) were bred and maintained
under SPF conditions at the ETH Phenomics Center. All KO and transgenic mice strains were crossed
on C57BL/6 background for more than 10 generations.
To create mixed splenocyte chimeras, TCRβ-/- mice received splenocytes mixtures consisting of each ¼
of the splenocytes isolates from donor spleens. Mice were kept for one week prior to use in
experiments.
All animal experiments were performed according to institutional guidelines and Swiss federal
regulations, and were approved by the veterinary office of the canton of Zürich (animal
experimentation permission 147/2014).

3.5.2 Virus and viral peptides
The viral peptides gp61-81 (gp61; GLNGPDIYKGVYQFKSVEFD) was purchased from NeoMPS. 1µg/ ml
of viral peptide diluted in RPMI (10% FCS, PSG) medium was used to load DCs with peptide for 1h at
37°C.
Strains of LCMV used in this study were LCMV Clone13 wildtype, LCMV Clone13 mutant lacking the
gp61 epitope (c13gp61) and its revertant c13 wt, which again contained the viral epitope gp61.
c13gp61 and its revertant c13 wt were kindly provided by Daniel Pinschewer (Universität Basel,
Switzerland). All LCMV Clone13 strains were propagated on BHK-21 cells (Ahmed et al., 1984) and viral
titers were determined as described before (Battegay et al., 1991). Mice were infected with 2 x 106 ffu
i.v. of the respective virus strain for persistent infection. Acute infection was induced by infection with
200 ffu LCMV Clone13 i.v..

3.5.3 Depletion of CD4 and CD8 T cells
CD4 T cells were depleted by intra-peritoneal (i.p.) injection of 600 µg /per mouse in 200 µl PBS of the
α-CD4 monoclonal antibody YTS 191.1 (BioXCell). Prolonged depletion of CD4 T cells was achieved by
repeated injections of the antibody every three days.
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CD8 T cells were transiently depleted before persistent infection with c13gp61 or its revertant c13
wt. This was achieved by two i.p. injections three and one day prior to infection of 200µg/ per mouse
in 200 µl 1x PBS of the α-CD8 monoclonal antibody YTS 169.4 (BioXCell).

3.5.4 Preparation of DNP-Ovalbumin
For coupling of DNP to Ovalbumin, 27,6 mg of Ovalbumin were dissolved in 5 ml of a 0.15 M K 2CO3
solution while gently stirring the solution. Then 100 mg of 2,4-dinitrobenzene sodium sulfonate (DNBS)
were dissolved in 1ml of pre-warmed (37°C) ddH2O. The DNBS solution was then added slowly, dropby-drop to the Ovalbumin solution. Afterwards, the reaction was covered with foil to prevent exposure
to light and gently stirred at RT o/n. The next day, dialysis was performed to exchange the K2CO3
solution with a 0.001 M phosphate buffer in a 3ml Slide-A-Lyzer™ Dialysis Cassette (10K MWCO;
Thermo-Scientific) for two to three days with two to three buffer exchanges per day. Afterwards, the
DNP-Ovalbumin solution was removed from the dialysis cassette and centrifuged at full speed for 20
min at 4°C to remove precipitates. Then, the concentration of DNP-Ovalbumin was determined in the
supernatant using a NanoDrop. DNP-Ovalbumin was afterwards stored in small aliquots at -20°C. Once
an aliquot was thawed, re-freezing of the remaining solution was avoided. Instead the aliquot was kept
at 4°C and exposure to light was avoided. At 4°C DNP-Ovalbumin was stable for about two weeks.

3.5.5 Coupling of DNP-Ovalbumin to Fluorescein isothiocyanate (FITC) for flow cytometry
stainings
1mg of DNP-Ovalbumin was first dialysed, and thereby also concentrated, against a FITC coupling
buffer (0.05 M boric acid, 0.2M NaCl, pH 9.2) using a Pierce™ Protein Concentrator PES (10K MWCO;
Thermo- Scientific) tube. Dialysis and concentration was performed by centrifugation for 20 minutes
at 4°C at 4000xg as described in the manufactures protocol. After each centrifugation step the flowthrough was discarded and new coupling buffer was added to the dialysis chamber. After the last
centrifugation step, DNP-Ovalbumin (now contained in ca. 100 µl of the FITC-coupling buffer) was
removed from the dialysis chamber and incubated with 10µl of a freshly prepared 1mg/ml Fluorescein
(Sigma-Aldrich) in dimethylsulphoxid (DMSO) solution for 1h at 37°C in the dark (waterbath).
Afterwards, DNP-Ovalbumin-FITC was purified using a Disposable PD 10 Desalting Column (GE
Healthcare) following the manufacturer’s protocol. DNP-Ovalbumin-FITC was concentrated using a
Pierce™ Protein Concentrator PES (10K MWCO; Thermo- Scientific) tube by centrifugation for 20 min
at 4°C and 4000xg. The concentrated DNP-Ovalbumin-FITC was stored at 4°C in the dark and used for
flow cytometry analysis. As DNP-Ovalbumin is only stable for two weeks at 4°C, DNP-Ovalbumin-FITC
needed to be prepared regularly.
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3.5.6 Flow cytometry and lymphocyte stimulation
Flow cytometry stainings were performed on blood samples (ca. 30 µl), splenocytes and bm cells.
Single splenocytes were obtained by smashing whole spleens through a metal mesh using a syringe
plunger. Blood samples were taken in FACS buffer containing EDTA. Single bone marrow cells were
obtained by flushing the bone with 1xPBS and resuspending the thereby isolated bone marrow
vigorously with a 10 ml pipette. Antibodies used for flow cytometry were purchased from BD
biosciences (αCD95-PE, αLy6G-APC-Cy7), ebioscience (αCD38- PERCP-Cy5.1, αCXCR5-PE, αPD-1-FITC)
and Biolegend (αCD4-PB, αCD4-BV605 , αCD8-PERCP, αCD3-PE-Cy7, αCD44-BV510, αIFN-γ-APC, αTNFFITC, , αCD19-PE-Cy7, αCD138-BV605, αIgD-BV510, αIgM-APC, αTer119-APC-Cy7, αCD3-APC-Cy7,
αNK1.1-APC-Cy7, αCD11b-APC-Cy7, αCD11c-APC-Cy7, αF4/80-APC-Cy7).
Surface stainings of blood lymphocytes and splenocytes to determine CD4 T cell depletion efficacy was
performed at 4°C for 20 min. Surface staining to identify TFH cells was performed with an anti-CXCR5PE (ebioscience) antibody at RT for at least 30 min in the dark. Afterwards, all samples were treated
with 1ml ACK lysis buffer for red blood cell lysis for 10 min at RT. Cells were then fixed in PBS containing
1% PFA. For blockage of Fc receptors, 2.4G2 (rat anti-mouse CD16/CD32) was used before surface
staining in a 1:100 dilution and samples were incubated for 10 min at 4°C.
DNP-Ovalbumin-specific B cells were stained using self-made DNP-Ovalbumin coupled to the
fluorophore FITC. At first surface staining of B cells with α-CD19, α-CD138, α-CD95, α-CD38, α-IgD and
α-IgM (all purchased from BioLegend and used in 1:250 dilution) was performed at 4°C for 20 min after
blocking Fc receptors as described above. Then DNP-Ovalbumin-specific B cells were stained
intracellularly using the BD Cytoperm/Cytofix Kit (BD bioscience) following the manufacturer's
instructions. DNP-Ovalbumin-FITC solution (ca. 1 mg/ml) was used in a 1:50 dilution for staining.
Multiparameter flow analysis was performed on a FACS LSR II flow cytometer (BD) with FACSDiva
software. Data analysis was performed with FlowJo software (FlowJo Enterprise, Version 10).

3.5.7 CFSE labelling and co-culture of Smarta CD4 T cells and DNP-Ovalbumin-specific B cells
DNP-Ovalbumin- specific B cells were obtained by FACS sorting from naïve or persistently LCMVClone13 infected mice on d20 pi. Single cell suspensions of splenocytes were recovered as described
above (Chapter 2.5.6) and treated for 3min with ACK lysis buffer to dissolve erythrocytes. Surface
staining of DNP-Ovalbumin-specific B cells was performed with DNP-Ovalbumin-FITC for 30 min at RT
in the dark in 1xPBS containing 10%FCS and 2mM EDTA (Sorting buffer). After a washing step with
sorting buffer cells were purity FACS sorted using a FACS Aria (BD) with FACSDiva software.
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At the same time, Smarta CD4 T cells were negatively selected by MACS (Miltenyi Biotech). At first
single cell suspensions from Smarta spleens were obtained as before. Then suspensions were
incubated with a mixture of biotinylated antibodies against CD19, CD11b, Ly-6C and Dx5 (all purchased
from BD bioscience) diluted 1:100 in sorting buffer for 20 min at 4°C. After a washing step, the cell
pellets were then incubated with a mixture of different MACS microbeads (Miltenyi Biotech) against
CD8, CD11c and Biotin diluted 1:100 in sorting buffer for 20 min at 4°C. After another washing step,
negative selection was performed using a MS MACS column (Miltenyi Biotech) following the
manufacturer’s instructions.
After MACS sorting, obtained CD4 T cells were labelled with CFSE (Sigma-Aldrich). At first, cells were
resuspended in 2ml RPMI medium containing 10% FCS (R10 medium) and then were incubated for 2
min at 37°C in a water bath. Then, a 5mM CFSE solution was added in a 1:1 ratio to the cells and the
mixture was incubated for further 12 min at 37°C. Afterwards, the cells were washed twice with icecold R10 medium and then incubated for 10 min in 14ml of R10 medium to quench the reaction.
Afterwards, cells were centrifuged for 5min at 1600 rpm at 4°C once more and resuspended in R10
medium. The cell number was determined using a Neubauer counting chamber.
For co-culture, 104 DNP-Ovalbumin- specific B cells and 6x104 CFSE labelled Smarta CD4 T cells were
seeded into a 96-U-bottom well plate (1:6 ratio). As a negative control, Smarta CD4 T cells were seeded
in wells of the 96-well plate alone. As positive control, 6x104 CFSE-labelled Smarta CD4 T cells were
seeded with 104 DCs which were either unloaded or loaded with gp61 peptide. Afterwards, cells were
co-cultured for 5 days in a cell incubator. Thereafter, CFSE dilution in Smarta CD4 T cells was measured
by flow cytometry on a FACS LSR II flow cytometer (BD) with FACSDiva software. Data analysis was
performed with FlowJo software (FlowJo Enterprise, Version 10).

3.5.8 ELISA
ELISA were performed using 96-well Nunc Maxisorp Immunoplates (VWR International AG). Plates
were coated overnight at 4°C with the respective specific antigen diluted in 0.1M sodium carbonate
buffer (pH=9,6). For detection of LCMV-specific antibodies plates were coated with 20 µg/ml lysate of
LCMV-Clone13 infected MC57G or as negative control with 20 µg/ml lysate of uninfected MC57G. For
detection of DNP-Ovalbumin-specific antibodies the plates were coated with 30 µg of DNP-Ovalbumin.
For detection of Hen Egg Lysozyme (HEL) or double stranded (ds) DNA specific antibodies plates were
coated with 10µg/ml solutions of the respective antigen (HEL and dsDNA obtained from SigmaAldrich). Lastly, for detection of Insulin-specific antibodies plates were coated with 50µg/ml Insulin
(Sigma-Aldrich). Afterwards the coating, plates were blocked with 1% BSA in PBS for 2 hrs at RT. On a
parallel plate, sera were pre-diluted either 1:40 (LCMV-specific antibodies), 1:8 (DNP-Ovalbumin- or
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HEL-specific antibodies) or 1:5 (dsDNA- or Insulin-specific antibodies) in 1x PBS containing 0.1% BSA
and then a 3-fold dilution series was performed. Then, 100 µl per well of the diluted sera were
transferred to the antigen-coated ELISA plates and incubated for 1h at RT. Thereafter, plates were
incubated for 1h at RT with an HRPO-coupled goat anti-mouse IgG antibody (Sigma) diluted 1:500 in
PBS containing 0.1% BSA. HRPO was detected by an ABTS color reaction, which was measured 60
minutes later with a spectrophotometer (Spectramax Plus, Molecular Devices) at a wavelength of
405nm. Between each step plates were washed three times with PBS-T.).
For determination of total serum IgG titers plates were directly coated with 50µl of serum obtained
from infected or naïve B6 mice. After the blocking step, detection of mouse IgG antibodies was
performed.

3.5.9 ELISPOT
ELISPOT assays for detection of DNP-Ovalbumin-specific antibody secreting cells (ASC) in spleen or bm
were carried out in 96-well Multiscreen-IP PVDF Filter Plates (Millipore). Plates were coated for 90 min
at 37°C with 30µg/ml DNP-Ovalbumin diluted in 50µl 1x PBS. As negative control, some wells were
treated with 1x PBS alone. After coating, plates were blocked with R10 medium. To obtain single
splenocyte suspensions, spleens were smashed through a metal grid with a syringe plunger. Single cell
suspensions from bm was obtained by flushing the bone of a hind leg with medium und resuspending
the bone marrow several times with a 10 ml pipette. Single cell suspensions were treated with ACK
lysis buffer for 5min at RT to lyse red blood cells and after a washing step, cell numbers were
determined using a Neubauer counting chamber. 1x105 cells per well were transferred in 100 µl R10
medium onto the coated ELISPOT plates. As positive control, some wells received instead of cells a
1:1000 dilution of a goat anti-DNP polyclonal antibody mixture (Jackson Immunoresearch Laboratories
Inc.). Afterwards, plates were incubated overnight at 37°C without disturbing or moving them. Then,
plates were incubated with 50 µl of a Biotin-coupled anti-mouse IgG antibody (Jackson
Immunoresearch Laboratories Inc.) diluted 1:1000 in 1xPBS. Thereafter, the biotinylated antibody was
detected with AP-coupled Streptavidin (Vector Laboratories) diluted 1:1000 in 50µl of 1xPBS.
Eventually detection was performed using the AP Conjugate Substrate Kit (Biorad). Between every step
plates were washed six times with PBS-T. Counting of spots were performed using the AID ELISpot
reader (CTL, Germany) with the AID ELISpot software (Version 7.0).

3.5.10 LCMV-neutralization assay
Neutralizing capacities of sera were tested in a foci-reduction assay. Sera were first heat-treated at
56°C for 10 min to kill all viral particles that might be contained in the sera. Afterwards, sera were
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diluted 1:4 in Modified Eagles Medium (MEM) containing 2% FCS in a 96-well plate and a 2-fold dilution
series was performed. Then 50 foci-forming units of the respective virus inoculum was added to the
serum dilutions and incubated for 90 min at 37°C in a cell incubator. Afterwards 200 µl of the serumvirus mixtures were transferred onto 200 µl of a MC57G solution (concentration: 8 x 105 cells/ml)
seeded in 24-well plates. Afterwards the plates were incubated for two to four hrs in a cell incubator
to allow infection of cells. Thereafter circa 200µl of a viscous medium, consisting of 1:1 mixed 2%
methylcellulose and 2-times Dulbecco Modified Eagles Medium (DMEM) containing 10% FCS, was
added on top of every well to prevent spread of newly formed viral particles by infected cells. Plates
were incubated for 48 hours at 37°C before fixation of the cell layer and visualization of the foci as
described elsewhere (Battegay et al., 1991). Neutralization capacities of sera were determined by
reference to the number of foci that were counted when MC57G cells were infected with virus which
was not pre-incubated with serum or infected with virus pre-incubated with naïve serum.

3.5.11 Statistical analysis
For statistical analysis non-parametric Mann-Whitney U tests were performed using GraphPad Prism
Software. For statistical analysis of ELISA data multiple unpaired t tests were performed using the
Holm-Sidak Method using GraphPad Prism Software. Statistical significance was determined with *, p<
0.05, **, p< 0.01 and *** p< 0.001, **** p< 0.0001.

3.6 Open questions
Does the DNP-Ovalbumin-specific antibody response occur solely at extrafollicular sites?
Our data imply that the LCMV-unspecific antibody response occurs predominantly at extrafollicular
sites. To ultimately prove the extrafollicular nature of the antibody response one could for instance
employ mice that are unable to form GCs i.e. Bcl6-/- mice (Fukuda et al., 1997). These mice could be
infected persistently with LCMV Clone13 and it could be determined if a DNP-Ovalbumin-specific
response occurs and if yes, whether it is comparable to the response observed in persistently infected
wt mice. Another possibility would be to either infect mice persistently with LCMV Clone13 or
immunize mice with DNP-Ovalbumin in presence of Complete Freund’s adjuvance (CFA) and then apply
an early BrdU pulse. Thereby one could determine whether DNP-Ovalbumin-specific B cells proliferate
more rapidly during persistent LCMV infection in line with an extrafollicular antibody response
(MacLennan 2003) in contrast to the immunization setting in which DNP-Ovalbumin-specific B cells
should undergo a GC reaction.
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Does SHM occur in LCMV-unspecific B cells?
Somatic hypermutation has been shown to occur in extrafollicular antibody responses for example in
Salmonella infections, where the initial antibody response is seemingly predominantly Salmonella
unspecific (Di Niro et al., 2015). Therefore, it would be interesting to determine whether SHM also
occurs in the LCMV-unspecific antibody response. To analyze this, one could employ DNP-Ovalbuminspecific B cells isolated on d20 after either a persistent LCMV infection or an antigen-specific
immunization in presence of CFA. Afterwards the number of somatic mutations would be determined
by NGS in the variable regions of heavy and light chains of these DNP-Ovalbumin-specific B cells. As we
hypothesis that DNP-Ovalbumin-specific B cells during persistent LCMV infection undergo an
extrafollicular antibody response whereas active immunization would induce a DNP-Ovalbuminspecific GC response, which is the site where SHM predominantly occurs, comparing both conditions
would give us a good idea whether DNP-Ovalbumin-specific B cells are subjected to SHM during
persistent LCMV infection.

Do DNP-Ovalbumin-specific B cells undergo affinity maturation?
It has been reported that affinity maturation can also occur at extrafollicular sites (William et al., 2002;
William et al., 2005, Di Niro et al., 2015). Therefore, it would be of interest to analyze whether the
LCMV-unspecific B cells might also undergo affinity maturation. To approach this question, one could
employ B cell receptor transgenic mice, the SWHEL mice, in which B cells specifically recognize Hen Egg
Lysozyme (HEL) and are able to undergo class-switch (Phan et al., 2003) for adoptive transfer
experiments. After adoptive transfer of SWHEL B cells one could either induce a persistent LCMV
infection (bystander activation of HEL-specific B cells) or actively immunize with HEL (GC response
against HEL). At i.e. d20 pi, adoptively transferred HEL-specific plasma cells could be isolated for single
cell culture. Supernatants of these single cell cultures, containing secreted HEL-specific antibodies,
could be used to determine the affinity of these HEL-specific antibodies against HEL and different HELderivates, against which HEL-specific antibodies isolated from naïve mice exhibit lower affinity. To be
able to bind sufficiently to these derivates HEL-specific B cells need to undergo affinity maturation.

Are autoantibodies developing upon persistent viral infection low- or high- affinity?
Previous publications implicate that autoantibodies emerging upon persistent LCMV infection have
rather a low affinity for their self-antigen (Ludewig et al., 2004). To confirm these findings in our
system, one could employ the fact, that antibodies against insulin can be detected in serum of
persistently LCMV infected mice. Serum of these infected mice could be isolated on d20 pi (the peak
of the antibody response) and could then be used for immunofluorescence stainings of pancreas thin
sections in comparison with stainings with a commercially available high-affinity anti-insulin antibody.
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4.1 Introduction
Non-or poorly cytopathic viruses like HIV-1, HBV and HCV in humans or LCMV in mice can induce
persistent viral infections employing several mechanisms to evade control by the immune system. Due
to continuous high level viral replication and therefore high viral burdens in the host environment,
cytotoxic CD8 T cells, as well as Th1 CD4 T cells undergo a process termed T cell exhaustion (Wherry et
al., 2011; Boni et al., 2007; El-Far et al., 2008; Radziewicz et al., 2006; Fuller et al., 2004; Oxenius et al.,
1998). In this setting immune effector functions which are less prone to induce immunopathology, like
the humoral arm of the immune response, have been proven beneficial to contain viral spread
(Hangartner et al., 2006a; Bergthaler et al., 2009; Hangartner et al., 2006b). Especially virusneutralizing antibodies can inhibit new infection of host cells and thereby effectively limit viral
burdens. However, neutralizing antibodies often appear very late after the onset of persistent viral
infections, often delayed for several weeks to months (Hangartner et al., 2006b; Eschli et al., 2007). At
the same time, B cell dysregulations like hypergammaglobulinemia and polyclonal B cell activation
occur, contributing to the late emergence of virus-neutralizing antibodies (Recher et al., 2004;
Coutelier et al., 1994). Furthermore, due to evolution of these viruses, escape from the neutralizing
antibody response occurs, which promotes persistence of the viral infection (Ciurea et al., 2001b;
Ciurea et al., 2000; Pircher et al., 1990; Geiβ and Dietrich, 2015; Burton et al., 2005; Bukh 2016; Murira
et al., 2016).
Antibody responses upon viral infections are mostly elicited in a T-help dependent manner, thereby
being regulated by interactions between TFH cells and cognate B cells (Vinuesa et al., 2016). Activity of
TFH cells is regulated by the transcriptional repressor Bcl-6 (Johnston et al., 2009; Nurieva et al., 2009;
Yu et al., 2009) which sustains, amongst other functions, upregulation of the chemokine receptor
CXCR5 that in turn mediates localization of TFH cells to the B cell follicle (Ansel et al., 1999; Breitfeld et
al., 2000; Schaerli et al., 2000). There, TFH cells initiate B cell differentiation into either short-lived
plasmablasts or GC B cells (Lee et al., 2011; MacLennan 2003; O’Connor et al., 2006; Taylor et al.,
2012). At the same time, contact between TFH cells and cognate B cells is necessary to sustain the TFH
phenotype and differentiation of TFH cells into GC TFH cells (Barnett et al., 2014; Deenick et al., 2010;
Goenka et al., 2011; Kitano et al., 2011), albeit this is disputed to also hold in case of persistent viral
infections (Fahey et al., 2011). TFH cells mediate affinity selection of B cells that have undergone
proliferation and SHM by delivering survival signals via ICOS, CD40L and the cytokine IL-21, depending
on the affinity of the B cell for a given antigen (Shulman et al., 2014; Liu et al., 2015; Victora and
Nussenzweig 2012). Therefore, TFH cells are essential for the maintenance of the GC response and their
frequency closely correlates with the frequency of GC B cells.
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Interestingly, TFH cells accumulate during the persistent phase of viral infections with non-or poorly
cytopathic viruses (Fahey et al., 2011; Harker et al., 2006; Lindqvist et al., 2012; Petrovas et al., 2012)
and differentiation of naïve CD4 T cells into Th1 CD4 T cells is even largely abrogated in the persistent
phase of infection in favor of the TFH lineage due to a sustained IFN-I environment (Osokine et al.,
2015). The expansion of the TFH population is most likely driven by FDC-derived IL-6 signaling via STAT3
(Harker et al., 2011; Slike et al., 2012; Petrovas et al., 2012; Kuller et al., 2008), and the prolonged
persistence of viral antigen in the host environment (Baumjohann et al., 2013). It would be intriguing
to conjecture an essential role of the sustained expansion of the TFH cell population for the eventual
induction of the virus-neutralizing antibody response and also adaptation of the protective response
to an evolving virus. However, accumulation of TFH cells might also contribute to the observed B cell
dysregulations and thereby delay of the neutralizing antibody response.

4.2 TFH cells are essential for the emergence of virus-neutralizing antibodies and control
of persistent viral infections
The role of TFH cells for viral control, which is assumed to be dependent on neutralizing antibodies
(Ciurea et al., 2000; Recher et al., 2004; Seiler et al., 1998), has been extensively studied in the setting
of persistent LCMV infection. For example, mice with a constitutive CXCR5 knockout, and therefore no
TFH cells, exhibit an abrogated antibody response and prolonged viral persistence (Fahey et al., 2011).
Likewise, IL-6-/- (Harker et al., 2011) or STAT3-/- (McIlwain et al., 2015) mice fail to maintain or elicit a
TFH cell response upon (persistent) LCMV infection and fail to control the infection. On the other hand,
increasing the number of TFH cells by NK cell depletion accelerated viral clearance by improving the
virus-specific antibody response (Cook et al., 2015).
Similar correlations between TFH cells and the appearance of protective antibody responses were
suggested in other persistent viral infections e.g. with Simian Immunodeficiency Virus (SIV), where TFH
cells positively correlated with the appearance of high-affinity SIV-specific antibodies in infected
Rhesus macaques (RM) (Petrovas et al., 2012). Furthermore, the quantity of TFH cells was higher in
slow/non-progressor SIV-infected RMs, in which the virus is more contained, as compared to
progressor SIV-infected RMs. In addition, the increase in TFH cell numbers in slow progressors has been
correlated with higher titers of SIV-specific IgG antibodies in serum of infected RMs (Petrovas et al.,
2012). Also, in HIV-infected individuals a circulating population of cells with TFH characteristics (CXCR5+
CXCR3- PD-1+) could be identified, which seemed to be closely related to GC TFH cells and were able to
induce B cell differentiation in vitro (Locci et al., 2013). These circulating TFH (cTFH) cells were positively
correlated with the appearance of broadly HIV-neutralizing antibodies (Locci et al., 2013). However,
other studies focusing on cTFH cells could find no such correlation (Boswell et al., 2014). This
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discrepancy could be due to differences in marker sets used for identification of cTFH cells as the latter
study identified this population as CXCR5+ CCR6hi PD-1hi (Boswell et al., 2014).
Another indication implicating TFH cells in the eventual emergence of virus-neutralizing antibodies
during persistent viral infection is the high frequency of somatic mutations in their variable regions
(Eschli et al., 2007; Burton and Mascola, 2015; Haynes et al., 2016; Klein et al., 2013). SHM
predominantly takes place in the GC and is therefore tightly linked with control of affinity maturation
by GC TFH cells (Mesin et al., 2016).
The data presented in this thesis enabled us to experimentally link the sustained presence of CXCR5+/+
TFH cells with the emergence of LCMV-neutralizing antibodies. To analyze this link, we employed a novel
in vivo experimental system that allowed conditional depletion of specifically TFH cells or total LCMVspecific CD4 T cells during persistent LCMV infection after the initial establishment of the virus-specific
IgG antibody response (data Project 1). This allowed us, in contrast to previous studies (Fahey et al.,
2011; Harker et al., 2011; McIlwain et al., 2015), to examine the functions of TFH cells and total LCMVspecific CD4 T cells during persistent viral infection beyond the mere induction of the virus-specific
antibody response. Thereby we could establish that LCMV-specific CXCR5-/- CD4 T cells are capable of
maintaining the overall LCMV-specific IgG response as they could also be recruited into the GC in
absence of CXCR5+/+ TFH cells. However, the quality of the response elicited by CXCR5-/- CD4 T cells was
insufficient to induce the emergence of LCMV-neutralizing antibodies. This process was dependent on
the continued presence of TFH cells. Moreover, TFH cells seemed to be essential in driving the adaptation
of the humoral immune response towards the contemporaneous circulating viral species of LCMV. This
substantiated the importance of TFH cells for continued selection of B cells producing LCMV-neutralizing
antibodies. Importantly, the appearance of neutralizing antibodies was required for eventual control
of persistent LCMV infection, proving the importance of these antibodies and sustained presence and
activity of TFH cells for control of a persistent infection in absence of overt immunopathology (data
Project 1).
Nevertheless, the belated appearance of neutralizing antibodies in the setting of such persistent
infections indicates restrictions of TFH cell function and/or their interactions with cognate B cells.

.4.3 Factors curtailing TFH cell function upon persistent viral infection
Optimal delivery of TFH cell help to cognate B cells as well as optimal TFH cell differentiation includes a
chain of distinct steps at specific localizations in lymphoid tissue as well as a series of cell-cell
interactions (Vinuesa et al., 2016). Therefore, interference with any of these steps might lead to
suboptimal antibody responses, which negatively affects control of persistent viral infections.
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4.3.1 Destruction of lymphoid architecture
One possible influence on the establishment and the quality of TFH and GC B cell responses upon
persistent viral infection with non-or poorly cytopathic viruses is the observed immune-mediated
destruction of the lymphoid tissue architecture (Odermatt et al., 1991; Battegay et al., 1993; Eschli et
al., 2007; Levesque et al., 2007; Moukambi et al., 2015; Wang et al., 2014). This destruction is largely
due to CD8 T cell-mediated cytotoxic activity and has been shown to hamper cognate interactions
between T and B cells (Odermatt et al., 1991; Battegay et al., 1993; Eschli et al., 2007).
Interestingly, it has been reported that SIV-infected RMs with an expanded TFH cell population and
increased SIV-specific antibody responses displayed a more intact LN structure as compared to SIVinfected RMs with a less expanded TFH cell compartment corresponding to fast progressors (Petrovas
et al., 2012; Moukambi et al., 2015). This indicates that an intact lymphoid architecture is beneficial
for virus-specific antibody responses and containment of the persistent infection.
Moreover, the destruction of lymphoid architecture is generally attributed to cytotoxic CD8 T cells
(Odermatt et al., 1991), however recently the additional involvement of cytotoxic CD4 T cells during
persistent LCMV infection has been shown (Matter et al., 2011). Interestingly, cytotoxic CD4 T cells
specifically targeted marginal zone (MZ) B cells, MZ macrophages and metallophilic macrophages
(Matter et al., 2011), subsets which have been implicated in the optimal induction of antibody
responses (Song and Cerny, 2003; Cinamon et al., 2004; Junt et al., 2007). Analogous, depletion of MZ
B cells has also been reported in the context of persistent HIV infection (Wilkins et al., 2003) and a
strong T helper response, possibly comprising cytotoxic CD4 T cells, is associated with low neutralizing
antibody titers in persistent HCV infections (Kaplan et al., 2007).
Furthermore, during persistent LCMV infection reorganization of the lymphoid tissue is closely
associated with the onset of the neutralizing antibody response occurring between d40 and d80 pi
(Hangartner et al., 2006b, Scandella et al., 2008). During acute LCMV infection, lymphoid architecture
is disrupted by day 8 pi and full reorganization, initiated by viral clearance and contraction of the CD8
T cell response, is only completed by d25 pi (Scandella et al., 2008). During persistent LCMV infection,
due to persistence of viral antigen and prolonged activity of CD8 and CD4 T cells before undergoing T
cell exhaustion (Wherry 2011; Frebel et al., 2010; Oxenius et al., 1998; Fuller et al., 2004), disruption
of the lymphoid architecture might even be protracted as compared to acute LCMV infection. This
further corroborates concurrency of lymphoid tissue reorganization and the onset of the LCMVneutralizing antibody response, further emphasizing the beneficial effect of intact lymphoid
architecture and thereby optimal T and B cell interactions for the occurrence of virus-neutralizing
antibodies.
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4.3.2 B cell exhaustion
In the context of HIV and SIV infections, it has furthermore been shown that B cells actively render TFH
cells ineffective in delivering help to B cells. GC B cells isolated from HIV or SIV infected individuals/
animals displayed a higher expression of PD ligand 1 (PD-L1) as compared to B cells isolated from
healthy donors. Therefore, TFH cells received more signals via PD-1 during HIV/SIV infections, which
mediated downregulation of IL-21 and IL-4 expression, and at the same time had a negative impact on
TFH cell survival and proliferation (Cubas et al., 2012). This impaired their B helper capacity as observed
in in vitro co-culture experiments. Blocking of PD-L1 on B cells derived from HIV or SIV infected donors
however increased the ability of TFH cells to provide help to B cells as well as their cytokine expression
(Cubas et al., 2012). This also proved that TFH cells are in principle capable of providing sufficient help
to B cells.
Analogous, cTFH cells that exhibited reduced IL-21 expression as compared to healthy donors were
identified in blood of persistently HCV infected patients (Spaan et al, 2014). Surprisingly, however, in
contrast to HIV and SIV infection these cells proved to be capable of providing help to B cells in in vitro
co-culture experiments (Spaan et al., 2014). These differences might be due to the different usage of
B cell subsets in the co-culture settings. Co-cultures in the context of HIV/SIV infection were set up
with GC-enriched B cells (Cubas et al., 2012) while co-cultures in the context of HCV infection used
memory B cells (Spaan et al., 2014). On the other hand, this might also implicate that different non-or
poorly cytopathic viruses use different mechanisms to render the antibody response ineffective upon
persistent infection.

4.3.3 Skewed ratios of regulatory cells
In the setting of a recent HIV vaccination trial it has been established that the ratio of TFH cells to GC B
cells is more important for the quality of the response and eventually emergence of neutralizing
antibodies than the total cell numbers. In this context, interaction of few GC B cells with one TFH cell
was positively correlated with the occurrence of broadly neutralizing antibodies (Havenar-Daughton
et al., 2016). At the same time, GC responses are regulated by different regulatory cells. One subset is
comprised of TFR cells, which negatively control the GC response to prevent aberrant production of
antibodies (Linterman et al., 2011). It has been shown that the frequency of TFR cells is reduced upon
persistent infection with HIV and SIV (Chowdhury et al., 2015; Blackburn et al., 2015). This favors on
the one hand the observed expansion of TFH cells and on the other hand could indicate a less regulated
GC response, hampering the induction of protective antibody responses for instance by a less stringent
selection process.
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Also in the context of persistent LCMV infection of lymphopenic mice, which lack regulatory T cells, it
has been shown that the induction of protective antibody responses is impaired (Preite et al., 2015;
Baumjohann et al., 2013). Adoptive transfer of Treg improved the LCMV-specific antibody response and
viral clearance drastically (Preite et al., 2015), proving the importance of balanced ratios between
regulatory cells and TFH and GC B cells during the GC reaction.
Interestingly, in contrast to SIV, HIV and LCMV infection in lymphopenic mice, persistently HCV or HBV
infected patients displayed an increase of regulatory B cells and Tregs as compared to healthy donors.
This was associated with increases in IL-10 expression and increased PD-L1 expression on Treg cells
(Wang et al., 2014; Feng et al., 2015; Liu et al., 2016; Gong et al.2015), which together might impair
HCV- and HBV- specific antibody responses and is associated with poor virus elimination and damage
to lymphoid tissue (Wang et al., 2014).

4.3.4 Specific accumulation of TFH cells which are not specific for neutralizing epitopes
Upon HIV infection a predominant expansion of TFH cells that are specific for group-specific antigen
(GAG) is reported (Lindqvist et al., 2012). However, induction of broadly neutralizing antibodies is
associated with Env-specific TFH cells (Yamamoto et al., 2015). Therefore, specific expansion of TFH cell
populations, which are not recognizing the protein carrying neutralizing epitopes, could further
contribute to the delayed emergence of neutralizing antibodies. TFH cells with other specificities would
predominantly favor the survival of B cells expressing antibodies that are not specific for the
neutralizing epitope. However, such intramolecular T cell help does not seem to be generally required
and depends on the structure of the B cell activating viral antigen. While individual viral proteins
engaging specific BCR would require intramolecular help, B cells interacting with intact or defective
virions or virus-derived protein complexes could also be activated by TFH cells that are not necessarily
specific for the protein containing the neutralizing epitopes (Oxenius et al., 1998; Yin et al., 2013).
Thus, it would be interesting to understand in more detail the structures of the selecting viral antigens/
antigen complexes in the context of persistent viral infections to delineated more precisely the
specificities of beneficial TFH responses.

4.3.5 Direct infection of TFH cells in HIV and SIV infections
Upon HIV and SIV infection, TFH functionality could additionally be compromised by their direct
infection. CXCR5+ CD4 T cells are generally more permissive for HIV and SIV as compared to CXCR5- CD4
T cells, with GC TFH exhibiting the highest permissiveness (Perreau et al., 2013; Kohler et al., 2016; Xu
et al., 2016). Surprisingly, infected TFH cells are not directly eliminated as compared to infected CXCR587
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CD4 T cells. This might be due to the fact that only few CD8 T cells express CXCR5 and therefore cannot
enter the B cell follicle efficiently where the infected TFH cells reside (Perreau et al., 2013; Connick et
al., 2007). In that way, TFH cells serve as viral reservoirs. At the same time, infected GC TFH cells
downregulate TFH markers during active viral replication (Kohler et al., 2016) which might negatively
affect their B cell helper functions, rendering the induction of antibody responses less effective.

4.4 Viral evolution can mediate evasion from the neutralizing antibody response- Arms
race between virus and the humoral immune response
Besides immunological factors that might curtail effective TFH responses and thereby induction of the
neutralizing antibody response, viral determinants can contribute to the establishment of persistence
by mediating escape from the humoral immune response. RNA viruses are known to evolve upon
infection due to a high mutation rate upon viral replication with their non-proofreading RNAdependent RNA polymerase and exist as so-called quasispecies in the infected host (Drake and Holland,
1999; Simmonds and Domingo 2011). These high mutation rates allow the rapid adaptation of RNA
viruses to changing environments and selective immune pressures (Sevilla and de la Torre, 2006). Nonor poorly cytopathic viruses like HIV, HCV and LCMV take advantage of this viral evolution for the
establishment of persistence e.g. by sequential evasion of the adaptive immune response.
In persistent LCMV infection, especially in settings of reduced or absent CD8 T cell responses, escape
variants from the neutralizing antibody response can be detected that promoted persistence of LCMV
(Ciurea et al., 2000; Hunziker et al., 2003; Ciurea et al., 2001b). Surprisingly, this escape was mediated
by only few amino acid substitutions in the neutralizing epitope contained in GP1 (Ciurea et al., 2001b).
However, LCMV generally has a rather low mutation rate, with 2.6 x 104 to 5.5 x 10-5 mutations per
round of replication, compared to other RNA viruses (Sevilla et al., 2002; Ciurea et al., 2001b).
Interestingly, these mutations could not be detected in absence of neutralizing antibodies, which
indicates a positive selection of escape viral variants upon immune pressure (Ciurea et al., 2001b). As
our data also indicates escape from the neutralizing antibody response in presence of a normal CD8 T
cell response, meaning that neutralization of contemporaneous virus lagged behind neutralization of
the inoculating virus (data Project 1), this also raises the question of how viral diversity is affected in
absence of TFH cells. As animals with a conditional depletion of CXCR5+/+ TFH cells did not develop
effectively neutralizing antibodies against neither the inoculum nor the contemporaneous virus and
therefore most likely exhibit reduced immune pressure on the neutralizing epitopes, one would
speculate that viral diversity is more restricted in absence of TFH cells as compared to control situations.
However, escape from the neutralizing antibody response and subsequent adaptation of the humoral
immune response to new viral variants is more extensively investigated in persistent viral infections
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with HIV or HCV as compared to persistent LCMV infection. HIV and HCV infections share the common
feature that the neutralizing antibody response is at first only directed against the autologous virus
while neutralization of heterologous viral variants by broadly neutralizing antibodies (bnab) is rather
seldom (von Hahn et al., 2007; Logvinoff et al., 2004; Gray et al., 2007; Richman et al., 2003; Moore et
al., 1994). Moreover, in HIV and HCV infections the neutralizing antibody response towards the
autologous virus usually lags behind (von Hahn et al., 2007; Moore et al., 1994; Richman et al., 2003;
Zhao et al., 2016), an observation we also made for persistent LCMV infection (data Project 1). As soon
as a certain pressure threshold is reached by the humoral immune response, a neutralization escape
viral variant is selected. A few weeks later neutralizing antibodies against the escape variant can be
measured in serum of infected patients. However, by this time again another viral escape variant is
selected (von Hahn et al., 2007; Richman et al., 2003; Wei et al., 2003), depicting an arms race between
the virus and the humoral immune response.
Mutations conferring this escape are mostly accumulating in variable regions of the viral envelope
(env), against which neutralizing antibodies are directed, e.g. the variable loops of HIV gp120 (Rong et
al., 2009; Burton et al., 2005) or the hypervariable region (HVR) of HCV (Ogata et al., 1991; Farci et al.,
1996). Either these variable regions cover more conserved neutralizing epitopes or these regions even
contain the first neutralizing epitopes as in case of the HVR of HCV (Rong et al., 2009; Burton et al.,
2005; Ogata et al., 1991; Farci et al., 1996). Additionally to variable regions shielding neutralizing
epitopes, non-or poorly cytopathic viruses use a glycan shield to hamper binding of neutralizing
antibodies by sterical hindrance (Wei et al., 2003; Richman et al., 2003; Leonard et al., 1990; Helle et
al., 2010; Helle et al., 2011; Sommerstein et al., 2015; Bonhomme et al., 2011). Generally, neutralizing
antibodies detect deglycosylated forms of the virion better than the glycosylated form as shown during
HIV or Arenavirus infections (Sommerstein et al., 2015; Binley et al., 1998; Koch et al., 2003; Ma et al.,
2011). Therefore, glycans reduce the on-rate of the neutralizing antibody and thereby limit their
neutralizing capacity (Sommerstein et al., 2015). In case of HIV infections, some glycans also increase
the flexibility of the variable loops of the envelope protein, thereby increasing the binding entropy for
neutralizing antibodies, which is unfavorable (Qi et al., 2015). Interestingly, however, in some HIV
infected patients neutralizing antibodies developed that are able to penetrate the glycan shield by
binding one or multiple conserved glycans (e.g. glycans at position N332 or N301) and simultaneously
to gp120 protein residues (McLellan et al., 2011; Pejchal et al., 2011; Kong et al., 2013; Pancera et al.,
2013; Garces et al.2014). This clearly shows that the humoral immune response is in principle able to
develop antibodies that are able to bypass mechanisms conferring escape from the neutralizing
antibody response.
Yet, in persistent HIV or HCV infections such bnab that bind to more conserved epitopes like such
glycan patches occur rather seldom (von Hahn et al., 2007; Logvinoff et al., 2004; Doria-Rose et al.,
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2009; Sather et al., 2009; Simek et al., 2009; West et al., 2014). Most bnab are characterized by a high
amount of somatic mutations, longer CDRH3 regions and preferential usage of heavy and light chains
(Walker et al., 2011; Scheid et al., 2011; Verkoczy et al., 2011; Briney et al., 2012; Burton et al., 2012;
West et al., 2014). A high rate of somatic mutations can be observed in neutralizing antibodies against
Arenaviruses like LCMV as well (Eschli et al., 2007). Indeed, many precursors of bnabs can also be
identified already early during the virus-specific humoral immune response upon persistent viral
infection with HIV-1 (Wu et al., 2015; Fera et al., 2014; Garces et al., 2014; Doria-Rose et al., 2014; Liao
et al., 2013; Wibmer et al., 2013; Sather et al., 2014). This indicates the long-term development of such
precursors towards a bnab and together with the high quantitiy of somatic mutations indicates that
neutralizing antibodies mature over a prolonged period of time in the GC, including possibly selection
by TFH cells to develop the necessary neutralization breadth. Factors curtailing the GC response as
described above therefore might contribute to the impaired or delayed emergence of such bnab.
Furthermore, to allow the continued development of bnab in the GC response, their evolution/
selection has to occur against viral variants that do not undergo complete viral escape from these bnab
precursors (Gao et al., 2014).
Interestingly, diversity of the viral variants and the viral load influence the development of bnabs in
HIV infection. Prolonged viremia and a higher diversity of the envelope (env) is positively correlated
with their induction (Rusert et al., 2016; Smith et al., 2016; Carter et al., 2014; Piantadosi et al., 2009;
Doria-Rose et al., 2010; Sather et al., 2009, Euler et al., 2012). However, it is still a matter of discussion
whether early diversity of the env (Piantadosi et al., 2009; Smith et al., 2016; Euler et al., 2012), as for
example achieved by superinfections (Euler et al., 2012), or a high diversity of the contemporaneous
env genes is correlated with the emergence of bnab (Carter et al., 2014). Nevertheless, diversification
of the viral variants is often observed before the onset of bnab responses (Doria-Rose et al., 2014; Liao
et al., 2013). Analogous, protracted viremia in persistent infections with Arenaviruses like LCMV,
supporting the acquisition of somatic mutations, is favorable for the induction of the neutralizing
antibody response (Eschli et al., 2007). It would be interesting to elucidate how such viral diversity is
reflected/ presented during the GC response selecting for the precursors of B cells producing
neutralizing antibodies. Generally, GC B cells are dependent on taking up antigen from FDCs for affinity
selection (Mesin et al., 2016). However, whether this holds true in a setting with abundant free viral
antigen in the environment as during persistent viral infection still has to be determined. Interestingly,
however, FDCs have been shown to be archives of viral quasispecies upon HIV infection (Heester et al.,
2015; Keele et al., 2008), which would indicate constant uptake of viral variants and presentation of
such. This would suggest that FDCs could also present the newest contemporaneous viral variants to
B cells, which are then selected according to their affinity towards these variants. Yet, it remains
unclear how fast new contemporaneous viral variants are taken up or how fast the turnover rate of
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the recycling antigen presented by FDCs is, which might lead to delays in the selection of B cells against
the newest contemporaneous viral variants.
Moreover, emergence of bnab upon persistent HIV infection is also determined by the rate at which
somatic mutations are acquired by B cell clones. For some bnab families it has been determined that
the mutation rate was faster than that of the virus (Wu et al., 2015; Alter and Barouch 2015), which
enabled the host to “overtake” the viral evolution and develop an effective neutralizing antibody
response. Concerning the role of TFH cells in the selection process of B cells producing such neutralizing
antibodies, it has been established recently that the interaction intensity between TFH cells and GC B
cells determines the quantity of proliferation rounds and therefore the quantity of somatic mutations
a B cell acquires (Gitlin et al., 2014). Therefore, it would be of interest to determine the influence of
TFH cells on the mutation rate of such B cell clones. This could be achieved using our novel in vivo
experimental model that allows conditional depletion of TFH cells upon persistent LCMV infection as
model for persistent viral infections with non- or poorly cytopathic viruses. Virus-specific plasma cells,
developed in presence or absence of TFH cells, could be isolated at different time points post-infection
and the quantity of somatic mutations could subsequently be determined by NGS of the variable
regions of heavy and light chain. Isolating contemporaneous virus isolates at the same time point and
determining the sequences of their neutralizing epitopes contained in GP1 by NGS could be used to
relate the evolution of virus-specific B cells to the evolution of the virus. This approach could also be
employed to determine whether the observed preferential usage of specific heavy and light chains by
neutralizing antibodies is influenced by the absence of TFH cells. One could conjecture that the overall
diversity of B cell clones is increased, as the selection process is most likely less directed in absence of
TFH cells, however, the overall frequency of somatic mutations in B cells might be reduced due to
insufficient signals by non-TFH cells.

4.5 Does accumulation of TFH cells contribute to dysregulated B cell responses upon
persistent viral infection?
During persistent viral infections with LCMV, HIV, SIV or HCV dysregulated B cell functions can be
observed. This includes the induction of hypergammaglobulinemia and polyclonal B cell activation
resulting in the emergence of seemingly virus-unspecific antibodies and in some cases even
autoimmune reactions (Lane et al., 1983; Moir et al., 2009; Meyer et al, 2008; Cheng et al., 1999;
Hunziker et al., 2003; Shirai et al., 1992; Rosa et al., 2005; Lei et al., 2016). However, in a recent study
examining antibody responses towards Salmonella Typhimurium infection it has been shown that the
seemingly predominantly Salmonella-unspecific antibody response was in fact of very low affinity
towards Salmonella that increased due to affinity maturation in extrafollicular patches (Di Niro et al.,
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2015). Therefore, it would be interesting to investigate whether unspecific antibody responses elicited
upon persistent viral infections might also display very low (undetectable in commonly used read-outs)
affinities for the virus, which might improve upon affinity maturation and then allows recruitment into
the virus-specific antibody response.
The described B cell dysfunctions have been further linked to the delayed appearance of neutralizing
antibodies and in the context of persistent LCMV infection have been shown to be dependent on CD4
T cell help to cognate B cells via CD40:CD40L signals (Recher et al., 2004; Hunziker et al., 2003; Jellison
et al., 2007). It is believed that the virus-unspecific B cells acquire viral antigen from the environment
and present it via their surface MHC II molecules to cognate CD4 T cells. How exactly virus-unspecific
B cells acquire viral antigen to present to CD4 T cells and whether they might require signals via their
BCR to become activated is not fully elucidated so far. In the setting of persistent LCMV infection
uptake of antigen by LCMV-unspecific B cells is independent of complement receptors (CRs) and FcɣR,
as knockout mice still display hypergammaglobulinemia (Hunziker et al., 2003). A recent study showed
in the setting of an acute disseminated encephalomyelitis (ADEM) model with influenza infection, that
uptake of the self-antigen myelin oligodendrocyte glycoprotein (MOG) via the BCR could occur
concurrent with influenza hemagglutinin (HA). This led to the simultaneous presentation of MOG and
HA on the MCH II surface molecules of MOG-specific B cells and subsequently their activation via HAspecific CD4 T cells (Sanderson et al., 2017). This scenario could serve as explanation for the activation
of self-reactive B cells in the setting of persistent viral infections and would also indicate participation
of BCR signaling pathways. However, this model does not account for virus-unspecific antibody
responses towards non-self-antigens, as the hapten DNP used in this thesis (data Project 2), that were
also elicited upon persistent viral infection. Another possible pathway that has been proposed to
contribute to the uptake of viral antigen by virus-unspecific B cells in the setting of persistent viral
infections is pinocytosis (Hunziker et al., 2003). Assumingly, due to the high viral burden, the
concentration of viral particles and therefore viral antigen would be sufficient to induce sufficient
uptake via this mechanism from the environment.
Regarding the contribution of TFH cells to dysregulated B cell responses, it has been shown before in
settings of autoimmunity that prolonged maintenance of TFH cells and therefore prolonged
maintenance of GC B cells is one cause for the emergence of autoreactive antibodies (Crotty 2014;
Simpson et al., 2010; Choi et al., 2015; Ma et al., 2012; Szabo et al., 2013; Szabo et al., 2016). The
selection threshold is lowered in GCs when TFH numbers are increased; thereby permitting the survival
of low affinity and self-reactive B cells (Pratama and Vinuesa 2014) - a situation which is met during
persistent viral infections.
Analogous, in HIV and SIV infection the expansion of TFH cells observed in lymph nodes of infected
individuals correlated with hypergammaglobulinemia and polyclonal B cell activation as well as the
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deletion of circulating memory B cells (Lindqvist et al., 2012; Petrovas et al., 2012; Hong et al., 2012).
Treatment of HIV-infected individuals with Antiretroviral Therapy (ART) reduced TFH cell numbers and
at the same time B cell dysfunctions (Lindqvist et al., 2012; Moir et al., 2009), which indicates a
connection between expansion of the TFH cell population in persistent HIV and SIV infections and
dysregulated B cell responses. Similarly, in persistent HBV infection the frequency of cTFH cells
correlated with the emergence of autoantibodies (Lei et al., 2016).
However, in the model of persistent LCMV infection we could not detect a connection between T FH
cells and the occurrence of hypergammaglobulinemia and polyclonal B cell activation. Rather, the
response was elicited early upon persistent infection and was rather short-lived, most likely taking
place at extrafollicular sites as determined by following the fate of DNP-Ovalbumin-specific B cells
(data Project 2). Therefore, induction of these B cell dysfunctions upon persistent LCMV infection took
place before the apparent expansion of TFH cells (Fahey et al., 2011). Moreover, depletion of TFH cells
before the induction of a persistent LCMV infection did not result in a reduced polyclonal B cell
activation. Yet, induction of polyclonal B cell activation and hypergammaglobulinemia was dependent
on the activation of the immunodominant gp61-81-specific CD4 T cells, which indicates involvement
of non TFH LCMV-specific CD4 T cell subsets (data Project 2). Surprisingly, ablation of the gp61-81specific CD4 T cell response and thereby reduction of the overall CD4 T cell response did not affect the
frequency of TFH cells present during infection, but ablated hypergammaglobulinemia and polyclonal B
cell activation entirely (data Project 2). This also resulted in increased viral control in accordance with
previous reports (data Project 2; Recher et al., 2004). This further substantiates that at least in
persistent LCMV infection elevated frequencies of TFH cells did not induce B cell dysfunctions in contrast
to reports of HIV and SIV infection (Lindqvist et al., 2012; Petrovas et al., 2012; Hong et al., 2012). Yet,
these studies did not address the involvement of other CD4 T cells or TFH-like cells in the induction of
such B cell dysfunctions. Therefore, it might be worthwhile to study the involvement of these cells in
more detail.

4.6 Are there organ specific differences in TFH cell expansion and function?
It also should be considered when discussing TFH accumulation and its impacts on the antibody
response that organ specific differences might exist in some persistent viral infections with non-or
poorly cytopathic viruses. This has been recently addressed in the context of SIV infection (Moukambi
et al., 2015). Most studies upon persistent SIV and HIV infection have been conducted in blood samples
or lymph nodes of infected animals/ patients. Yet, recently, TFH responses have been analyzed in
spleens of SIV-infected RMs (Moukambi et al., 2015). In contrast to results obtained from LNs of SIVinfected RMs, the TFH cell frequency in spleen was drastically reduced already in the acute phase of SIV
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infection as compared to healthy animals. This phenomenon was maintained also in the persistent
phase of SIV infection. In addition, TFH cells in spleen of SIV infected RMs expressed less of the TFHassociated transcription factors Bcl-6 and c-Maf and instead upregulated transcription factors that
counter-regulate TFH cell fate i.e. Krüppel-like factor (KLF)-2. This decrease in TFH cell frequency was
further associated with reduced titers of SIV-specific IgG antibodies (Moukambi et al., 2015). However,
TFH frequencies were similar or elevated in LNs of these infected RM as compared to healthy animals
and in accordance with previous reports (Moukambi et al., 2015; Petrovas et al., 2012; Hong et al.,
2012). Interestingly, the depletion of TFH cells in the spleen of SIV-infected RMs occurred in the context
of severe destruction of the splenic architecture (Moukambi et al., 2015). Therefore, it might be
possible that differences concerning the preservation of the lymphoid tissue could account for the
observed organ-specific differences. Probably, due to the severe destruction of splenic architecture,
SIV-infected TFH cells might have enhanced contact with cytotoxic CD8 T cells in the acute phase of
infection, which might cause deletion of TFH cells in the spleen. Possibly, also differences in the
recruitment of effector cells or different cytokine milieus in the LN and the spleen might influence the
maintenance of TFH cells upon SIV infection.
Therefore, organ-specific differences in TFH cell frequency and function have to be taken into
consideration as together they might account for the outcome of the virus-specific antibody response.

4.7 Concluding remarks
TFH cell function and optimal interactions between TFH cells and cognate B cells upon persistent viral
infections with non-or poorly cytopathic viruses are dysregulated. This is due to several factors
including destruction of the lymphoid tissue architecture, B cell exhaustion, skewed ratios of regulatory
cells to TFH/ GC B cells or in case of HIV/SIV infections TFH cells serving as viral reservoir. Of note,
different viruses may use different mechanisms to blunt effective induction of a protective antibody
response upon persistent infection. Due to these dysregulations protective virus-specific antibody
responses are delayed and B cell dysfunctions occur. In addition, the influence of other CD4 T cell
subsets and TFH – like cells cannot be excluded in the induction of such dysregulated B cell responses.
Moreover, the virus uses different mechanisms to evade recognition by the immune system using e.g.
variable loops or glycan shields to protect neutralizing epitopes. Furthermore, the virus undergoes
constant viral evolution mediating the continued selection of neutralizing escape variants upon
pressure by neutralizing antibodies, which fuels an arms race between virus and the humoral immune
response.
Nevertheless, it is clear that sustained activity of TFH cells is essential for the induction of neutralizing,
protective antibody responses upon persistent viral infection with non- or poorly cytopathic viruses
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and that the eventual emergence of these antibodies can afford control of the persistent infection in
absence of overt immunopathology.
Therefore, targeting mechanisms that promote optimal TFH cell function and interactions with cognate
B cells as well as understanding the underlying mechanisms of the arms race between virus and
humoral immune response might serve to improve the induction of neutralizing antibody responses
and reduce B cell dysfunctions, thereby improving control of such persistent viral infections.
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Abbreviations

α

alpha, anti

α-DG

alpha-dystroglycan

ABTS

2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt

ADCC

antibody dependent cell cytotoxicity

ADEM

acute disseminated encephalomyelitis

agRNA

antigenomic RNA

AID

activation-induced cytidine deaminase

AP

alcalic phosphatase

Arm

Armstrong

ART

Antiretroviral Therapy

ASC

antibody secreting cell

ASCL

achaete-scute homologue

B6

C57B/l6 mice

Bcl

B cell lymphoma

BCR

B cell receptor

BHK

baby hamster kidney

Blimp

B lymphocyte-induced maturation protein

bm

bone marrow

bnab

broadly neutralizing antibody

BrdU

Bromdesoxyuridin

BSA

bovine serum albumin

°C

degree Celsium

C13

Clone13

CCR

CC chemokine receptor

CD

Cluster of Differentiation

cDC

conventional dendritic cell

CDR

Complementarity Determining Region

CFA

Complete Freund’s adjuvance

CFSE

Carboxyfluorescein succinimidyl ester

CMV

Cytomegalovirus

CR

complement receptor

Cs

Caesium

cTFH cell

circulating T follicular helper cell

CXCR

CX chemokine receptor

Δ

delta
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d

day

DC

dendritic cell

DMEM

Dulbecco’s Modified Eagles Medium

DMSO

Dimethylsulfoxide

DN

double negative

DNBS

2,4-Dinitrobenzenesulfonic acid hydrate

DNP

2,4-dinitrophenol

DP

double positive

ds

double-stranded

DTR

diphtheria toxin receptor

DTx

diphtheria toxin

DZ

dark zone

EBI

Epstein-Barr virus induced G-protein coupled receptor

ECM

extracellular matrix

EDTA

Ethylendiamintetraessigsäure

env

envelope

Eomes

Eomesodermin

ES cell

embryonic stem cell

FACS

Fluorescence-activated cell sorting

FcR

Fc receptor

FCS

fetal calf serum

FDC

follicular dendritic cell

ffu

focus forming unit

FITC

Fluorescein isothiocyanate

FRC

follicular reticular cell

g

gram

GAG

group-specific antigen

GC

Germinal Center

GP/gp

glycoprotein

h

hour

HA

hemaaglutinin

HBV

hepatitis B virus

HCV

hepatitis C virus

HEL

hen egg lysozyme

HIV

human immunodeficiency virus
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HRPO

horseradish peroxidase

hrs

hours

HSV

herpes simplex virus

HVR

hypervariable region

ICOS

inducible T cell costimulatory

Ig

immunoglobulin

IFN

interferon

IL

interleukin

i.p.

intraperitoneal

i.v.

intravenous

KLF

Krüpple-like factor

KO

knock-out

L

Ligand

Lag

Lymphocyte-activation gene

LCMV

lymphocyte choriomeningitis virus

LZ

light zone

M

molar

mM

millimolar

MACS

Magnetic Cell Isolation and Cell Separation

MCMV

murine cytomegalovirus

mDC

monocyte-derived dendritic cell

mem

memory

MEM

Modified Eagles Medium

MFI

mean fluorescence intensity

MHC

major histocompatibility complex

min

minute

ml

millilitre

mLN

mesenteric lymph node

MOI

moiety of infection

MOG

myelin oligodendrozyte glycoprotein

MWCO

Molecular Weight Cut-Off

MZ

marginal zone

ng

nanogram

NGS

Next Generation Sequencing

nm

nanometer
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O.C.T.

Optimal Cutting Temperature

OD

optical density

o/n

over night

NK cell

natural killer cell

NP/np

nucleoprotein

PBS

phosphate buffered saline

PBS-T

phosphate buffered saline + Tween-20

PD

Programmed cell death

PFA

paraformaldehyd

pi

postinfection

PNA

peanut agglutinin

PSG

Penicillin- Streptomycin-Glutamine

PSGL

P-selectin glycoprotein

R10

RPMI + 10% FCS

RA

rheumatic arthritis

RM

rhesus macaque

RPMI

Roswell Park Memorial Institute

RT

room temperature

s

second

S1PR2

Sphingosine-1-phosphate receptor 2

SHM

somatic hypermutation

SIV

simian immunodeficiency virus

SLE

Systemic lupus erythematosus

SP

single positive

SPF

specific pathogen free

STAT

signal transducer and activator of transcription

TB

terrific broth

T-bet

T-box transcription factor

TCR

T cell receptor

TFH cell

T follicular helper cell

TFR cell

T follicular regulatory cell

Tim

T cell immunoglobulin and mucin domain

TNF

tumor necrosis factor

Treg cell

T regulatory cell

µl

microliter
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wt

wildtype

118

Acknowledgments

119

First and foremost I would like to thank Annette for her excellent supervision, her never ceasing
optimism and enthusiasm and sharing with me her immense knowledge and insights. I would like to
thank her for entrusting me with the projects and that her door was always open whenever advice was
needed.

I would also like to thank all the members of the Oxenius lab for all their help and creating such a nice
and enjoyable working atmosphere.

Furthermore, I would like to thank Nathalie and Franziska for their excellent technical assistance and
all the mouse genotypings they have done for me. Moreover, I would like to thank Kirsten for her
supervision when I first started out with the PhD and sharing with me all her knowledge about LCMV.
Special thanks also goes to Nike for all the fruitful discussions, help with experiments and teaching me
a lot about B cells, but also all the pleasant non-work related discussions that made i.a. pipetting
ELISAs, ffu assays or neutralization assays much more fun. Of course also thanks to my old (G405) and
new (G409) office mates for all the chats, work-related discussions and generally making come to work
so much more enjoyable.

I especially would like to thank Manfred Kopf and Sai Reddy for their helpful comments and inputs
during my PhD committee meetings as well as the LeibundGut and Joller groups for the fruitful
discussions during our shared lab meetings.

I also had the pleasure to supervise some great master students during my PhD thesis. Thank you
Fabiano, Raphael and especially Ilka for all the dedicated work you have done and contributing to my
projects.

Thank you Silke for always being there for me, distracting me when I needed it and also sharing your
immense knowledge about cloning and expression of proteins with me. Thank you Kerstin for always
reminding me that everything will turn out fine and motivating me to run much further than I would
ever have imagined. Also, Sabine, Maude and Lilli, thank you for lots of fun hours spend singing in the
choir and making me laugh whenever something did not turn out the way it was supposed to.

I also would like to thank my parents very much for all their support, love and being there whenever I
needed them. And last, but definitely not least thank you Simon for having my back, taking care of me
when I disappeared in the writing zone these last couple of weeks as well as reading through the whole
of the thesis without understanding a lot and just simply for being in my life. Mraups.
120

Curriculum vitae

121

Curriculum Vitae

Ute Greczmiel
Bremgartnerstrasse 20
CH-8003 Zürich
ute.greczmiel@gmail.com

Ute Greczmiel

Personal Data
 born on 24.05.1987 in Neustadt am Rübenberge, Germany
 unmarried
Work experience
 Since 01/2012

Research assistant in the group of Prof. Dr. A. Oxenius, ETH Zürich
Applied research in the field of infection immunology
"T help in the setting of a persistent viral infection"



01/2011 - 02/2011

Internship; Helmholtz Zentrum München, Germany
Research project in the group of Prof. Dr. Elfriede Nöβner, Institute for
Molecular Immunology



10/2010 - 12/2010

Internship; Helmholtz Zentrum München, Germany
Research project in the group of PD Dr. Daniel Krappmann,
Department of cellular signal integration



09/2010 - 10/2010

Internship; Institute for Pharmacology and Toxicology, TU München,
Germany
Research project in the group of Prof. Dr. Stefan Engelhardt



02/2009 - 04/2009

Internship; Max Planck Institute for Metabolism Research, Köln,
Germany



10/2007 - 09/2008

Student Supervisor for undergraduate course
Supervision of lab course in cell biology
Supervision of lab course in botany

Education


Since 01/2012

PhD thesis in the group of Prof. Dr. A. Oxenius, ETH Zürich
" T help in the setting of a persistent viral infection"



Since 01/2012

Member of Life Science Zurich Graduate School
Microbiology and Immunology Program
122

Curriculum Vitae



10/2009 - 12/2011

Master of Science (MSc.) in Biology, TU München
Major in Cell biology, Pharmacology and Immunology
grade: 1.1 with distinction (or A)
Thesis in the group of PD Dr. Daniel Krappmann, Helmholtz Zentrum
München
"Structural and functional analysis of IKKγ/NEMO in NF-κB activation
after TNF and IL-1β stimulation"



10/2006 - 09/2009

Bachelor of Science (BSc.) in Biology, University of Cologne
Major in Cell biology and Neurobiology
grade: 1.5 (or A)
Thesis in the group of Prof. Dr. Einhard Schierenberg, Institute for
Zoology
"Comparative study in evolution of parthogeneses within Nematodes"



06/2006

German secondary school diploma (Abitur)
St. Joseph Gymnasium, Rheinbach, Germany

Skills and Certificates


Language skills: German (native language), English (fluent in writing and speaking), French
(5 years in school)



Certificates: Modul 1 FELASA (Laboratory Animal Science)



Soft skills: Presentation Skills, Team Leading, Project Management

Memberships


Swiss Society for Allergology and Immunology (SGAI)

List of Publications


Greczmiel U, Kräutler NJ, Pedrioli A, Bartsch I, Agnellini P, Bedenikovic G, Richter K, Oxenius
A., Sustained virus-specific follicular T helper cell response terminates chronic LCMV infection
by promoting the generation of LCMV- neutralizing antibodies. Manuscript in preparation.



Meininger I, Griesbach RA, Hu D, Gehring T, Seeholzer T, Bertossi A, Kranich J, Oeckinghaus A,
Eitelhuber AC, Greczmiel U, Gewies A, Schmidt-Supprian M, Ruland J, Brocker T, Heissmeyer
V, Heyd F, Krappmann D., Alternative splicing of MALT1 controls signalling and activation of
CD4(+) T cells. Nature Communications, 2016 Apr 12;7:11292.

123

Curriculum Vitae



Vincendeau M, Hadian K, Messias AC, Brenke JK, Halander J, Griesbach R, Greczmiel U,
Bertossi A, Stehle R, Nagel D, Demski K, Velvarska H, Niessing D, Geerlof A, Sattler M,
Krappmann D., Inhibition of Canonical NF-κB Signaling by a Small Molecule Targeting NEMOUbiquitin Interaction. Scientific Reports 2016 Jan 7;6:18934.



Tober R, Banki Z, Egerer L, Muik A, Behmüller S, Kreppel F, Greczmiel U, Oxenius A, von Laer
D, Kimpel J., VSV-GP: a potent viral vaccine vector that boosts the immune response upon
repeated applications. Journal of Virology 2014 May;88(9):4897-907.

Outside interests and activities


photography (landscape, macro and black & white photography), running, hiking,
Cooking/Baking

124

