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ABSTRACT 

Although humoral and cellular immunity upon viral infections usually co-exist, 

sometimes one of the two responses emerges as dominant and is responsible for most of 

the antiviral activity. For example, vesicular stomatitis virus (VSV) infection induces 

early and potent neutralizing antibody (nAb) responses, whereas lymphocytic 

choriomeningitis virus (LCMV) infection induces strong cellular responses, but weak 

nAb responses. Preliminary data obtained in our laboratory showed that unbalance is 

observed also at the level of CD4 T cells responses, with VSV inducing strong TFH 

polarization that support nAb responses, and LCMV in contrast promoting TH1 

differentiation. Here we dissected the determinants of CD4+ T cell differentiation upon 

viral infections.  Analysis of the VSV and LCMV priming niches led to identification of 

the spatiotemporal regulation of type I (Interferon) IFN expression as a critical regulator 

of antiviral TFH cell polarization. In particular, in the context of VSV infection, early type 

I IFNs sensing by dendritic cells induced production of the cytokine IL-6 and drove TFH 

cell polarization, whereas late exposure to type I IFN in the context of LCMV infection 

resulted in impaired TFH cell differentiation. Moreover, we unveiled a profound 

heterogeneity among the TH1 cells that arise in response to LCMV infection, that 

comprise a TCF-1+ subset and a GzmB+ subset. We proved that the development of these 

TH1 is independent of IL-12 and type I IFNs. Instead, we identified IFN-g as an important 

determinant of CD4+ T cell differentiation, partially inducing TH1 differentiation and 

suppressing TFH development and germinal centers B cell responses. The molecular 

mechanism is still under investigation, but preliminary data suggest a role of IFN-g in 

suppressing the commitment of the TCF-1+ population into TFH. Our results shed light on 

new mechanisms underlying the inefficient nAbs production in response to non-

cytopathic viruses such as LCMV.   
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5 INTRODUCTION 

The dynamicity and diversity of the immune system supports efficient protection of 

the individual from an array of different pathogenic entities. Effective viral clearance is 

achieved mainly through the elimination of infected cells by antigen-specific cytotoxic T 

lymphocytes and the neutralization of infectious virus by antigen-specific B cells 

(Hangartner et al, 2006). These two arms of the adaptive immune system usually coexist 

in a state of competitive equilibrium to maximize viral clearance (Arnaout & Nowak, 

2000);  however, some viruses can favor one branch at the expense of the other, leading 

one response to emerge as dominant and disrupting this dynamic equilibrium (Hangartner 

et al, 2006). The differentiation of CD4+ T cells into specialized helper subsets actively 

participates in the balance between humoral and cellular adaptive immunity (Sheikh & 

Groom, 2020), but the molecular mechanisms that drive distinct T effector subsets are 

incompletely understood. This introduction will give an overview of how antiviral 

cellular and humoral responses are generated in the secondary lymphoid organs in 

response to viral infection, with a particular focus on CD4+ T cell differentiation and its 

role in supporting humoral and cellular immunity. 

5.1 LCMV and VSV viral infections: polar models to study the two extreme 

outcomes of adaptive immune responses 

Viruses are obligate intracellular pathogens, and as a consequence, they require host 

cells for their replication. Despite their relatively simple structure (an RNA or DNA 

genome surrounded by a virus-coded protein coat), viruses can trigger the immune system 

in different ways. They can activate intracellular pattern recognition receptors (PRRs) 

through their RNA/DNA content and induce the production of type I interferons (IFNs), 

which control early viral replication (Mueller & Rouse, 2008). Besides the activation of 

innate immunity, viruses trigger also adaptive immune responses. Efficient coordination 

of humoral and cellular responses results in the elimination of infectious virions on one 

hand, and infected cells on the other. Taking into consideration that each virus is different 

from the other, there can be immune responses that are different in modality and/or 

timing. Indeed, depending on the nature of the virus, humoral responses and cellular 
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responses might outcompete each other, resulting in a wide range of outcomes 

(Hangartner et al, 2006).  

When we talk about viruses and immune responses, one of the most fascinating aspects 

is the virus-host adaptation. It’s in the interest of a virus that the host survives, as the 

survival of the host guarantees the virus to be able to transmit and propagate. A host that 

dies before this happens means the death of the virus itself. This is why some viruses are 

controlled very efficiently by the immune system whereas others have evolved to interfere 

with generation of immune responses in multiple ways. This results in a wide spectrum 

of antiviral adaptive immune responses. On one hand, cytopathic viruses, which provoke 

extreme damage in infected tissues and have to be rapidly controlled by a strong 

neutralizing antibody (nAb) response to ensure the host survival; on the other hand, 

poorly cytopathic viruses that do not induce direct cell damage, usually elicit robust 

cytotoxic cellular responses that control viral titers but cause immunopathology (Rouse 

& Sehrawat, 2010). As a result, a fine balance between humoral and cellular responses 

would be desirable to ensure an efficient viral clearance without excessive 

immunopathology (Arnaout & Nowak, 2000). In this context, lymphocytic 

choriomeningitis virus (LCMV) and vesicular stomatitis virus (VSV) represent model 

viruses for the two extremes of the spectrum of adaptive immune responses and they are 

widely used to study the different outcomes of the adaptive immune response (Hangartner 

et al, 2006).  

5.1.1 LCMV 

LCMV was originally isolated in 1933 by Charles Armstrong in patients with aseptic 

encephalitis and two years later the house mouse (Mus musculus) was recognized as the 

natural reservoir host of the virus (Vilibic-Cavlek et al, 2021). LCMV is an enveloped 

Old-World arenavirus, with a negative-strand RNA genome, ambisense coding strategy, 

with ~10.7 kb genome formed of 2 RNA segments (Smelt et al, 2001);(Eschli et al, 2006). 

The structure of the virus comprises a helical nucleocapsid with an RNA genome 

containing two ambisense RNA segments (S and L) that encode for four viral proteins: 

nucleoprotein (NP), envelope precursor glycoprotein (GPC), which is cleaved into two 

subunits (GP1 and GP2), matrix zinc-binding (Z) protein and the large (L) RNA-

dependent RNA polymerase (RdRp). NP represents the main structural protein and is 
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essential for both transcription and replication. LCMV glycoproteins belong to typical 

class I viral fusion proteins, so they form heterodimeric trimers containing the peripheral 

receptor-binding subunit glycoprotein 1 (GP-1) that binds to the surface receptor α-

dystroglycan and the transmembrane subunit GP-2, which mediates viral membrane 

fusion (Kunz et al, 2003). LCMV-neutralizing antibodies (nAbs) are directed against a 

single site on GP-1 protein, preventing the binding of the virus to the cell (Vilibic-Cavlek 

et al, 2021).  

LCMV is widely used in the field of immunology as a valuable model to investigate 

viral pathogenesis and adaptive cellular responses. Indeed, LCMV has been used in some 

of the most fundamental studies and has contributed to research that has later gone on to 

win several Nobel prizes (Zhou et al, 2012); (Abdel-Hakeem, 2019) (Guo, 2018). Among 

the most important conceptual discoveries, we find the Major Histocompatibility 

Complex (MHC) restriction phenomenon, T cell memory, persistent infections, and T cell 

exhaustion (Zhou et al, 2012);(Zinkernagel & Doherty, 1975). 

But why is LCMV such a useful tool to study cellular immune responses? First, LCMV 

is a poorly cytopathic virus, so it does not cause direct damage to cells and tissues, thus 

enabling a thorough analysis of the cytotoxic activity of immune cells. Another important 

feature of the virus is the high degree of diversity coupled to the rapid evolution, which 

resulted in the isolation of several well-characterized viral strains that differ in their 

replicative capacity, cell tropism, and experimental routes of infection, providing a wide 

spectrum of immune responses (Vilibic-Cavlek et al, 2021). The most widely used strains 

are the Armstrong strain and the Clone 13 (Cl-13) strain, which lead to acute and chronic 

infection, respectively (Bergthaler et al, 2010).  

In the acute system, the virus reaches its peak typically at day 3-4 post-infection, then 

CD8+ T cells proliferate to large numbers upon the priming phase in the secondary 

lymphoid organs (SLOs). CD8+ T cells reach their peak few days later after the peak of 

the virus and once CD8+ T cell starts to emerge the level of the virus declines down toward 

undetectable levels and CD8+ T cells shrink quite substantially leaving a long-lived 

memory response (Althaus et al, 2007); (Zhou et al, 2012). These CD8+ T cells are very 

efficient in the clearance of the virus because they are oligoclonal, so they target different 

peptides, they secrete a high amount of IFN-g, which is an essential antiviral cytokine and 

they are highly proliferative (Anderson et al, 1985). In this way, the virus is completely 
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eliminated, and it cannot acquire mutations that drive its escape. However, CD8+ T cell 

can proliferate and control the virus in the early phase upon infection, but in absence of 

CD4 or B cell help, a few weeks upon infection, the virus will reemerge and CD8+ T cells 

become exhausted leading to an increase viremia (Misumi & Whitmire, 2014). In 

addition, LCMV, like other poorly cytopathic viruses, lacks an early and potent nAbs 

response, typical of cytopathic viruses such as VSV (Hangartner et al, 2006). Indeed, 

nAbs are undetectable during the acute phase of infection and only develop in the late 

phase of the immune response (at 50-80 days) (Hangartner et al, 2006) (Figure 1). For 

this reason, LCMV is also used as a model to investigate why poorly cytopathic viruses 

fail to induce an efficient nAbs response; several studies shed light on many of the factors 

responsible for this phenomenon. 

 

 

 
Figure 1. The course of acute LCMV infection.  
Schematic representation of the immunological profile of acute LCMV infection. LCMV 
induces a vigorous CTL response that peaks at 7 days post-infection, which is trivial in 
clearing the virus below detectable levels. Neutralizing-antibody responses usually do 
not contribute during the acute phase of infection and only develop after 50–80 days. 
(Figure adapted from Hangartner et al, Nature Review Immunology, 2006_ License 
Number: 5247081454245) 
 
 
One of the factors is the frequency of germ line-encoded immunoglobulin variable 

regions specific for accessible sites, that greatly influence the immunogenicity properties 

of the virus. In the context of LCMV infection, the neutralizing epitope of the surface 

glycoprotein was shown to be poorly immunogenic in wild-type mice (Pinschewer et al, 

2004). On the contrary, mice transgenic for the heavy chain of the LCMV-neutralizing 

monoclonal antibody KL25, which carry lots of B cells specific for the neutralizing 
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epitope, develop an early and efficient T-independent neutralizing antibody response, 

suggesting that, in wild-type mice, the frequency of antigen- specific B cell precursors 

should be very low (Seiler et al, 1998). Another factor that is linked to a weak nAbs 

response in the context of LCMV infection is the induction of impaired T helper 

responses, which result in the activation of B-cells regardless of their specificity and in 

an increased hypergammaglobulinemia (Hunziker et al, 2003). These B cells localize in 

the same niche of the rare neutralizing B cells and contend for survival factors (Hunziker 

et al, 2003).  

In addition, the exacerbated CD8+ CTLs responses lead to the disruption of the 

architecture of secondary lymphoid organs and the elimination of antigen-presenting 

cells, further impairing the neutralizing-antibody response (Borrow et al, 

1995);(Odermatt et al, 1991). Finally, during the last years type I IFNs have emerged as 

new important suppressors of anti-viral humoral immune responses at multiple levels 

(Wilson et al, 2013);(Osokine et al, 2014); (Moseman et al, 2016). Their role in hindering 

B cell responses will be explained in detail in paragraph 5.6.1.  

5.1.2 VSV 

VSV is a negative-strand RNA virus, and a member of the rhabdoviridae family. It 

exhibits a strong neurotropism that can result in paralytic symptoms in mammals, 

including mice. For this reason, it is widely used as an ideal model for investigating 

immunity to human neurotropic viruses like rabies virus. In contrast to LCMV, it is highly 

cytopathic, causing extreme damage in infected tissues and it has to be efficiently 

controlled by the immune system to ensure the host’s survival (Hangartner et al, 2006). 

The single-stranded negative-sense RNA genome of VSV is associated with 

nucleoprotein (N), phosphoprotein(P), and RNA-dependent polymerase (L). The genome 

is arranged in a helical fashion with a lipid-glycoprotein envelope that encloses the 

nucleoprotein core. This comprises the glycoprotein (G) protein, which anchors to target 

cells, and the structural protein matrix (M), which drives budding of virus particles from 

the host plasma membrane. (Whelan, 1972);(Hastie et al, 2013). There are two main VSV 

serotypes, Indiana (IND) and New Jersey (NJ), which are endemic to parts of the United 

States as well as much of Central and South America (Hastie et al, 2013).  
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Different studies on VSV viral pathogenesis have shown different outcomes of 

infection dependent on the dose and the route of administration (Johnson et al, 2007). For 

example, intranasal (i.n.) injection in mice or non-human primates has been used as a 

model for experimental encephalitis (Summers, 2009). Other routes of administration, 

such as intramuscular (i.m.), subcutaneous (s.c.), or intraperitoneal (i.p.), generally end 

in very mild disease and limited virus replication (Hastie et al, 2013). Indeed, viral 

spreading is kept under control thanks to an early, strong, T-cell-independent, neutralizing 

IgM response that turns into a T-cell-dependent IgG response after 4–6 days (Hangartner 

et al, 2006) (Figure 2). This rapid induction of early T-independent nAbs is critical for 

the control of viral infection since it gives time to CD4+ T cells to be primed by dendritic 

cells (DCs), to undergo clonal expansion and differentiation toward T Follicular Helper 

(TFH), that support the delayed T-dependent Germinal Centre (GC) reaction. Although 

there is an efficient induction of CTLs upon VSV infection, they are not essential to 

control infection. Mice that lack CTLs can control viral spreading to the same extent as 

CTL-competent mice (Whelan, 1972);(Andersen et al, 1999). 

But how is fatal neuroinvasion prevented upon peripheral infection? In mice, immunity 

to VSV engages a vigorous, multi-layered cellular and humoral response that limits viral 

replication after infection. This involves the induction of an efficient type I IFN response 

regulated by viral sensing pattern recognition receptors (PRRs), mainly endosomal Toll-

like receptor-7 (TLR7), and cytosolic retinoic acid-inducible gene I (RIG-I) receptors 

(Solmaz et al, 2019). SCS macrophages represent crucial gatekeepers for the viral spread 

because they capture and retain lymph-borne virions and present them intact to B cells, 

ensuring their early activation (Iannacone et al, 2010);(Junt et al, 2007). In addition, an 

interesting study identified subcapsular sinus (SCS) macrophages as crucial players in 

preventing the access of VSV to the central nervous system (CNS).  Specifically, SCS 

macrophages sense VSV through TLR7, which represents the main sensing receptor for 

this virus and is crucial in controlling lymph-borne VSV infection (Solmaz et al, 2019). 

As a consequence, they constitute one of the main cellular sources of the early wave of 

type I IFNs (Iannacone et al, 2010). Experiments in bone marrow chimeric mice showed 

that type I IFN acts on both haematopoietic and stromal compartments, including the 

intranodal nerves, to prevent lethal infection with VSV. In addition, SCS  macrophages 

are also capable to secrete waves of chemokines that attract plasmacytoid DCs (pDC), 
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which migrate from the deep cortex towards the SCS and medulla, where they encounter 

VSV, secrete high levels of type I IFNs and promote the survival of Ag-specific CTLs, 

thus controlling viral burden and preventing viral spread in LN peripheral nerves (Swiecki 

et al, 2010);(Detje et al, 2009).  

 

 

 
Figure 2. The course of acute VSV infection  
Schematic representation of the immunological profile of acute VSV infection. VSV is 
rapidly controlled by a strong, early, initially T-cell-independent, neutralizing IgM 
response that switches to a T-cell-dependent IgG response after 4–6 days. Although virus-
specific CTLs are induced during VSV infections, they are neither necessary nor sufficient 
to control infection (Figure adapted from Hangartner et al, Nature Review Immunology, 
2006_ License Number: 5247081454245) 
 

5.2 Antiviral immune responses in the secondary lymphoid organs 

Adaptive immune responses are generated in secondary lymphoid organs (SLOs), 

which include spleen and lymph nodes (LNs).  Blood-borne antigens are captured and 

processed mostly in the spleen, whereas lymph-born antigens are recognized in the LNs. 

Many viruses, including the ones that have been used in my PhD project, enter the 

organism principally through the skin and the mucous membranes that represent the first 

barrier against pathogen invasion. (Kuka & Iannacone, 2014). Taking into account this 

physiologic route of infection, our studies focus on the analysis of adaptive immune 

responses in the draining LNs after subcutaneous viral infection.  

Mediators of innate immunity, such as innate cells and interferons contribute 

decisively in establishing the “antiviral state” that contains the viral spread at the entry 

site. The innate arm of the immune system is activated very quickly upon infection and 
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keeps the infection in check while it stimulates the more specialized adaptive arm. 

However, some viruses evade this first barrier and enter the lymph through the lymphatic 

vessels that drain fluid from tissues. From here, the virus reaches the draining lymph 

nodes, bean-shaped organs that behave as lymph filters and avoid systemic pathogen 

spread. Recent works have revealed a multilayered spatial organization of lymph nodes 

that are colonized by different immune cells localized in specific niches to maximize 

pathogen clearance (Kastenmüller et al, 2012);(Iannacone et al, 2010);(Gerner et al, 

2015a). The detailed structure of LNs is described in the paragraphs below.  

5.2.1 The Lymph nodes: filter stations that limit pathogen spread thanks to a multi-layered 

innate immune response 

The lymph node is surrounded by a protective fibrous capsule constituted mainly by 

collagen (Figure 3). After reaching this capsule, afferent lymphatic vessels, which 

contain cells of the immune system and tissue-derived antigens, deliver lymph to the 

subcapsular sinus (SCS), a cavity underneath the collagen capsule. Lymph then flows 

from the cortical sinuses to the medullary sinuses and into the efferent lymphatic vessels 

(Von Andrian & Mempel, 2003);(Girard et al, 2012). The SCS and the medullary sinus 

floors display a network of lymphatic endothelial cells expressing lymphatic vessel 

endothelial hyaluronic acid receptor 1 (LYVE1). At the level of LN sinuses, there are two 

populations of macrophages that are surrounded by the lymph: CD169+ SCS macrophages 

and medullary macrophages (Gray & Cyster, 2012).  

Underneath the subcapsular sinus is the cortex, the outer region of the LNs, which 

consists of aggregates of B lymphocytes, known as primary follicles. B cell follicles 

represent the main site of humoral responses since they are home to GCs reactions during 

T cell-dependent immune responses (Allen et al, 2007). They are shaped by different 

chemokine cues provided by a network of stromal cells that guides the migration of the 

B cells (Katakai et al, 2004);(Huang et al, 2018). This network is composed mainly of a 

population of radiation-resistant follicular dendritic cells (FDCs) that express high levels 

of the adhesion molecules vascular cell-adhesion molecule 1 (vCAM1) and intercellular 

adhesion molecule 1 (ICAM1), as well as complement and Fc receptors (Wang et al, 

2014). Despite their dendritic-shaped structure, FDCs are of stromal origin and thus are 

distinct from classical DCs (Jarjour et al, 2014). 



 

 17 

Naïve B and T cells enter the LNs through HEVs, and migrate to different niches based 

on the chemokine receptors they express. Naïve B cells are guided to enter the follicles 

thanks to the expression of C-X-C chemokine receptor type 5 (CXCR5), the receptor for 

the CXCL13 chemokine, produced by FDCs (De Guinoa et al, 2011). Naïve T cells and 

DCs express the receptor CCR7, so they are directed to the paracortex by CCL19 and 

CCL21 chemokines gradients produced in the T cell area by fibroblastic reticular cells 

(FRCs) (Gunn et al, 1998). FRCs provide an infrastructure along which lymphocytes can 

traffic and they are key players in orchestrating T- DC interactions (Anderson & 

Anderson, 1975). The T cell area also includes a channel of collagenous conduit fibers 

that consent the movement of low-molecular-weight factors of the lymph, such as 

chemokines, from the subcapsular sinus to HEVs (Ma et al, 2007). The medulla, 

innermost layer, is mainly constituted by efferent lymph vessels that collect filtered lymph 

that they put back into the circulation. This area contains both B and T cells that are 

localized in the medullary cords and many other immune cells such as DCs, macrophages, 

plasma cells (PC), and memory B cells. In addition, recent work has identified a new 

subset of stromal cells called medullary FRCs (MedRCs) that sustains the PC niche in the 

medulla guiding PC migration and residence, but also sustaining PC homeostasis (Huang 

et al, 2018) (Figure 3). 
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Figure 3. Lymph node structure and migration of immune cells  
Schematic representation of a lymph node showing the three different areas: the cortex, 
the paracortex, and the medulla. The route of entry of naive lymphocytes includes high 
endothelial venules (HEVs) or afferent lymphatic vessels, instead, the route of exit 
includes cortical sinuses, medullary sinuses, and the efferent lymphatic vessel in the 
medulla. The cortex contains B cells and follicular dendritic cells (FDCs) organized to 
form B cell follicles. T cells are located mainly in the T cell area of the paracortex. The 
fibroblastic reticular cells (FRCs) in the T cell areas provide the conduit system along 
which lymphocytes can traffic. (Figure adapted from Girard et al., Nature Review 
Immunology, 2012__Licence number: 5247080594171) 

 

5.3 Subcapsular sinus macrophages as “flypaper” that prevent early 

dissemination of pathogens 

The advent of new powerful technologies such as intravital imaging has changed our 

vision and understanding of adaptive immune responses, enabling the real-time view of 

the interplay between viruses and the immune system (Hickman, 2017). One example is 

the characterization of the early steps of antigen recognition in the dLNs. Viral particles 

and other antigens are carried to the dLNs through afferent lymph vessels and once they 

have entered the SCS, they can be handled in different ways depending on their size. 

Antigens of the size of a virus (higher than 70 kDa) are too big to diffuse directly through 

the SCS lumen; they instead are captured and retained by SCS macrophages (SSM) 

(Iannacone et al, 2010);(Louie & Liao, 2019). Macrophages are hematopoietic cells 

deriving either by bone marrow-derived monocytes or from fetal liver-derived precursors: 

they require colony stimulating factor-1 (CSF1) for their development (Gray & Cyster, 

2012). Macrophages can enter damaged tissues from the circulation, and recognize, 

engulf and degrade cellular debris and pathogens. Inside the lymph node, there are three 

different populations of macrophages: subcapsular sinus macrophages (SSMs), medullary 

sinus macrophages (MSMs), and medullary cord macrophages (MCMs) (Gray & Cyster, 

2012) (Figure 4). They cooperate in limiting the viral dissemination but they hold 

different aptitudes to capture lymph-borne molecules; MSMs are less discriminatory in 

their filtering skills and avidly bind any lymph-borne antigen that filter through the SCS 

and cortical sinuses and is trapped in the medullary sinuses; by contrast, SSMs are less 

phagocytic and efficient at binding particulate antigens, with the significant exception of 

viruses and immune complexes. These macrophage subtypes are also different in terms 
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of susceptibility to viruses (Clark, 1962);(McDevitt et al, 1966). Indeed, several works 

have shown that in the case of VSV infection, the virus replicates in SSMs but not in 

MCMs (Sammicheli et al, 2016);(Junt et al, 2007). The reasons behind these differences 

are still incompletely understood but they could rely on several phenotypic and functional 

features.  

 

 

 
Figure 4. Schematic of LN showing main areas and lymphatic sinuses and suggested 
nomenclature for macrophage subsets.  
(Figure adapted from Gray et al., J Innate Immun, 2012__License 
Number:5247091427132) 
 
 

Several milestone studies have defined SSMs as the bridge that links lymph-borne 

antigens and follicular B cells (Junt et al, 2007); (Carrasco & Batista, 2007); (Phan et al, 

2007). Thanks to 2-photon microscopy it has been possible to visualize the unique 

structure of these macrophages, with a ‘head’ directed toward the sinus and long ‘tail’ 

protrusions that are inserted into the follicles (Cyster, 2010) (Figure 5). 
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Figure 5. Schematic model for macrophage antigen presentation to B cells. 
Subcapsular sinus macrophages are characterized by a unique structure with a ‘head’ 
directed toward the sinus and long ‘tail’ protrusions that are inserted into the follicles. 
They translocate viral particles across the subcapsular sinus floor to present them to B 
cells inside the follicle (Figure adapted from Cyster, Nat Imm, 2010_ License Number: 
5247080863775) 
 
 

Junt et al., used a fluorescently labeled ultraviolet-inactivated VSV and thanks to 

multiphoton intravital microscopy in popliteal draining lymph nodes they were able to 

spot the virus at the level of the SCS floor within minutes after injection. VSV signal 

colocalized with CD11b+, MHC-II+, CD169+ cells in the SCS, defining SSMs as the cells 

that capture the virus early upon VSV infection (Junt et al, 2007). These macrophages 

have also the ability to translocate viral particles across the subcapsular sinus floor to 

present them to B cells inside the follicle. Follicular B cells migrate through the dense 

carpet of macrophages’ tails, often making direct contact with them (Carrasco & Batista, 

2007);(Phan et al, 2007);(Junt et al, 2007) (Figure 5). In this way, cognate B cells can 

acquire and process the antigen through the B cell receptor (BCR) and start the process 

of activation before the migration to the T-B border, where they may receive specific T-

cell help. In addition, the fundamental role of SSMs is evident when they are depleted 

through treatment with clodronate-loaded liposomes; in their absence VSV is no more 

captured and contained, so it spreads systemically (Iannacone et al, 2010). 

In some conditions, CD169+ macrophages themselves could be infected, therefore 

representing an early reservoir for pathogen replication (Iannacone et al, 

2010);(Sammicheli et al, 2016). For example, SSMs are the only cellular target infected 

by the virus upon subcutaneous VSV infection (Sammicheli et al, 2016); as a 

consequence, they are the major producers of type I IFNs, which prevent VSV from 

invading peripheral nerves within LNs (Iannacone et al, 2010).  
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5.4 B cell activation 

Early B cell activation is characterized by two spatiotemporal defined events: first, 

specific recognition of native antigens by the BCR initiates intracellular signaling and 

antigen internalization (Cyster, 2010); second, antigen processing and presentation to 

helper T cells boosts B-cell activation and ultimately drives the development of high-

affinity nAbs (Crotty, 2014).  

B cells recognize antigens in their native conformation without the need of processing 

and presentation by antigen-presenting cells (APCs). However, display of native antigens 

by other cell type enhances physical cross-linking of the BCR and renders B cell 

activation more efficient. As previously mentioned, SSMs capture, retain and translocate 

viral particles across the SCS floor to display it for B cells. This is true only for antigens 

of the size of a virus, since low-molecular weight antigens may gain access to the follicles 

without requiring cell-mediated presentation, through direct diffusion via FRCs conduits. 

Antigen display to B cells could be mediated by dendritic cells and follicular dendritic 

cells (Chen et al, 1978),(Suzuki et al, 2009) (Figure 6). Antigen captured by DCs is either 

stably exposed on the cell surface or is resistant to intracellular degradation. This is 

achieved thanks to the expression of FcγRIIB and DC-SIGN, which direct the 

internalization of antigen-containing immune complexes into either non-degradative 

intracellular compartments or in neutral endosomes, respectively (Bergtold et al, 2005). 

On the other hand, FDCs are widely considered the first players in antigen presentation 

to B cells in SLOs in the follicles mediating the retention of antigen in the form of immune 

complexes (with antibody and/or complement fragments) through two different 

mechanisms. The first relies on the expression of high levels of complement receptor 1 

(CR1) and CR2 (also known as CD35 and CD21, respectively), which bind to various 

fragments of C3 and the second on FcγRIIB that is expressed on the surface of FDCs in 

germinal centers (Mandels et al, 1980); (Chen et al, 1978); (Tpw et al, 1980). 
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Figure 6. Schematic of the different ways through which the antigen is presented to 
B cells in the lymph node.  
Small soluble antigens present in the lymph diffuse directly to the B cell follicles. Large 
antigens, immune complexes and viruses can be presented to follicular B cells at the 
macrophage-rich SCS. In addition, follicular B cells may recognize antigen that is 
presented on the surface of FDCs. (Figure adapted from Batista et al, Nature Review 
Immunology, 2009_ License Number: 5247081053659) 
 

Shortly after antigen recognition through the BCR, B cells upregulate CCR7 (the receptor 

for CCL19/ 21 chemokines, which are secreted in the T cell area) and downregulate 

CXCR5, thus migrating to the T-B border to seek for T cell help (Okada et al, 2005) 

(Figure 7). In addition to the modulation of CXCR5 and CCR7, B cell access to the outer 

parts of the follicle is fostered by the chemoattractant receptor Epstein-Barr virus-induced 

gene 2 (EBI2), which binds to the oxysterol 7a,25-HC, produced by stromal cells. In this 

way, EBI2 helps B cell positioning in the outer follicle, and leads to improvement of T-

dependent antibody responses (Cyster et al, 2014); (Gatto & Brink, 2013). This first B 

cell migration step occurs also upon viral infections that do not trigger an early and potent 

nAb response, such as LCMV in mice (Sammicheli et al, 2016). 

At the T-B border, CXCR5+ EBI2lo antigen-specific B cells can interact with cognate 

CD4+ T cells through peptide-MHCII (pMHCII): T cell receptor (TCR) engagement, a 

process that can drive their full activation and the initiation of GC reactions.  

Alternatively, a first wave of T-independent IgM antibodies is generated after B cell 

differentiation towards extrafollicular plasmablasts (Figure 7). The two abovementioned 

fates are not mutually exclusive. For example, in the context of VSV infection, T-
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independent IgMs produced as early as four days after infection rapidly control viral 

spread. Later, higher affinity T-dependent IgGs arise after GC reactions (Hangartner et 

al, 2006); (Ochsenbein et al, 2000).  

The GC is a highly peculiar structure containing several immune cell subsets: GC-TFH, 

B cells, FDCs, macrophages and stromal cells. At this stage, T-B interactions, differently 

from the ones occurring at the T-B border, are very short in duration but they comprise 

an extensive area of interaction (entanglement) (Liu et al, 2015). GCs can be divided into 

a dark (DZ) and a light zone (LZ), originally named so based on their appearance upon 

histological staining. The dark zone is filled by densely packed GC B cells, whereas the 

light zone contains FDCs, TFH cells, and more sparsely distributed GC B cells. FDCs 

present non-processed antigens and serve as long-term antigen deposits, therefore taking 

part in the B cell selection process. By secreting CXCL13 they attract CXCR5 expressing 

GC B cells and TFH cells into the light zone. On the contrary, CXCL12 expressed by 

reticular cells retains CXCR4 expressing GC B cells in the dark zone. The interplay of 

those two cytokines and their receptors orchestrates the zonal distribution of the GC B 

cells, yet they regularly transit between both zones (Allen et al, 2008);(Schwickert et al, 

2007). Indeed, the GC reaction progresses as a cyclic process. In the DZ, B cells undergo 

proliferation and activation-induced cytidine deaminase (AID)- driven somatic 

hypermutation (SHM), a process that generates BCRs with different affinities towards the 

antigen (Barreto et al, 2005). The hypermutated GC cells recycle to the light zone where 

they interact with FDCs and TFH cells, which are important for the selection of high-

affinity GC B cells. GC B cells with higher affinity BCRs capture and display more 

antigen leading to an advantage in the competition for TFH cell help, which drives their 

selection. After positive selection, the GC cells re-enter the dark zone, where they 

undergo cell division leading to the expansion of the high-affinity clones. This results in 

a feedforward loop where GC cells expressing high-affinity BCRs repeatedly recirculate 

to the dark zone where they proliferate and undergo additional rounds of SHM (Victora 

& Nussenzweig, 2012). Although GC B cells are not directly involved in antibodies 

secretion, they take part to long-lasting humoral responses by polarizing into PCs and 

memory B cells (Victora & Nussenzweig, 2012). Several works have shown that PC 

polarization is aided by higher affinity, both in the early plasmablast wave and within 

GCs, whereas lower-affinity B cells are preferentially differentiated toward memory B 
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cells (Phan et al, 2006). The last step of the GC process is the GC dissolution, which 

usually occurs 21 days upon infection or later. GCs start to disappear with a decrease in 

B cell numbers inside the follicles. The timing of GC dissolution is very variable, 

differing from several infections (Victora, 2014). Little is known about the factors that 

initiate GC dissolution, but a recent paper published by the group of Victora showed how 

the resolution of GCs is linked to the upregulation by TFH of the master transcriptional 

regulator FoxP3, which acts as an essential determinant of GC lifespan (Jacobsen et al, 

2021). 

 

 
Figure 7. Spatiotemporal dynamics of B cell activation.  
Macrophages translocate viral particles captured from the afferent lymph across the 
subcapsular sinus floor and present them to B cells inside the follicle (step 1). After 
antigen encounter, naive B cells undergo early activation and proliferation and migrate 
to the T-B border to search for T cell help (step 2). Interaction with cognate CD4+T 
drives B cells either to develop into short-lived plasma (step 3) or to return to the follicle 
to give rise to germinal center reaction (step 4). (Figure adapted from Kuka et al, Nature 
Reviews Immunology, 2017_ License Number: 5247081254689) 
 

5.5 Antigen presentation by dendritic cells shapes CD4+ T helper responses 

 Discovered by Steinman and Cohn in 1973, DCs represent the key nexus between the 

innate and the adaptive arm of an immune response, being the most efficient APCs in 

priming naive T cells (Steinman & Cohn, 1973). Antigen presentation by DCs activates 
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both CD4+ and CD8+ T cells, but in the next paragraph I will focus specifically on CD4+ 

T cell responses since they are the main object of my thesis project. 

DCs start T cell activation by processing and presenting pathogen-derived peptides on 

MHC molecules (signal 1) and by delivering costimulatory signals (signal 2) mediated by 

the interactions between CD80/CD86 and CD28 receptor on T cells. The combination of 

these two signals drives the activation, the clonal expansion and provides pro-survival 

signals to the antigen-specific T cells. DCs represent also the source of the signal 3 that 

consist in the release of cytokines that guide the complete activation of T cells and their 

commitment toward different effector programs (Cabeza-Cabrerizo et al, 2021). Several 

works have brought to the classification of DCs in several subtypes, based on their origin, 

localization, differentiation requirements and their functionality. The most recent 

classification of DCs gained thanks to high-throughput techniques divides them into 

subclasses based on their ontogeny that is often correlated to their function. In this way, 

DCs are categorized into conventional (also known as classical) DCs (cDCs), pDCs and 

monocyte-derived DCs (MoDCs) (Eisenbarth, 2019) (Figure 8).  

In this paragraph I will give an overview of the different populations of cDCs and their 

unique capacity to integrate signals from pathogens and bystander cells to guide the 

differentiation of naive CD4+ T cells into different effectors. 

 



 26 

 

 
Figure 8. Schematic model for dendritic cell type and their specific markers.  
Monocyte- macrophage DC progenitors (MDPs) differentiate into monocytes and common 
dendritic cell progenitors (CDPs). CDPs in turn give rise to both pDCs and pre-cDCs. that 
require the transcription factor FMS-like tyrosine kinase 3 ligand (FLT3L) for development.  All 
other MDP- derived cells develop into monocyte-derived cell that can share phenotypic markers 
with cDCs, especially under inflammatory conditions and they are called non-conventional DCs. 
(Figure adapted from Eisenbarth et al, Nature Reviews Immunology, 2019_ License Number: 
5247090288897) 

 

cDCs rise from a common DC precursor (CDP) in the bone marrow (BM). They need the 

transcription factor FMS-like tyrosine kinase 3 ligand (FLT3L) for their development 

(Onai et al, 2007) and they express the transcription factor Zinc finger and BTB domain 

containing (ZBTB46). This transcription factor is selectively expressed by cDCs and it is 

widely used to discriminate cDCs from monocytes and pDCs (Meredith et al, 2012). cDCs 

are distinguished in cDC1 and cDC2, based on the differential expression of surface 

molecules and functions. cDC1 and cDC2 are further categorized into SLOs-resident cells 

and migratory cells. Resident cDCs continually gain access to the LNs from the blood 

and receive antigen from the lymph or from bystander cells to present it to CD4+ and 

CD8+ T cells. On the contrary, migratory cDCs localize in parenchymal tissues and must 

migrate to LNs to get in touch with naive T cells. In mice resident cDC1s require the 
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transcription factors Batf3, IRF8, and Inhibitor of DNA Binding 2 (ID2) for their 

development and express different markers, such as CD8a, X-C Motif Chemokine 

Receptor 1 (XCR1) and CD24, whereas migratory cDC1 are distinguished from the 

resident because they lose the expression of CD8a, express the peripheral marker CD103 

and higher levels of MHC class II. From the functional point of view, cDC1s are the 

primary population responsible for the cross-presentation of extracellular antigens on 

MHC class I to CD8+ T cells. On the other side, CD8+ T cells are also able to attract 

cDC1 through the secretion of X-C Motif Chemokine Ligand 1 (XCL1), the 

chemoattractant ligand of the receptor XCR1. Resident cDC2s represent the most 

heterogeneous and numerous DC subset in SLOs. They express CD4, CD11b, and SIRPa 

(Signal Regulatory Protein a) and they are specialized in priming CD4+ T cells by 

presenting antigenic fragments associated with MHC class II (Cabeza-Cabrerizo et al, 

2021). Several studies tried to identify markers to discriminate resident from migratory 

cDC2 showing that, at steady-state conditions, migratory cDC2 express higher levels of 

MHC class II, CD11c, and migratory markers such as CCR7 (Min et al, 2018).  

The advent of high-resolution imaging techniques such as histocytometry brought to the 

definition of different cDC niches in LNs that are finely orchestrated in the course of 

immunization or infection (Eisenbarth, 2019). At steady state, cDC1s prevalently reside 

in the T cell zone, whereas resident cDC2s in the outer cortex and migratory cDC2s in 

the interfollicular area, nearby the T-B border (Kamath et al, 2000); (Braun et al, 2011). 

cDC1 and cDC2 positioning reflects the geography of CD8+ and CD4+ T cells that are 

guided by distinct chemokine gradients. Thanks to their localization, resident cDC2 

capture antigen faster and they are more efficient in priming CD4+ T cells with respect to 

cDC1 (Gerner et al, 2015b). The cytokine milieu in SLOs plays a critical role in the 

developmental fate of CD4+ T cells. DCs can express or secrete an array of different 

factors shaped by the several pathogens that they could encounter, molding their 

transcriptional and cytokine profile to optimize the immune response 

Different CD4+ T helper cells subsets fine-tune the antiviral adaptive immune 

responses (Figure 9) (Swain et al, 2012). In particular, viral infections usually stimulate 

the generation of both T helper 1 (TH1) and TFH (Hale et al, 2013).   
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Figure 9. CD4+ T helper cell subsets 
Depending on the nature of antigen stimulation signal received from APCs, naive CD4+ T cells 
differentiate into distinct effector T-helper cell subsets, which are characterized by expression of 
lineage-specific transcriptional regulators, cell surface markers, and secretion of key cytokines 

 

In the next paragraphs, I will give an overview of the development and the function of 

TH1 and TFH during viral infection and how this dichotomy is tipped by multi-layered 

transcriptional networks and inflammatory milieu. 

5.5.1 TFH 

The development of effective nAbs ensures clearance of the infection since the early 

phase and it is a key goal for vaccination. For many years, the mechanism whereby T 

cells contribute to the development of an efficient humoral response by supporting B cell 

activation was unknown. CD4+ T cells were among the best candidates that could be 

actively involved in GC B cell responses, given their pleiotropic roles in shaping the 

adaptive immune response. In 1986 the identification of T helper 1 (TH1) and TH2 cells 

by Mosmann and Coffman, raised the hypothesis that one or both of these T helper subsets 

could be the interacting partners of B cells that promote their proliferation and 
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immunoglobulin class switching. (Mosmann et al, 1986). Although there are several 

studies that have demonstrated the ability of both TH1 and TH2 cells to support B cell 

responses (Noelle et al, 1989); (DeKruyff et al, 1989);, the latter were widely believed to 

be the principal players, as the canonical TH2 cytokine interleukin-4 (IL-4) is implicated 

in various stages of B cell proliferation and promotes IgG1/IgE class switching 

differentiation (Croft & Swain, 1991); (Purkerson & Isakson, 1992).  

Even though TH1 cells are usually associated with cell-mediated immunity, and generally 

regarded as less important for B cell responses, IgG2a isotype switching is promoted by 

IFN-γ (Huang et al, 1993); the prototypical TH1 cytokine, which inhibits also switching 

to IL-4–dependent isotypes, such as IgE, (Snapper & Paul, 1987). These results suggest 

that TH2 cells are not unique in their ability to induce T-dependent B cell responses, but 

the mechanisms by which TH1 and TH2 help B cell responses remain to be elucidated, 

particularly in vivo. However, TH2 cells are not essential for B cell proliferation and 

differentiation, as IL-4 or IL-5 knockout (KO) mice, which have deficient TH2 responses, 

have readily detectable Ab production and germinal center formation (Del Prete et al, 

1988); (Pene et al, 1988). 

A CD4+ T helper cell subset that expresses high levels of CXCR5 was discovered only in 

2009. Later, this new T helper cell subset was categorized as a distinct subset of T helper 

cells, specialized in B cell help. These CD4+ T cells are now commonly named T 

follicular helper (TFH) cells (Breitfeld et al, 2000); (Kim et al, 2001); (Schaerli et al, 

2000). TFH cells directly interact with B cells in the B cell follicles, becoming essential 

mediators of the humoral immune response (Garside et al, 1998);.  

TFH cell differentiation is a multistage, multifactorial process (Crotty, 2011) (Figure 10), 

and can largely be modeled as an early cell fate decision between becoming a TFH cell 

and a non-TFH effector cell. The canonical TFH cell commitment starts when naive CD4+ 

T cells in the T cell area of SLOs encounter activated antigen-presenting DCs. During 

this process, T cells receive a variety of different stimuli that include the engagement of 

the T cell receptor (TCR), costimulatory molecules from DCs and specific cytokines 

derived from the microenvironment (Hilligan & Ronchese, 2020). Upon priming by DCs, 

CD4+ T cells sense TFH-polarizing cues that lead to the initial upregulation of the TFH 

master transcription factor Bcl-6 (B-Cell Lymphoma 6) (Nurieva et al, 2009). This 

enables the early upregulation of the chemokine receptor CXCR5 and the downregulation 
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of CCR7, guiding the migration of these pre-TFH to the T-B border (Hardtke et al, 2005). 

This step is also aided by the fine-tuned regulation of a set of different migration receptors 

and integrins such as the migration receptor P-selectin glycoprotein ligand-1 (PSGL1), 

the chemoattractant receptor EBI2, Sphingosine- 1-phosphate (S1P) receptors, Signaling 

lymphocytic activation molecule (SLAM) family receptors, and integrins (Crotty, 2019). 

DC priming is essential for the first step of pre-TFH induction but is not sufficient for the 

generation of the full polarized GC-TFH. To this end, TFH require signals from cognate B 

cells, which exert a key role in the maintenance and full polarization of pre-TFH to GC-

TFH (Baumjohann et al, 2013); (Crotty, 2014). 

The T-B border represents the initial meeting point for cognate T-B interactions since 

antigen-activated B cells migrate towards this area thanks to the upregulation of CCR7 

that enables their journey towards CCL19 and CCL21 cues produced mainly by stromal 

cells in the T cell zone (Hardtke et al, 2005). Antigen-specific T cells and B cells interact 

in the T-B border engaging in long-lasting contacts. The interaction between these two 

cognate players induces several signals that result in the initiation of GC reactions, and in 

the production of high affinity nAbs responses. On one side these signals comprise CD40-

CD40 ligand interactions on activated B cells and TFH, respectively that drive a massive 

B cell proliferation (Takahashi et al, 1998). On the other side, the interaction between 

ICOSL expressed by the B cell and ICOS expressed by the TFH further increases CXCR5 

expression and inhibits CCR7, PSGL- 1, and CD62L (also known as L- selectin) 

expression (Akiba et al, 2005); (Weber et al, 2015). In this way TFH become more 

sensitive to CXCL13 gradients and increase their migration into the follicle in a 

Phosphoinositide 3-kinase (PI3K)- dependent manner (Preite et al, 2019). During this 

process TFH cells acquire a more differentiated phenotype through the upregulation of 

CXCR5, Bcl-6 and Programmed cell death protein 1 (PD-1), becoming fully 

differentiated GC-TFH (Crotty, 2011). Indeed, the combination of these markers is used in 

mice to identify this peculiar population (Espéli & Linterman, 2015).  
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Figure 10. The multistep process of TFH differentiation 
Multiple stages of TFH differentiation, involving initiation, maintenance, and full 
polarization.  
(Figure adapted from Crotty, Annu. Rev. Immunol., 2011_ License requested) 
 

5.5.2 TH1 

TH1 cells play an important role in mediating cellular immunity against infections by 

intracellular pathogens, such as viruses. They do so mainly by enhancing mononuclear 

phagocyte and CD8+ T cell activation thanks to their capacity to secrete a high amount 

of IFN-g. Upon infection, during the priming phase, CD4+ T cells undergo clonal 

expansion and differentiation and are exposed to different cytokines secreted by the 

surrounding environment, mainly infected cells and stromal cells. When CD4+ T cell 

sense TH1 polarizing cytokines, they upregulate the expression of T-bet, the TH1 master 

transcription factor that represents one of the major drivers of IFN-g production (Zhu et 

al, 2012). Before going into the details of which factors drive TH1 polarization, it is worth 

pointing out that TH1 cells might be endowed with a degree of heterogeneity, so their 

phenotype is continually shaped by the different cytokine cues that vary among the 

infections (Cano-Gamez et al, 2020); (Kiner et al, 2021); (Tuzlak et al, 2021). This 
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property increases the complexity in finding common TH1 polarizing modules that are 

shared by different infections. IL-12 represents one of the biggest examples of the 

context-dependent role of some well-known TH1 polarizing cytokines, since it is essential 

in inducing TH1 polarization in the context of bacterial infections, but not in the case of 

some viral infections (Krueger et al, 2021); (Oxenius et al, 1999); (Schijns et al, 1998). 

With regard to this, Krueger et al., recently revealed how the early generation of TH1 cells 

is IL-12 independent in both influenza virus (IAV) infection and Salmonella enterica (Se) 

infection, however, TH1 generated upon Se infection undergo a two-module 

differentiation. The second module is IL-12-dependent and gives rise to CX3CR1-

expressing cytotoxic TH1 endowed with high protective properties and increased IFN-g 

production. On the contrary, the early TH1 generated in the context of IAV infection do 

not develop into the cytotoxic subset and progress in competitive equilibrium with TFH 

cells (Krueger et al, 2021).  This two-step differentiation process is in line with a model 

proposed by Shulz et al. built on the basis of cell culture experiments. This model entails 

a first stage in which T-bet and IL-12 receptor expression are driven by TCR engagement 

independently from IL-12 signaling, resulting in a TH1 cell population, which produces 

low level of IFN-g. In a second step, IL-12 receptor signaling activates STAT4,  driving 

further T- bet expression, IFN-γ production capacity and commitment toward the TH1 

lineage (Schulz et al, 2009). T- bet binds directly to the Ifng locus driving the expression 

of the canonical TH1 cytokine IFN- γ (Thieu et al, 2008). This early source of IFN- γ acts 

as a first booster for the immune system inducing T-bet expression in naive CD4+ T cells, 

in a STAT1-dependent manner. In this way, this cytokine acts in an autocrine-positive 

fashion to drive further TH1 differentiation. In addition to the role in supporting and 

maintaining TH1 cell differentiation, IFN- γ induces the IFN-stimulated chemokines  C-

X-C motif Ligand 9 and 10 (CXCL9, CXCL10), leading to further recruitment of 

CXCR3+ T cells into regions of inflammation (Groom et al, 2012).  

Several publications provide evidence of a key role of TH1 in helping B cells. In fact, 

they promote isotype switching to IgG2c and IgG2a and their depletion leads to an 

increase IgG1 class switching in response to some viral infections such as LCMV and 

Zika (Liang et al, 2019); (Barnett et al, 2016). In addition to their role in isotype 

switching, TH1 could act directly on B cells inducing T-bet expression through IFN-g 

mediated pathway. A recent paper published by the group of Rudentsky shows that T-
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bet+ CD4+ T cells that comprise both TH1 and T-bet+ TFH, and T-bet+ B cell form a spatial 

circuit that acts as a unique module in inducing IgG2c class switching (Mendoza et al, 

2021). In this context, TH1 alone are able to induce IgG2c class switching and TFH instead 

support germinal center formation, elucidating a new important function of TH1 in 

supporting extrafollicular humoral responses. However, it remains unknown how these 

extrafollicular nAbs generated independently of TFH are efficient in protecting the host 

from a viral infection in respect to the TFH-dependent nAbs. 

5.5.3 Transcriptional and environmental cues for TFH and TH1 commitment 

Since their discovery, the predominant model of T helper (TH) cell definition has relied 

on a distinction based on the expression of lineage-defining master regulator transcription 

factors. However, recent data clearly suggest that many of the lineage-defining factors 

are expressed in multiple subsets of TH cells (Zhou et al, 2009);(O’ Shea and Paul, 2010). 

For example, the TH1 master transcription factor T-bet is expressed not only in TH1 but 

at variable levels also in TFH cells. (Wang et al, 2019). A large body of literature defines 

TFH cells as a highly heterogeneous population skewed by the inflammatory environment 

and able to shape B cell responses. A recent concept paper proposed a new nomenclature 

to define the different TFH subsets based on the cytokines/chemokines profile, the 

transcriptional signature and the functional characteristics (Tuzlak et al, 2021). These 

different TFH subsets could promote different immunoglobulin isotype switching, 

suggesting a key role in shaping humoral responses. The developmental trajectories of 

these cytokine-skewed TFH cells are still under investigation with some study that propose 

a linear differentiation pathway from naïve CD4+ T and other that define them as a 

transitional state between TFH cells and other T effector subsets (Sheikh & Groom, 2020). 

TFH1 for example, develop upon type I inflammatory responses and display some TH1 

features, such as the expression of the TH1 master transcription factor T-bet and the 

secretion of IFN-g (Olatunde et al, 2021); (Wang et al, 2019). They are induced 

concomitantly with TH1 and they share some transcriptional trajectories. Recent works 

shed light on IL-12 as an early polarizing cytokine for both TFH1 and TH1 thanks to its 

ability to induce T-bet and Bcl-6 (Nakayamada et al, 2011). The competitive equilibrium 

between these two master transcription factors determines the developmental fate toward 
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TH1 or TFH, with Bcl6 that is required for the maintenance of TFH differentiation in parallel 

with T-bet silencing (Oestreich et al, 2012). 

Interestingly, Nakayamada et al. showed that TFH and TH1 share a transitional 

precursor that expresses both Bcl-6 and T-bet; however, in the late phase of TH1 

differentiation TFH-related genes are silenced leading to the ultimate commitment toward 

the TH1 fate (Nakayamada et al, 2011). The precise timing of the fate bifurcation is still 

under investigation. While some studies suggest that CD4+ fate decisions are imprinted 

early upon infection, others indicate that this bifurcation occurs later, between days 2 and 

4 post-infection (Sheikh & Groom, 2020). These discrepancies could be linked to 

different infection models but also to the high degree of plasticity retained by 

differentiating CD4+ T cells. This flexibility enables effector CD4+ T cells to adapt their 

response to different stimuli based on the cytokine milieu to which they are exposed.  

The regulatory mechanisms that instruct the differentiation of TFH cells and TH1, are 

guided by the coordinated interplay between cell-extrinsic signals (i.e. cytokines or 

ligand-receptor interactions) and cell-intrinsic transcriptional networks (Sheikh & 

Groom, 2020) (Figure 11 and 12). TFH and TH1 share a common precursor stage (Figure 

11), but the timing and the combination of factors that guide the final TFH/TH1 dichotomy 

are still under investigation and the field is complicated by the high heterogeneity and 

plasticity of these populations. In this section I will give an overview of the transcription 

factors and inflammatory cues that direct TFH/TH1 fates.  
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Figure 11. TFH and TH1 bifurcation.  
Antigen presentation by DCs and inflammatory cues coming from the microenvironment drive the 
initial development of naïve CD4+ T cells into a common precursor that expresses both TH1 and 
TFH markers (T-bet+ Bcl-6+ CD4+ T cell).  Later during the differentiation path, TFH cues drive 
this precursor to differentiate toward TFH cells that start the expression of the chemokine 
receptors CXCR5 and CXCR3 and of PD-1 and ICOS. Conversely, TH1 signals tips the TH1/TFH 
precursos toward TH1 development. These fully differentiated TH1 express canonical TH1 
transcription factors Blimp-1, T-bet and Bcl-6; chemokine receptors CXCR3 and IL-2R (Figure 
adapted from Sheikh et al., Cellular and Molecular Immunology, 2020_ Open Access Article) 
 

5.5.4.1 Transcriptional mediators of TH1/TFH dichotomy 

The common precursor of TFH/TH1 is a hybrid population that expresses both the 

lineage defining factors T-bet and Bcl-6. These two transcription factors are expressed in 

a competitive equilibrium, but ultimately this equilibrium is disrupted and one of the two 

factors becomes the determinant of the final CD4+ T cell polarization (Nakayamada et al, 

2011); (Lönnberg et al, 2017).  

Bcl-6 is a proto-oncogene zinc-finger transcriptional repressor involved in the 

differentiation pathways and in the function of several immune cells. In particular, Bcl-6 

expression is crucial in orchestrating humoral immunity, since it is involved in TFH and 

GC B cells development (Ye et al, 1997); (Kitano et al, 2011). Indeed, GC B cells express 
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high levels of Bcl-6, which inhibits their differentiation into plasma and memory cells 

(Reljic et al, 2000). In addition, it also regulates the generation and maintenance of 

memory CD8+ T cells (Ichii et al, 2002). Its expression is upregulated by CD28 activation, 

STAT1 and STAT3-mediated pathways and by IL-21 and IL-4 secreted by TFH (Arguni 

et al, 2006); (Choi et al, 2013); (Chevrier et al, 2017). Moreover, Bcl-6 promotes the 

expression of both IL-21R and CXCR5 in CD4+ T-cells facilitating their migration toward 

the follicle, further promoting TFH differentiation in a positive feedback fashion (Hatzi et 

al, 2015). Bcl-6 expression counteracts Blimp-1 expression and vice versa in both GC B 

cells and TFH cells. In fact, the overexpression of Blimp-1, in non-TFH CD4+ T cells, 

inhibits CD4+ T cells to acquire the TFH phenotype via the inhibition of the expression of 

canonical markers, including CXCR5, ICOS, and PD-1 (Johnston et al, 2009). One of the 

most critical roles of Bcl-6 as the TFH master transcription factor, in addition to the 

establishment of TFH commitment, is the concomitant inhibition of alternative pathways 

of T helper differentiation by the epigenetic silencing of promoters and enhancers linked 

to TH1, TH2 and TH17 differentiation (Hatzi et al, 2015).   

T-bet is a TH1-specific T box transcription factor, involved in the induction of IFN-g 

expression (Szabo et al, 2000). After its discovery, several papers were published 

describing the expression of this transcription factor on several immune cells and 

highlighting its key role in orchestrating antiviral immune responses (Lighvani et al, 

2001); (Kallies & Good-Jacobson, 2017); (Sheikh et al, 2019). In fact, T-bet exerts its 

function on CD8+ T cells, where it induces the development of effector at the expense of 

memory precursors (Hamilton & Jameson, 2007), but also on GC B cells, where it directs 

their localization to the GC dark zone (Ly et al, 2019). It plays a key role also in innate 

lymphoid cell (ILC)s differentiation, inducing IFN-g expression (Zhang et al, 2018). 

Besides these pleiotropic roles, T-bet is best recognized for its vital role in TH1 cell 

differentiation, since it promotes the expression of the canonical TH1 cytokine IFN-γ 

(Szabo et al, 2000). Going into the details of the mechanism of IFN-γ induction, T-bet 

induces this cytokine to some extent through remodeling the Ifng gene and among others 

by upregulating IL-12Rβ2 expression, thus promoting both IFN-γ expression and 

selective TH1 cell expansion in response to IL-12 (Nakayamada et al, 2011); (Schulz et 

al, 2009). Like Bcl-6, T-bet supports the TH1 fate by preventing T helper cell precursors 

from adopting non-TH1 effector fates and negatively regulating the transcription of 



 

 37 

lineage-defining transcription factors (Lazarevic et al, 2011). Indeed, T-bet is also 

involved in the regulation of the chemokines CCL3 and CCL4 and the chemokine 

receptor CXCR3, which are involved in the migration of TH1 in the T cell zone (Groom 

et al, 2012).  

Bcl-6 and T-bet should not be seen as two separate identities involved in the 

differentiation of TFH and TH1, but as a fine-tuned complex molded by the environmental 

cues. The regulation of this Bcl-6/T-bet module is extremely multifaceted and involves 

the recruitment of the Bcl6-T-bet complex to the Ifng locus and to the SOCS1 and SOCS3 

(suppressor of cytokine signaling) promoters. SOCS1 signaling is involved in the 

suppression of IFN- γ and STAT1 pathways, in this way the Bcl-6/T-bet complex curtails 

the IFN- γ mediated immunopathology (Oestreich et al, 2011). Another factor involved 

in this complex network of interaction is B-lymphocyte-induced maturation protein 1 

(Blimp1), a transcription factor highly expressed by TH1 cells that inhibits Bcl-6 

expression, tipping the balance between TFH and TH1 towards TH1 (Johnston et al, 2009).  

In addition to the TFH master transcription factor Bcl-6, during the last years, several 

papers identified new transcription factors implied in the induction of TFH transcriptional 

trajectories, including T-cell factor 1 (TCF-1), and a number of STAT factors.  

TCF-1 belongs to the HMG family of transcription factors and it is encoded by the Tcf7 

gene. Recent works highlighted an essential role of this transcription factor in promoting 

and maintaining TFH differentiation via several pathways (Wu et al, 2015). First of all, 

upon LCMV infection it directly induces Bcl-6 expression and suppresses Il2ra and 

Prdm1 transcription in a negative feedback loop (Shao et al, 2019); (Xu et al, 2015). 

Second, TCF-1 enhances the expression of IL-6Rα and gp130, increasing ICOS 

expression, further promoting TFH development (Choi et al, 2013). TCF-1 is also involved 

in the generation of GC reactions since its ablation impairs GC B cell development (Xu 

et al, 2015). 

5.5.4.2 Cytokine mediators of TH1/TFH dichotomy 

Several works raised the concept that each viral infection stimulates unique cytokines 

modules that regulate the transcriptional networks at the basis of TH1/TFH bifurcation. 

Among the different cytokines, IL-6, IL-21, IL-2, IL-12 and IFN-g have been reported to 

be involved in either TFH or TH1 cell commitment (Figure 12).  
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IL-6, together with IL-21, is the best known TFH polarizing cytokine and it is produced 

by several cellular sources including DCs, T and B cells, macrophages, fibroblasts, 

endothelial cells, glial cells and keratinocytes (Sheikh & Groom, 2020). IL-6 signaling 

involves the activation of STAT3 that in turn elicits Bcl-6 expression and drives TFH 

differentiation. However, during LCMV infection IL-6 is able to induce TFH 

differentiation also in absence of STAT3 signaling (Hotson et al, 2009), but the 

alternative pathways need further investigation. TFH differentiation is strongly impaired 

only when STAT1 and STAT3 are missing, suggesting that the cooperation of these two 

pathways is essential in inducing TFH commitment (Choi et al, 2013). In line with this 

role in supporting TFH development, IL-6 is also involved in the generation of nAbs in the 

context of GC reactions, but it is still unclear whether it is directly sensed by GC-B cells 

or it is an indirect effect of the increased TFH differentiation (Harker et al, 2011). Another 

pathway through which IL-6 induces TFH differentiation is through the induction of IL-

21, which represents the most abundant cytokine produced by TFH. Its main function is to 

promote GC reactions and IgG1 class switch recombination (Ozaki et al, 2002). In the 

context of TFH differentiation IL-21 alone is dispensable in inducing TFH commitment, 

but it acts in concert with IL-6 promoting STAT3-mediated signaling (Eto et al, 2011).  

Among the cytokines that are known to suppress TFH development IL-2 is considered one 

of the best antagonists. Its mechanism of action relies on the induction of the expression 

of Blimp1 and the inhibition of STAT3 binding to the Bcl-6 locus, thus promoting at the 

same time TH1 development and TFH suppression (Johnston et al, 2012); (Ballesteros-tato 

et al, 2013). In fact, during TFH development, CD25 (the α chain of the high-affinity IL-

2 receptor) is negatively regulated in order to protect the developing TFH from the 

suppressive signals mediated by the IL-2 pathway. In line with this, TH1 precursors 

express a higher level of CD25 and they are defined as “IL-2 consumers”. In the context 

of LCMV infection, in absence of IL-2 consumers, as in T-bet deficient mice, early-TFH 

precursors are more exposed to the inhibitory signals of the IL-2, thus resulting in the 

impairment of both TH1 and TFH commitment (Ditoro et al, 2018). On the contrary, in a 

different setting such as Influenza infection, the absence of TH1 does not result in the 

decrease of TFH differentiation because the concomitant induction of IL-6 drives TFH 

development (Sheikh et al, 2019). To summarize these studies, like many other cytokines, 
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the role of IL-2 is context-dependent and is tightly regulated in a spatiotemporal 

dependent manner.  

Among the factors that drive TH1 commitment, for many decades IL-12 has been 

categorized as the best TH1-polarizing cytokine, due to its ability to induce STAT4-

dependent pathways that result in the induction of T-bet (Schulz et al, 2009). 

Nevertheless, as explained in the previous paragraph, T-bet could be expressed in a 

transient or permanent way also by TFH, which share a transcriptional precursor with TH1. 

Indeed, IL-12 not only induces the expression of T-bet and IFN-g, but also of IL-21 and 

Bcl-6 on CD4+ T cells (Nakayamada et al, 2011). However, the role of this cytokine is 

context and time-dependent. A recent paper published by the group of Jenkins showed 

how IL-12 is dispensable for the early induction of TH1 polarization upon both Salmonella 

and Influenza infection. Conversely, at the late stage of Salmonella infection, TH1 become 

more sensitive to IL-12, which increases their cytotoxic potential and their capacity to 

produce IFN-g.  This TH1 phenotype-switch does not happen in the context of Influenza 

infection and other works highlight the concept that upon viral infection IL-12 is 

dispensable in inducing TH1, but there must be other unknown polarizing factors 

responsible for TH1 differentiation (Nakayamada et al, 2011).  

Another cytokine that can act in concert with IL-12 to induce TH1 polarization is IFN-g 

(Schulz et al, 2009). IFN-g has always been considered the canonical effector TH1 

cytokine, a key player in orchestrating innate and adaptive immunity against intracellular 

pathogens. IFN-γ producers include TH1, CD8+, NK and NKT cells, macrophages, DCs 

and B cells, even if T cells represent the major source during adaptive immunity. IFN-γ 

exerts its function interacting with its heterodimeric IFNγR composed of a ligand-binding 

α subunit (IFNGR1) and a signal-transducing β subunit (IFNGR2). IFN-γ signaling 

pathway starts with the phosphorylation of JAK1-JAK2 activation, which in turn activates 

STAT1.  STAT1 homodimers translocate to the nucleus, where they promote the 

transcription of IFN-γ associated genes and of T-bet, which delineates the onset of T cell 

polarization for commitment to TH1 lineage (Schroder et al, 2004). IFN- γ acts also in a 

positive feedback loop to further enhance TH1 differentiation and IFN- γ production 

(Wakil et al, 1998).  
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While its role in maintaining the TH1 phenotype and in increasing the pool of memory T 

cells is widely accepted (Whitmire et al, 2007), its role in driving TH1 polarization needs 

further investigation. 

In vitro studies showed how IFN-g induces an early wave of T-bet expression via STAT1 

signaling followed by further TH1 polarization mediated by IL-12 (Schulz et al, 2009), 

however, in vivo the transcriptional and cytokine networks are more complex and the 

molecular mechanism is still unknown. 

 

Figure 12. Environmental cues that instruct CD4+ T cell differentiation. 
Selective cytokines and transcription factors that tip the balance between TH1 and TFH 
differentiation (Figure adapted from Sheikh et al., Cellular and Molecular Immunology, 2020_ 
Open Access Article) 
 

5.6 Type I IFNs: The Jekyll and Hyde of the immune response to viral 

infections 
 
When analyzing determinants of adaptive immune responses to viral infections, it is 

important to keep into account a family of innate molecules, which have been found to 

play a crucial role in shaping both innate and adaptive immune responses: type I IFNs. 

Type I IFNs are cytokines secreted in response to a viral infection that restrict viral 

replication within the host cell through the induction of several IFN-stimulated genes 

(ISGs). The type I IFN family is a multi-gene cytokine family composed of IFN-b and 

several IFN-a isoforms that signal through the heterodimeric receptor constituted of 

Interferon Alpha and Beta Receptor Subunit (IFNAR1 and IFNAR2) subunits. Type I 

IFN-mediated pathway leads to the activation of several intracellular programs that 
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impact both the innate and the adaptive immune responses. Indeed, type I IFNs exert a 

context-dependent role upon viral infections and their functions might translate into 

beneficial or detrimental outcomes for the host (Figure 13). These are strictly dependent 

also on the timing and the magnitude of the production of this cytokine, which could 

trigger different intracellular pathways and ISGs, leading to pleiotropic effects in the 

antiviral immune response (McNab et al, 2015).  

IFNα/β induction is driven by microbial products sensed by receptors placed on the cell 

surface, in the cytosol or in the endosome, named pattern recognition receptors (PRRs). 

The signaling transduced trough these receptors converges on the activation of a few key 

factors, such as the IFN-regulatory factor 3 (IRF3) that induce a first wave of transcription 

of Ifnb and Ifna4 genes that then trigger IRF7 in an autocrine positive loop that enhances 

type I IFN transcription. Type I IFNs binding to its receptor then leads to the activation 

of numerous intracellular pathways. The canonical pathways involve the activation of the 

kinases JAK1 and TYK2 that in turn phosphorylate signal transducer and activator of 

transcription 1 (STAT1) and STAT2 molecules in the cytosol, leading to their 

dimerization and translocation in the nucleus where they interact with IRF9, forming the 

ISG factor 3 (ISGF3) complex. ISGF3 then binds to IFN-stimulated response elements 

present in the ISG promoters, promoting ISG transcription. This is just one of the 

intracellular pathways induced by type I IFN that in fact can signal also through STAT1 

homodimers that are shared by the IFN-γ-mediated signaling or by other STATs (STAT3, 

4 and 5), leading to the transcription of different ISGs (Platanias, 2005). This multi-

layered signaling represent one of the main reasons behind the pleiotropic effects of 

IFNα/β-mediated signaling, as it induces the transcription of other genes behind the ISGs, 

such as cytokines and chemokines, pro-apoptotic and anti-apoptotic molecules, and 

molecules related to metabolic processes.  

Besides inducing an antiviral state, type I IFNs are key players of the innate and 

adaptive immune response, acting on different cell types. First of all, they promote 

antigen presentation and DC maturation through the upregulation of MHC-II expression 

and costimulatory molecules such as CD80 and CD86. These type I IFN-mediated effects, 

coupled with the induction of CXC-chemokine ligand 9 (CXCL9) and CXCL10 that act 

as chemoattractants for T cells, lead to a more efficient T cell stimulation. Type I IFNs 

induce also the production of the chemokine CCL2 by stromal cells, which in turn drives 
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the recruitment of CCR2+ inflammatory monocytes through the CCL2-CCR2 axis 

(Dasoveanu et al, 2020). Further, NK cells functionality and survival are directly or 

indirectly influenced by this cytokine. During murine cytomegalovirus (MCMV) 

infection, type I IFNs induce IL-15, which is essential in supporting the proliferation and 

the activation of NK cells (Baranek et al, 2012). In addition, it enhances IFN-γ production 

by NK cells through a STAT1- mediated signaling (Marshall et al, 2006). As mentioned 

previously, type I IFN acts not just on the innate arm of the immune system, but also on 

the adaptive arm. It can directly act on CD4+ and CD8+ T cells, promoting their survival, 

proliferation, function, and also their memory potential. The nature of CD4+ and CD8+ T 

cell responses is strictly shaped by the spatiotemporal regulation of this cytokine and on 

the activation of different STAT-mediated signaling upon IFNAR engagement. In the 

context of LCMV infection, type I IFN dampens T cell-mediated response inhibiting their 

egression from SLOs, but also promoting an anti-proliferative effect on CD8+ T cells. 

This, in turn, influence the initial proliferation of T cells, determining also the size of the 

downstream memory T cell pool (Marshall et al, 2011). 

 

 
Figure 13. The pleiotropic roles of type I IFNs upon viral infection  
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Infected cells secret type I interferons (IFNs) in response to viral infection and/or contact 
with viral products. Type I IFNs produced by infected cells acts in an autocrine or 
paracrine fashion on the bystander cells, inducing the transcription of IFN-stimulated 
genes (ISGs), which inhibit the viral replication cycle. Type I IFNs are also produced and 
sensed by APCs, enhancing their antigen-presenting capacity. They can also improve the 
antiviral task of cells of the adaptive arm, such as B cells, T cells, and natural killer (NK) 
cells. (Figure adapted from McNab et al, Nature Reviews Immunology, 2015_ License 
Number: 5247090091242) 
 
 

Type I IFNs participate also in the polarization of CD4+ T cells toward TH1 or TFH, but 

its role is context-dependent and it changes in different types of immunization or viral 

infections. Different viral infections lead to a wide spectrum of type I IFN-induced 

responses since it could be sensed by different cell types and the level of complexity 

increases since it involves its spatiotemporal regulation in the different anatomical niches 

(Kuka et al, 2019).  

IFNs affects also B cell responses at the level of two important steps: development and 

proliferation and antibodies secretion, including class switching (Stark et al., 1998). Ig 

class switching is crucial in molding the immune response to different pathogens as the 

different isotypes drive diverse effector functions.  

Indeed, IFNα/β are crucial in supporting early B cell responses during VSV and 

Influenza infection. In addition, in vitro type I IFNs support mature B cells survival and 

resistance to Fas-mediated apoptosis (Braun et al, 2002). Ultimately, pDCs secrete type I 

IFNs, which promote the generation of plasma cells and IL-6, which enhances their 

capacity to release antibodies (Jego et al, 2003). However, type I IFNs could also play an 

immunosuppressive role during viral infections, such as in the context of LCMV 

infection. This concept will be discussed in the next paragraph. 

5.6.1 Type I IFNs hinder antiviral B cell responses upon LCMV infection 

Type I IFN plays a dual role in the context of LCMV infection, acting on one side as 

an antiviral molecule and on the other side as an immunomodulatory cytokine. In this 

paragraph I will give an overview of the recent discoveries about the detrimental roles of 

type I IFNs in humoral B cell responses upon LCMV infection. Part of this work was 

published by our group and took advantage of multiphoton intravital imaging (MP-IVM) 

to define the spatiotemporal dynamics underlying virus-specific B cells responses upon 
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subcutaneous LCMV infection compared to VSV infection in the popliteal draining LNs 

(Sammicheli et al, 2016). This study unveiled profound differences in the B cell migration 

and interaction partners in the two infections. As was shown in previous studies with 

ultraviolet-inactivated VSV or non-viral Ags (Junt et al, 2007); (Carrasco & Batista, 

2007), early upon subcutaneous infection (2h), VSV-specific B cells localize in the SCS 

area where they engage prolonged interaction with infected SSM, they acquire the 

antigens and migrate to the T-B border (8h). By 72h they undergo activation and clonal 

expansion and migrate back to the B cell follicles, in line with the early induction of nAbs 

four days upon infection. On the contrary, LCMV-specific B cells migrate to the T-B 

interface later upon the infection (24h), they upregulate markers of early activation but at 

day three they remain stacked in that area without moving back in the B cell follicles. 

This confinement of LCMV-specific B cells was due to their interaction with a population 

of CD11b+Ly6Chi inflammatory monocytes recruited in the dLNs in a type I IFN and 

CCR2-dependent fashion. These monocytes are responsible for the B cell apoptosis 

thanks to their ability to produce nitric oxide (NO) and lead to an impairment of nAbs 

responses independently of CD4+ T cells. Indeed, the ablation of inflammatory monocytes 

trough anti-Gr-1 Abs or the inhibition of their lymph node recruitment (via IFN-I or 

CCR2 blockade) leads to enhanced survival of LCMV-specific B cells and recovery of 

virus-nAbs responses (Sammicheli et al, 2016). Monocyte-derived NO represent just one 

of the ways through which inflammatory monocytes could hinder humoral responses. In 

the context of influenza infection, it was shown that type I IFNs could induce the 

expression of TNF-related apoptosis-inducing ligand (TRAIL) on inflammatory 

monocytes and of its receptor DR5 on epithelial cells. In this way, inflammatory 

monocytes induce the apoptosis of epithelial cells causing an excessive immunopathology 

(Herold et al, 2008). Staniek et al. reported the expression of Trail receptors (TRAIL-R) 

on activated primary human B Lymphocytes (Staniek et al, 2019), supporting the 

hypothesis that the Trail-DR5 axis could be involved in the apoptosis of B cells, but its 

role upon viral infections remains elusive. 

In another study, IFN-I was shown to induce the secretion of different cytokines, such 

as TNF- and IL-10 by DCs, T cell, and Gr1+ cells that, in turn, guide the fate of LCMV-

specific B cells into short-lived plasma cells and ultimately drive their deletion (Fallet et 

al, 2016). Finally, LCMV can actively infect antigen-specific B cells, a mechanism that 
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results in the presentation of viral antigens to cytotoxic T cells (Planz et al, 1996) (Figure 

14). In this case, since type I IFN is required to expand and differentiate T effector cells, 

blockade of type I IFN receptor signaling protected antiviral B cells by promoting effector 

CD8+ T cell dysfunction (Moseman et al, 2016). 

 

 

 
Figure 14. Type I interferon-mediated suppression of antibody responses.  
Type I interferon induces the secretion of CC-chemokine ligand 2 (CCL2) that drives the 
migration of inflammatory monocytes to the virus-draining lymph node; inflammatory monocytes 
engage interaction with LCMV-specific B cells, inducing their apoptosis in nitric oxide (NO)-
dependent manner. Type I interferon promotes the proliferation and the development of CD8+ T 
cells, which kill LCMV-specific B cells in a perforin-dependent fashion. In conclusion, type I 
interferon induces IL-10 and TNF production by different cell types, which elicits 
differentiation of activated LCMV-specific B cells into short-lived plasma cells, eventually 
resulting in B cell apoptosis. (Figure adapted from Kuka et al, Nature Reviews Immunology, 
2018_ License Number: 5247081254689)  
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6. RATIONALE 
 

CD4+ T cells represent critical mediators of the adaptive immune response, supporting 

both the cellular and the humoral branch of immunity to pathogens. Although these two 

faces of the immune response coexist in a state of equilibrium, sometimes one of the two 

takes over and becomes the major player in the antiviral activity. The clearance of fast-

replicating and cytopathic viruses such as VSV is usually controlled by strong nAbs 

responses, whereas slow replicating and poorly cytopathic viruses such as LCMV induce 

a massive cellular response mediated by CD8+ T cells. One important question is whether 

the rupture of this equilibrium might be observed also at the level of CD4+ T 

differentiation. 

In this paragraph I will show the preliminary data that my colleagues obtained before 

my arrival in the lab and that constituted the premises of my PhD project. These 

preliminary data, together with new results that I contributed to generate during my first 

year have been published in the paper: “De Giovanni M, Cutillo V, Giladi A, et al. 

Spatiotemporal regulation of type I interferon expression determines the antiviral 

polarization of CD4+ T cells. Nat Immunol. 2020;21(3):321-330.  

My colleagues investigated the differentiation of antiviral CD4+ T cells upon VSV and 

LCMV infection to test whether they could be involved in the compartmentalization of 

the two immune responses against the two viruses. To this end, naïve VSV-specific (Tg7) 

(Maloy et al, 1999) or LCMV-specific (SMARTA) (Oxenius et al, 1998) transgenic CD4+ 

T cells were adoptively transferred into C57BL/6 mice 24 h before subcutaneous (s.c.) 

intrafootpad infection with VSV Indiana (VSV Ind) or LCMV WE, respectively. Popliteal 

draining LNs were collected 5 days after infection and CD4+ T cell polarization was 

assessed by flow cytometric analysis (Figure 15A). T follicular helper cells (TFH) were 

defined as CXCR5+ Bcl-6+ or as CXCR5+T-betlow CD4+ T cells, whereas TH1 cells as T-

bet+ CXCR5- CD4+ T cells. (Figure 15A).  On day 5 after VSV infection, the majority 

(>40%) of Tg7 CD4+ T cells had acquired a TFH phenotype, with little or no differentiation 

into TH1 cells (Figure 15B). In contrast, SMARTA CD4+ T cells induced by LCMV 

infection maintained a predominant TH1 phenotype (>80%) with very few TFH (<15%) 

(Figure 15B).  
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Since it is well established that heterogenous T cell antigen receptor (TCR) signals 

influence the differentiation of CD4+ T cells, with high-affinity interactions driving 

induction of TFH at the expense of TH1 in different contexts, it was possible that the 

observed CD4+ T cell compartmentalization was due to a difference in terms of TCR 

binding affinities. To address this point, C57BL/6 mice were infected with recombinant 

VSV and LCMV (referred to hereinafter as rVSV and rLCMV, respectively) expressing 

the same glycoprotein containing the LCMV gp61–80 epitope recognized by SMARTA 

CD4+ T cells. With this system, the same LCMV-specific CD4+ T cells could be analyzed 

in response to both VSV and LCMV infections. Also in this case, LCMV induced a 

predominant TH1 response, whereas VSV induced a TFH phenotype (Figure 15C). These 

results indicated that features of the viral backbone dictated the cell fate of the CD4+ T 

cells, independently of TCR signal strength. 

 

 

Figure 15. VSV and LCMV infections result in distinct antiviral CD4+ T cell polarization. 
(A) Schematic representation of experimental procedure for the results described in Fig. B–C. 1 
× 106 purified Ag-specific (Tg7 when VSV-Ind was used, SMARTA cells in all other cases) 
CD45.1+ CD4+ T cells were injected into CD45.2+ WT recipients 1 day before intrafootpad 
infection. dLNs were collected at day 5 after infection and analyzed by flow cytometry. TFH were 
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defined as either Bcl-6+ CXCR5+ or CXCR5+ T-bet- cells; TH1 were defined as T-bet+ CXCR5- 
cells. 
(B). Representative flow cytometry plots of transferred CD45.1+ Tg7 CD4+ T cells or CD45.1+ 
SMARTA CD4+ T cells (1 × 106 cells each) in the dLNs of CD45.2+ WT recipient mice 5 d after 
intrafootpad infection with VSV Ind (left) or LCMV WE (right), respectively. Numbers indicate 
percentages within the indicated gates. Plots are representative of at least five independent 
experiments.  
(C). Representative flow cytometry plots of transferred CD45.1+ SMARTA CD4+ T cells (1 × 106 
cells) in the dLNs of CD45.2+ WT recipient mice 5 d after intrafootpad infection with rVSV (left) 
or rLCMV (right). Numbers indicate percentages within the indicated gates. Plots are 
representative of at least five independent experiments. 

 

Next, to gain more insight on the differences in CD4+ T cell priming, VSV and LCMV 

priming niches were analyzed by NICHE-seq, which combines photoactivation and 

single-cell RNA sequencing (scRNA-seq) to spatially reconstruct immune niches 

(Medaglia et al, 2017). Even though VSV and LCMV priming niches slightly differed in 

their cellular composition, by using different conditional knockout and transgenic mice, 

it was demonstrated that these differences in the priming niches did not initially influence 

CD4+ T-cell polarization. Instead, NICHE-seq analysis revealed an increased type I IFN 

signature in cells isolated from the CD4+ T cell priming niche of rLCMV-infected mice 

as compared to cells from the CD4+ T cell priming niche of rVSV-infected mice on day 

2 after infection (Figure 16 A-B). These data raised the hypothesis that type I IFNs could 

potentially play a role in the CD4+ T cell dichotomy observed in the two infections.  

 

 

Figure 16. Characterization of the antiviral CD4+ T cell priming niche. 
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(A) Multiphoton intravital micrographs depicting photoactivation of the CD4+ T cell priming 
niche upon rVSV or rLCMV infection. Images were acquired 2 d after infection. Antigen-specific 
(SMARTA) CFP+ CD4+ T cells are depicted in green, and PA-GFP+ cells are depicted in blue. 
Top, before photoactivation; bottom, after photoactivation. Scale bars, 50 μm. Images are 
representative of at least two independent experiments. 
(B) Expression profile of selected ISGs (Irf7, Cxcl9, Cxcl10, Oasl1, Ifitm3, Oas2 and Isg15) in 
2,406 single cells from the photoactivated CD4+ T cell priming niches described in (A). Data 
were pooled from two independent experiments. Kolmogorov–Smirnov test was applied: ****P 
< 0.0001 
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7. AIM OF THE WORK 
 

As mentioned earlier, previous work in our lab had identified a striking 

compartmentalization of CD4+ T helper responses upon VSV and LCMV infections. In 

particular, subcutaneous infection with VSV resulted in polarization of CD4+ T cells 

towards the TFH phenotype. By contrast, LCMV infection resulted in almost complete 

TH1 differentiation, with little or no TFH induction.  

The overall aim of my thesis project has been to dissect the determinants of CD4+ T cell 

differentiation upon viral infections. In particular, the present work is structured with a 

first part focused on the investigation of the molecular determinants of the strong TFH 

differentiation observed upon VSV infection and a second part in which we investigated 

the factors involved in the strong TH1 polarization observed upon LCMV infection. With 

particular regard to the second part the following objectives have been addressed: 

1. Evaluating whether there are specific polarizing cytokines that drive TH1 cell 

differentiation in the context of LCMV infection.  

2. Based on the results of the previous point showing a role of IFN-γ in inducing TH1 

differentiation and suppressing TFH development upon LCMV infection, I focused on 

understanding the cellular source and the mechanism whereby this cytokine shapes 

CD4+ T cells differentiation.  

3. The strong CD4+ T cell compartmentalization observed in the two infections 

prompted me to consider a possible cross-inhibition between the TH1 and TFH subsets.   
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8. RESULTS  

The results showed in the paragraphs 8.1 and 8.2 together with the preliminary data 

showed in section 6 have been published in the paper: “De Giovanni M, Cutillo V, Giladi 

A, et al. Spatiotemporal regulation of type I interferon expression determines the antiviral 

polarization of CD4+ T cells. Nat Immunol. 2020;21(3):321-330” in which I am a co-

author. 

 

PART I 

8.1. Different kinetics of type I interferon induction in rVSV/rLCMV 

infections affect CD4+ T cell polarization 

Type I IFNs represent one of the most proficient innate immune barriers against viruses 

and other intracellular pathogens. However, there is growing evidence for a context 

dependent and controversial role for type I IFNs, with either beneficial or detrimental 

effects in the fight against infection. This multifaceted role could be linked to the different 

cellular sources, kinetics and cellular targets for this cytokine (Kuka et al, 2019).  

Driven by preliminary data obtained through the Niche-Seq analysis, we decided to 

explore whether type I IFNs might play a role in CD4+ T cell polarization upon our viral 

infection settings. Kinetic analysis of several Ifna isoforms (only Ifna4 shown in the 

Figure 17), Ifnb and two representative IFN-stimulated genes (ISGs), Isg15 and Oas2, in 

total RNA isolated from LNs at 4, 8, 16, 24 and 48 h after infection with rVSV or rLCMV 

indicated that, although the magnitude of type I IFNs induction was comparable between 

rVSV and rLCMV infection, the timing was consistently different. Indeed, rVSV induced 

an earlier and transient wave of type I IFN, which peaked at 8 h after infection, whereas 

rLCMV induced a delayed (16-24 h) peak, possibly mirroring the different kinetics of 

viral replication in vivo (Figure 17). Indeed, it was previously shown that VSV 

replication is detectable in the subcapsular sinus 1-2 hours after the infection, and reaches 

its peak at 8 hours. On the contrary, LCMV replication becomes detectable only at 12-18 

hours upon infection (Sammicheli et al, 2016). 
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Figure 17. Type I IFNs kinetics differ upon rVSV and rLCMV infection 
Analysis of Ifna4, Ifnb, Isg15 and Oas2 gene expression in dLN at 0, 4, 8, 16, 24 and 48 h after 
rVSV (blue) or rLCMV (red) infection by qPCR. n = 3 (0 h), 4 (4 h), 4 (8 h), 4 (16 h), 3 (24 h, 
rLCMV), 4 (24 h, rVSV) and 4 (48 h). Data were pooled from two independent experiments. The 
mean ± s.e.m. is shown. Two-way ANOVA with LSD post test was applied: *P < 0.05, **P < 0.01, 
***P < 0.001. The same sample was measured repeatedly for the four genes. FI, fold increase. 
 

This different kinetic profile of type I IFN expression between the two infections raised 

the hypothesis that CD4+ T cell polarization could be shaped by this particular timing. To 

address this point, we transferred SMARTA CD4+ T cells into WT recipients and treated 

them with an antibody that blocks IFNAR1 one day prior to rVSV or rLCMV infection 

(Figure 18A).  

We found that CD4+ T cells polarization in IFNAR1-blocked rLCMV-infected mice was 

not affected, with SMARTA that differentiated mostly into TH1 cells. By contrast, 

induction of TFH cells in rVSV-infected mice was severely compromised, with transferred 

CD4+ T cells differentiating into T-bet+ CXCR5– TH1 cells (Figure 18 B-C).  
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Figure 18. Type I IFNs sensing is essential for the induction of TFH differentiation upon 
rVSV infection 
(A) Schematic representation of experimental procedure for the results described in Fig. B–C. 1 
× 106 purified CD45.1+ Ag-specific (SMARTA) CD4+ T cells were transferred to CD45.2+ WT 
recipients and treated with anti-IFNAR1 1 day prior to rVSV or rLCMV infection. 
(B) Representative flow cytometry plots showing TFH and TH1 cells among antigen-specific CD4+ 
T cells in dLNs of the mice described in (A). Numbers represent the percentage of cells within the 
indicated gate. 
(C) Quantification of TFH (top) and TH1 (bottom) cells, expressed as percentages of antigen-
specific CD4+ T cells out of total transferred cells, in dLNs of the mice described in (A). The mean 
± s.e.m. is shown. n=6 (rVSV) and 8 (rLCMV). Data are representative of at least two independent 
experiments. One-way ANOVA with Bonferroni’s post test was applied: ***P < 0.001. 
 
 

The fact that blocking of type I IFN receptor did not impact LCMV-specific CD4+ T 

cell differentiation, despite the fact that type I IFNs are induced in LCMV-infected mice, 

suggested that the role of type I IFNs in TFH polarization was limited to the IFNs produced 

in the first hours after infection (like in rVSV). To test this hypothesis, we administered 

IFNAR1 blocking Ab either one day prior or one day after infection (Figure 19A). 

Interestingly, we found that when IFNAR1 was blocked the day after infection SMARTA 

CD4+ T cells polarization upon rVSV infection was not affected (Figure 19B). These 

results indicate that type I IFN sensing within the first hours is essential for the induction 

of TFH cell differentiation. 
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Figure 19. Early type I IFNs sensing is essential for the induction of TFH polarization  
(A) Schematic representation of experimental procedure for the results described in (B). 1 × 106 
purified CD45.1+ Ag-specific (SMARTA) CD4+ T cells were transferred to CD45.2+ WT 
recipients and treated anti-IFNAR1 blocking antibody either 1 day prior to (light blue) or 1 day 
after (yellow) rVSV infection. 
(B) Quantification of the percentages of TFH (left) and TH1 (right) antigen-specific CD4+ T cells 
(out of total transferred cells) in dLNs of the mice described in (A). Data are representative of at 
least two independent experiments. The mean ± s.e.m. is shown; n = 4. One-way ANOVA with 
Bonferroni’s post test was applied: **P < 0.01, ***P < 0.001. 
 

8.2 Early type I IFN sensing by DCs and IL-6 induction drive TFH cell 

differentiation 

We next sought to determine the cellular target(s) of type I IFNs that determined this 

CD4+ T cell polarization upon viral infection. We first ruled out the direct sensing of type 

I IFN by SMARTA CD4+ T cells since we did not find any differences in terms of CD4+ 

T cell differentiation between WT or Ifnar1-/- SMARTA CD4+ T cells that were adoptively 

transferred into WT recipients prior to rVSV infection (data not shown).  

We next focused on the role of type I IFNs sensing by DCs, since they are involved in the 

priming of CD4+ T cells and they could directly influence their polarization through the 
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expression of different costimulatory molecules or the secretion of several polarizing 

cytokines (Hilligan & Ronchese, 2020). In order to assess this, we adoptively transferred 

WT SMARTA CD4+ T cells into irradiated WT recipients that were reconstituted with 

CD11c-Cre (as control) or CD11c-Cre x Ifnar1fl/fl BM (Figure 20A). In this setting, mice 

expressing a Cre recombinase under a DC-specific promoter (CD11c) were crossed with 

mice with a loxP-flanked IFNAR1 (Ifnar1fl/fl), generating mice lacking IFNAR1 on DCs. 

In this model we observed a strong impairment in TFH differentiation upon rVSV 

infection, mirroring the anti-IFNAR1 blocking Ab experiment (Figure 20B).  

 

 

 
Figure 20. Type I IFNs sensing by DCs in instrumental for the induction of TFH 
polarization upon rVSV infection 
(A) Schematic representation of experimental procedure for the results described in (B). 
1 × 106 purified CD45.1+ Ag-specific (SMARTA) CD4+ T cells were transferred to either 
CD45.2+ Cd11c-Cre or CD45.2+ Cd11c-Cre; Ifnar1fl/fl recipients 1 day prior to rVSV 
infection. 
(B) Quantification of the percentages of TFH and TH1 antigen-specific (SMARTA) CD4+ 
T cells (out of total transferred cells) in dLNs of the mice described in (A). Data are 
representative of three independent experiments. The mean ± s.e.m. is shown. Cd11c-Cre, 
n = 3; Cd11c-Cre; Ifnar1fl/fl, n = 4. An unpaired two-tailed t test was applied: ***P < 
0.001, ****P < 0.0001. 
 
 

We next investigated the mechanism exerted by type I IFNs on DCs to induce TFH cell 

differentiation and we focused our attention on IL-6, since it is known to promote TFH 

differentiation, and its induction is known to be dependent on type I IFNs (Cucak et al, 
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2009). Kinetic analysis of Il6 expression in LNs from wild-type mice infected with rVSV 

or rLCMV indicated that induction of Il6 mRNA mirrors type I IFNs signature, with an 

early peak (8 h after infection) during VSV infection and a delayed (>16 h) and lower 

peak during LCMV infection (Figure 21A). 

These data prompted us to investigate a possible link between type I IFNs expression and 

the induction of IL-6. To confirm this, we analyzed by qPCR the expression of Il6 in 

Ifnar1-/- mice. Interestingly, Il6 mRNA upregulation was completely abrogated in rVSV 

infected mice in absence of type I IFNs sensing (Ifnar1-/- mice) (Figure 21B). These data 

suggest that rVSV-induced Il6 expression requires type I IFN sensing.  

 

 

Figure 21.  IL-6 expression requires type I IFN sensing 
(A) qPCR analysis of the Il6 gene expression profile at 0, 4, 8, 16, 24 and 48 h in dLNs 
of mice infected with rVSV (blue) or rLCMV (red). The mean ± s.e.m. is shown. n = 4 (0 
h), 4 (4 h), 4 (8 h), 4 (16 h), 3 (24 h, rLCMV), 4 (24 h, rVSV) and 4 (48 h). Data were 
pooled from two independent experiments. Two-way ANOVA with LSD post test was 
applied: *P < 0.05, **P < 0.01. 
(B) qPCR analysis of Il6 gene expression in wild-type and Ifnar1−/− mice in dLNs 8 h 
after rVSV infection. Data were pooled from two independent experiments. The mean ± 
s.e.m. is shown. An unpaired two-tailed t test was applied: *P < 0.05. 
 
 

In addition, the early blocking of IL-6 upon rVSV infection significantly disrupted TFH 

cell differentiation driving a concomitant increase in TH1 polarization (Figure 22A-B). 

These observations identify IL-6 as a critical early determinant of the differentiation of 

antiviral TFH cells.  
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Figure 22. Early IL-6 induction is essential for antiviral TFH differentiation.  
(A) Schematic representation of experimental procedure for the results described in Fig. 
(B). 1 × 106 purified CD45.1+ Ag-specific (SMARTA) CD4+ T cells were transferred to 
CD45.2+ WT recipients and treated with anti-IL-6 blocking antibody starting either 1 day 
prior to (yellow) or 1 day after rVSV infection (orange). 
(B) Quantification of the percentages of TFH (left) and TH1 (right) antigen-specific CD4+ 
T cells (out of total transferred cells) in dLNs of the mice described in (A).  Data are 
representative of at least two independent experiments. The mean ± s.e.m. is shown. No 
antibody, n = 5; anti-IL-6 1 d before, n = 5; anti-IL-6 1 d after, n = 3. One-way ANOVA 
with Bonferroni’s post test was applied: *P < 0.05, **P < 0.01. 
 

Despite pointing at IL-6 as an important early determinant for TFH differentiation, the 

abovementioned experiments did not clarify whether IL-6 was produced by DCs in 

response to type I IFNs. To determine whether type I IFNs induced expression of IL-6 

directly on DCs, we analyzed the composition and the transcriptional profile of DCs 

exposed to early or late type I IFN or lacking the ability to sense this cytokine (Ifnar1-/- 

mice). scRNA-seq on CD11c+MHC-IIhi sorted from the LNs of wild-type or Ifnar1-/- mice 

at 8 or 48 h after infection with rVSV or rLCMV and unbiased analysis using the MetaCell 

package (Baran et al, 2018) indicated that CD11c+MHC-IIhi DCs could be subsetted into 

migratory cDC2s, cDC1s, cDC2s, moDCs and a small subset of contaminant 

macrophages (Figure 23A). 
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Experimental conditions where type I IFN signaling was maximal (8 h after rVSV 

infection and 48 h after rLCMV infection) showed an enrichment of DC subsets 

(migratory cDC2s and moDCs) that have been reported to support TFH cell differentiation  

(Chakarov & Fazilleau, 2014) (Figure 23B). Furthermore, ISGs induced by type I IFN 

were upregulated in DCs from wild-type, but not Ifnar1-/- mice, particularly in 

experimental conditions (8 h after rVSV and 48 h after rLCMV infection) where type I 

IFN signaling was maximal (Figure 23C-D), indicating that DCs responded to type I 

IFN. Notably, migratory cDC2s and moDCs express Il6 at 8 h after rVSV infection of 

wild-type but not Ifnar1−/− mice (Figure 23E); by contrast, after rLCMV infection, Il6 

mRNA had very low expression in migratory cDC2s and moDCs from wild-type and 

Ifnar1−/− mice, even at 48 h after infection when other ISGs were maximally induced 

(Figure 23E). Thus, DCs express Il6 and drive TFH cell polarization in response to early 

(rVSV) but not late (rLCMV) type I IFN signaling. 
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Figure 23. scRNA-seq analysis of LN DCs upon viral infection.  
(A) Gene expression profiles of 2,179 single LN CD11c+MHC-IIhi cells passing quality 
control grouped in five clusters. The color bars indicate each cell’s origin (blue, cells 
from the popliteal LN of mice 8 h after intrafootpad rVSV infection; pink, cells from the 
popliteal LN of mice 8 h after intrafootpad rLCMV infection; red, cells from the popliteal 
LN of mice 48 h after intrafootpad rLCMV infection; light gray, wild-type mice; black, 
Ifnar1−/− mice).  
(B) Relative abundance of different DC clusters 8 h after rVSV infection, 8 h after rLCMV 
infection and 48 h after rLCMV infection. Lines show differences in cluster abundance 
between wild-type and Ifnar1−/− mice under the same infection condition. Significant 
differences in abundance are highlighted. Two-sided FDR-adjusted Fisher’s exact test: 
*P < 0.05, ***P < 0.001. 
(C) Color bar showing total size-normalized (by total number of UMIs in each cell) 
expression of ISGs in the cells in (A).  
(D) Distribution of total size-normalized expression of ISGs in CD11c+ MHC-IIhi cells 
grouped by experimental condition.  
(E) Total expression of the ISG Ifit1 and the TFH cell-promoting cytokine Il6 in different 
experimental conditions. Values represent size-normalized total transcripts per 100 cells. 
Colors represent relative contribution from the five different DC subsets. 
 
 

PART II 

8.3 Dissecting the determinants of TH1 polarization upon LCMV infection 

Although the abovementioned results defined the spatiotemporal regulation of type I 

IFN and IL-6 expression as a critical determinant of TFH differentiation during VSV 

infection, they did not fully explain the strong CD4+ T cell compartmentalization during 

VSV and LCMV viral infections. Specifically, absence of TH1 cells in the context of VSV 

infection remained elusive. Moreover, lack of an early type I IFN and IL-6 expression 

upon LCMV infection could explain the impaired TFH differentiation, but not the extreme 

TH1 polarization in this setting.  

Several in vitro studies lead to the identification of a complex gene network that 

comprises cytokines and transcription factors that govern TH1 cell differentiation (Sheikh 

& Groom, 2020); (Schulz et al, 2009), however the molecular and cellular determinants 

of CD4+ T cell differentiation into TH1 in vivo are incompletely understood. Based on 

these previously described polarizing factors, LCMV might induce TH1 cell 

differentiation through induction of IL-12, type I IFNs or IFN-γ, all cytokines that have 

been involved, at least partially, in TH1 differentiation (Schulz et al, 2009); (Nguyen et 
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al, 2002); (Bradley et al, 1996). The current section will show experiments aimed at 

evaluating which are the polarizing cytokines that drive TH1 cell differentiation upon 

LCMV infection.  

8.3.1 IL-12 and type I IFNs are not required for TH1 differentiation upon LCMV infection  

The physiological role of IL-12 in inducing type 1 cytokine responses upon protein 

immunizations, bacterial and parasitic infections has been described (Novelli & 

Casanova, 2004), but its function upon viral infection requires further investigation. 

Previous studies have shown how IL-12 drives TH1 polarization inducing T-bet 

expression via STAT1 signaling, and IFN-γ production via STAT4 (Zhang et al, 2001b); 

(Schulz et al, 2009). Interestingly, like IL-12, also type I IFNs signal through STAT4 to 

induce IFN-γ, leading to an extremely complex and redundant regulation of IFN-γ 

expression (Cho et al, 1996). 

To evaluate which TH1 polarizing cytokines are involved in the strong TH1 polarization 

observed upon LCMV infection we based our investigation on preliminary data that were 

obtained in the lab showing that all the above mentioned TH1 polarizing cytokines, 

besides the alpha subunit of IL-12 (Il12a or Il12p35) are expressed in the LNs of rLCMV 

subcutaneously-infected mice and peak at 24 hours post infection (Figure 24).  

 

Figure 24. IL-12 and type I IFNs are induced upon subcutaneous LCMV infection 
Analysis of Ifna4, Ifnb, Il12a and Il12b gene expression in dLN at 0, 4, 8, 16, 24 and 48 h after 
rLCMV infection by qPCR. n = 3 (0 h), 4 (4 h), 4 (8 h), 4 (16 h), 3 (24 h), and 4 (48 h). Data were 
pooled from two independent experiments. The mean ± s.e.m. is shown. The same sample was 
measured repeatedly for the four genes. FI, fold increase. 
 
 

To test the role of IL-12 in promoting TH1 cell polarization in the context of LCMV 

infection, naïve SMARTA were adoptively transferred into C57BL/6 mice 24 hours 

before subcutaneous (s.c.) intrafootpad infection with rLCMV. Recipient mice were also 
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treated with an antibody neutralizing IL-12 or with a control isotype antibody as indicated 

in Figure 25A. Popliteal draining LNs were collected 5 days after infection and 

SMARTA CD4+ T cell polarization was analyzed by flow cytometry. TH1 and TFH cells 

were identified as T-bet+ CXCR5- and CXCR5+ T-bet- CD4+ T cells, respectively. 

Administration of the blocking antibody against IL-12 did not impact SMARTA CD4+ T 

cell polarization in comparison to untreated controls (Figure 25B-C), suggesting that IL-

12 is dispensable for TH1 differentiation upon LCMV infection. However, it must be 

taken into account that in this experimental setup we were not able to formally prove the 

efficiency of antibody blockade. Unfortunately, we don’t have the possibility to test in 

vivo the neutralization with other pathogens that induce TH1 polarization. Future in vitro 

experiments will formally address this point. Nonetheless, an important body of literature 

supports that TH1 arising upon viral infections are IL-12 independent; on the contrary IL-

12 plays a more prominent role in the context of bacterial infections (Schijns et al, 1998); 

(Oxenius et al, 1999); (Krueger et al, 2021).  

 

 

Figure 25. IL-12 is not required in the induction of TH1 polarization upon LCMV infection 
(A) Schematic representation of experimental procedure for the results described in Fig. B-C. 
1*106

 
purified CD45.1+ SMARTA CD4+ T cells were transferred into CD45.2+ WT recipients 1 

day before s.c. intrafootpad rLCMV infection (2*105 F.F.U). CD45.2+ WT recipient mice were 
also treated with anti-IL-12 blocking antibody (or isotype control) at d0 and d3 after infection. 
pLNs were analyzed 5 days post infection.  
(B) Representative flow cytometry plots showing TH1 (T-bet+CXCR5-) and TFH (T- bet-CXCR5+) 
cells among antigen-specific CD4+ T cells in dLNs of the mice described in (A). Numbers 
represent the percentage of cells within the indicated gate. 
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(C) Quantification of TH1 (left) and TFH (right), expressed as percentages of antigen-specific 
CD4+ T cells out of total transferred cells, in dLNs of the mice described in (A). n=3. Mean ± 
s.e.m. is shown. Data are representative of at least two independent experiments. 
 
 

The fact that both IL-12 and type I IFNs can induce TH1 polarization through STAT4 

phosphorylation, raised the possibility that upon IL-12 blocking, type I IFNs 

could possibly compensate for the lack of IL-12. To address this point we took advantage 

of Ifnar1-/- mice, which lack the receptor for type I IFNs. WT or Ifnar1-/- mice were 

treated with IL-12 blocking antibodies or isotype control and infected with rLCMV 

(Figure 26A). Popliteal draining LNs were collected 7 days after infection (a timepoint 

that represents the peak of endogenous T cell activation) and endogenous CD4+ T cells 

were analyzed by flow cytometry for expression of TH1 and TFH cell markers. In line with 

previous experiment, CD4+ T cell differentiation was not impaired in absence of IL-12, 

however CD4+ T cells preserved their phenotype also in absence of type I IFN sensing 

(Ifnar1-/- mice) and in absence of both IL-12 and Type I IFN (Ifnar1-/- mice treated with 

anti-IL-12) (Figure 26B).  

Taken together, these data strongly indicate that IL-12 and type I IFNs are not key drivers 

of the strong TH1 polarization observed upon LCMV infection.  
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Figure 26. Type I IFNs are not required in the induction of TH1 polarization upon LCMV 
infection 
(A) Schematic representation of experimental procedure for the results described in (B). CD45.2+ 
WT and Ifnar1-/- recipients were infected s.c. with rLCMV (2*105 F.F.U) and were also treated 
with anti-IL-12 blocking antibody (or isotype control) at d0 and d3 after infection. pLNs were 
analyzed 7 days post infection. 
(B) Quantification of TH1 (left) and TFH (right), expressed as percentages out of CD44+ CD62L- 
effector CD4+ T cells, in dLNs of the mice described in (A). n=3. Mean ± s.e.m. is shown. Data 
are representative of at least two independent experiments.  

 

8.3.2 IFN-g  promotes TH1 at the expense of TFH differentiation  

IFN-γ, the main cytokine produced by TH1, acts in a positive feedback loop to reinforce 

the TH1 identity, but can also induce T-bet in the early phases of TH1 differentiation in 

synergy with TCR-derived stimuli (Schulz et al, 2009). Consequently, IFN-γ can play a 

dual role as effector cytokine and autocrine TH1 cell differentiation signal. We found that 

this cytokine is expressed early in the LNs of rLCMV-infected mice and its expression 

peaks at 24 hours post infection (Figure 27A). 

Previous findings showing that IFN-g cooperates with IL-12 in inducing TH1 polarization 

(Wenner et al, 1996); (Schulz et al, 2009), led to the hypothesis that, in absence of IL-12, 

IFN-g could possibly rescue TH1 polarization also in our setting. To address this, 
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SMARTA CD4+ T cells were adoptively transferred in C57BL/6 mice treated with 

blocking antibodies against IL-12 and IFN-g alone or in combination. Mice were then 

infected sc with rLCMV and SMARTA CD4+ T cell polarization in the dLNs was 

assessed at day 5 upon infection by flow cytometry. In vivo neutralization of IL-12 

showed again no effect on SMARTA CD4+ T cell polarization while IFN-g blockade 

resulted in a slight decrease of TH1 cell differentiation (Figure 27B-C). Surprisingly, the 

impaired TH1 cell differentiation correlated with an increased TFH cell development 

leading to a partial shift in the equilibrium between TFH and TH1 towards TFH in absence 

of IFN-g (Figure 27D). The blockade of both IL-12 and IFN-g resulted in a SMARTA 

CD4+ T polarization that resembled the condition in which just IFN-g was blocked 

(Figure 27B-D), indicating that IFN-γ, but not IL-12, is relevant for TH1 differentiation 

upon rLCMV infection.  

 

Figure 27. IFN-γ induces SMARTA TH1 differentiation and suppresses SMARTA TFH 
development upon LCMV infection.  
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(A) Analysis of Ifng gene expression in dLN at 0, 4, 8, 16, 24 and 48 h after rLCMV infection by 
qPCR. n = 3 (0 h), 4 (4 h), 4 (8 h), 4 (16 h), 3 (24 h), and 4 (48 h). Data were pooled from two 
independent experiments. The mean ± s.e.m. is shown. FI, fold increase. 
(B) 1*106 purified CD45.1+ SMARTA CD4+ T cells were transferred into CD45.2+ WT recipients 
1 day before s.c. rLCMV infection (2*105 F.F.U). In some conditions, WT recipient mice were 
also treated with anti-IL-12 (d0, d3), or IFN-γ (d0) blocking antibody (or isotype control) alone 
or in combination. pLNs were analyzed 5 days post infection.  
Representative flow cytometry plots showing TH1 (T-bet+CXCR5-) and TFH (T- bet-CXCR5+) cells 
among SMARTA antigen-specific CD4+ T cells, in the dLNs. Numbers represent the percentage 
of cells within the indicated gate. 
(C) Quantification of TH1 (right) and TFH (left), expressed as percentages of antigen-specific 
CD4+ T cells out of total transferred cells, in dLNs of mice described in (B). n=3. Mean ± s.e.m.  
is shown. Data are representative of at least three independent experiments. One-way ANOVA 
with Bonferroni’s post test was applied: *P< 0.05, **P< 0.01, ***P< 0.001.  
(D) TFH-to-TH1 ratio obtained from frequencies of TFH and TH1 from (C). One-way ANOVA with 
Bonferroni’s post test was applied: *P< 0.05, **P< 0.01. 
 
 

To further confirm the role of IFN-γ upon LCMV infection, we asked whether a similar 

phenotype could be observed also in the context of endogenous CD4+ T cells polarization.  

To test this, C57BL/6 mice were treated with aIFN-γ blocking antibodies, infected 

subcutaneously with rLCMV and endogenous CD4+ T cell polarization in the draining 

lymph nodes was assessed at day 7 upon infection. In line with the previous result, we 

observed the same trend of CD4+ T cell polarization with an increase in TFH development 

coupled with a decrease in TH1 differentiation in the group of mice treated with the IFN-

γ blocking antibody compared to the isotype control (Figure 28A-B). We then determined 

the ratio between TFH and TH1 for the two groups and we could appreciate that, in absence 

of IFN-γ, there is a partial shift towards TFH in the balancing between TFH and TH1 (Figure 

28C).  

This role of IFN-g was not observed just in terms of frequencies, but also in terms of 

absolute numbers (data not shown). 

Overall, these data suggest that IFN-γ partially induces TH1 differentiation and suppresses 

TFH development. 
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Figure 28. IFN-γ induces endogenous TH1 differentiation at the expense of TFH development 
upon LCMV infection.  
CD45.2+ WT mice were infected s.c. intrafootpad with rLCMV (2*105 F.F.U) and treated with 
anti-IFNγ blocking antibody (or isotype control) at day 0. pLNs were analyzed 7 days post 
infection. 
(A) Representative flow cytometry plots showing TH1 (T-bet+CXCR5-) and TFH (T- bet-CXCR5+) 
cells among total CD4+ T cells, in the dLNs of mice described above. Numbers represent the 
percentage of cells within the indicated gate. 
(B) Quantification of TH1 (right) and TFH (left) expressed as percentages of total CD4+ T cells in 
dLNs of mice described above. Isotype, n = 3; aIFNg, n = 4. Mean ± s.e.m. is shown. Data are 
representative of at least three independent experiments. An unpaired two-tailed t test was 
applied: *P< 0.05, ****P< 0.0001.  
(C) TFH-to-TH1 ratio obtained from frequencies of TFH and TH1 from (B). An unpaired two-tailed 
t test was applied: *P< 0.05. 
 

8.3.3 Sc-RNA-seq and flow cytometry highlight heterogeneity within Ag-specific CD4+ 

T cells upon LCMV infection 

Data presented in the previous paragraph clearly show how in the context of LCMV 

infection IL-12 and type I IFNs are not relevant in the induction of TH1 polarization, 

whereas IFN-γ plays a key role in skewing CD4+ T cell differentiation towards TH1 at the 

expense of TFH. However, it looks like IFN-γ is able to modulate the fate decision of just 

a small population of CD4+ T cells. This result prompted us to investigate whether TH1 

polarization upon LCMV infection could be endowed with a degree of heterogeneity that 

is characterized by dependence on different polarizing cytokines, some of which 

unknown. 
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To investigate the transcriptional heterogeneity of CD4+ T cell differentiation in the 

context of LCMV infection we performed single-cell RNA sequencing (scRNA-seq) on 

SMARTA CD4+ T cells isolated 5 days upon subcutaneous rLCMV infection. To this 

end, we adoptively transferred naïve SMARTA CD4+ CD45.1+ T cells into C57BL/6 WT 

mice 24 h before subcutaneous intrafootpad infection with rLCMV. On day 5 after 

infection, we sorted SMARTA CD4+ T cells from footpad-draining popliteal LNs and 

performed massively parallel single-cell RNA-sequencing (MARS-seq) on QC-positive 

single T cells. To be able to compare transcriptional profiles of TH1 to those of TFH cells, 

we also sorted either total SMARTA CD4+ T cells or CXCR5+ ICOS+ PD-1high  SMARTA 

CD4+ T cells from rVSV infected mice. The dataset was analyzed using the Seurat R 

package (Stuart et al, 2019) and the four groups were visualized using the uniform 

manifold approximation and projection (UMAP) (Becht et al, 2019) (Figure 29A). Naïve 

SMARTA CD4+ T cells (n=369, in lightblue) cluster at the upper-left of the UMAP and 

are characterized by a higher expression of canonical naïve markers such as Sell and Ccr7 

(data not shown). It is then possible to appreciate an almost complete overlap between 

rVSV cells (n=498, in green) and the sample composed by the TFH subset of rVSV 

(n=243, in purple), confirming our previous findings that the majority of CD4+ T cells 

polarize towards TFH upon subcutaneous rVSV infection.  The vast majority of SMARTA 

CD4+ T cells from rLCMV-infected mice (n=643, in red) cluster at the right of the UMAP 

with some of the cells that localize at the interface of rLCMV and rVSV samples. In order 

to investigate whether there is heterogeneity within SMARTA CD4+ T cells from mice 

infected with LCMV, we focused only on this condition and identified two unbiased 

clusters (Figure 29B). Cluster 0 (n cells=557) showed higher expression of genes such 

as Gzmb, Nkg7 and Lgals1, whereas cluster 1 (n cells=86) was characterized, among other 

genes, by a higher expression of Tcf7, a transcription factor that is needed for TFH 

differentiation (Xu et al, 2015) (Figure 29D-E). Confirming the different transcriptional 

profile of the cells belonging to cluster 1, we observed that in the initial UMAP with all 

the different samples, the cells of cluster 1 localize at the interface between the cells from 

rLCMV and rVSV infected mice (Figure 29C). 
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Figure 29. Single-cell RNA-seq identifies two clusters of SMARTA CD4+ T cells 
upon LCMV infection 
(A) UMAP projection of sorted cells. Each dot corresponds to a single cell, colored 
according to different samples. Naïve SMARTA CD4+ T cells (lightblue, 369 cells), rVSV 
cells (green, 498 cells), TFH subset of rVSV (purple, 243 cells), LCMV cells (red, 643 
cells). 
(B) UMAP projection of SMARTA CD4+ T cells sorted from rLCMV infected mice. Each 
dot corresponds to a single cell, colored according to the unbiased clusters identified: 
cluster 0 (light blue, 557 cells) and cluster 1 (orange, 86 cells). 
(C) UMAP projection of sorted cells.  Each dot corresponds to a single cell, colored 
according to the unbiased clusters identified in the rLCMV setting.  
(D) Heatmap of normalized and scaled expression values of the top marker genes 
identifying the two clusters (logFC threshold: ±1,2). Color coding of the bar on the top 
of the heatmap as in (B) 
(E) Feature plot representation of the normalized expression level of Gzmb and Tcf7 on 
the scRNAseq dataset described in (B). The expression is measured as the ln (TPM+1). 
 
 
These data suggest that there is a certain degree of heterogeneity among the TH1 cells that 

develop upon rLCMV infection and raised the hypothesis that there could be more than 
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one subset of TH1 cells arising upon the same infection setting. These different subsets 

could potentially depend on different cytokine milieu for their polarization and they could 

play different roles in the immune response.   

To validate the scRNA-seq dataset with analysis of the subset-specific proteins, we used 

flow cytometry to analyze Granzyme B (GzmB) and TCF-1 (encoded by Tcf7 gene) 

expression on SMARTA CD4+ T cells at day 5 upon sc rLCMV infection. In line with 

scRNAseq, two populations were identified: one GzmB+ TCF-1- and the other TCF-1+ 

GzmB- (Figure 30A). Interestingly, the frequencies of the two populations mirror the one 

observed in the scRNA-seq data, with the GzmB+ population that represents nearly 80% 

of the SMARTA, whereas the TCF-1+ population around the 20% (Figure 30A). 

We further confirmed the presence of these two populations in the endogenous CD4+ T 

cell population at day 7 post infection, and also in this context CD44+ CD62L- effector 

CD4+ T cells were either TCF1+ or GzmB+, with similar frequency compared to 

SMARTA CD4+ T cells (Figure 30B).  Interestingly, we observed that upon GP-61 

peptide restimulation, around the 36% of GzmB+ cells produced IFN-g, whereas just the 

13% of TCF-1+ cells produce this cytokine, indicating that among the T-bet+ population 

the GzmB+ subset represents the major source of IFN-g and the two populations might be 

functionally different (Figure 30C-D). This was true also per cell basis, since we 

observed a striking decrease in the expression of IFN-g (shown as mean fluorescence 

intensity MFI) in the TCF-1+ population compared to the GzmB+ cells (Figure 30E). 
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Figure 30. Effector CD4+ T cells polarize into TCF-1+ ad TCF-1- GzmB+ populations 
and the GzmB+ population represent the major IFN-g  producer. 
(A) 1*106 purified CD45.1+ SMARTA CD4+ T cells were transferred into CD45.2+ WT 
recipients 1 day before s.c. rLCMV infection (2*105 F.F.U). pLNs were analyzed 5 days 
post infection. 
Representative flow cytometry plots showing TCF-1+ and GzmB+ cells among SMARTA 
antigen-specific CD4+ T cells, in the dLNs. Numbers represent the percentage of cells 
within the indicated gate. On the right quantification of GzmB+ and TCF-1+ cells 
expressed as percentages of antigen-specific CD4+ T cells out of total transferred cells in 
dLNs. n=3. Mean ± s.e.m.  is shown. An unpaired two-tailed t test was applied: ****P< 
0.0001.  
(B) CD45.2+ WT mice were infected s.c. intrafootpad with rLCMV (2*105 F.F.U) and 
pLNs were analyzed 7 days post infection. Representative flow cytometry plots showing 
TCF-1+ and GzmB+ cells among CD44+ CD62L- effector CD4+ T cells in the dLNs). 
Numbers represent the percentage of cells within the indicated gate. On the right 
quantification of GzmB+ and TCF-1+ cells expressed as percentages of effector CD4+ T 
cells in dLNs. n=3. Mean ± s.e.m. is shown. Data are representative of at least three 
independent experiments. An unpaired two-tailed t test was applied: ***P< 0.001.  
(C) Representative flow cytometry plots showing the frequencies of IFN-g+ cells among 
the GzmB+ or TCF-1+ CD4+ T cells Numbers represent the percentage of cells within the 
indicated gate of mice described in (B).  
(D) Quantification of GzmB+ IFN-g+ and TCF-1+ IFN-g+ CD4+ T cells expressed as 
percentages of T-bet+ CD4+ T cells in dLNs of mice described in (B). n = 3. Mean ± s.e.m. 
is shown. Data are representative of at least three independent experiments. An unpaired 
two-tailed t test was applied: ****P< 0.0001. 
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(E) Flow-cytometric representative histogram of IFN-g expression within GzmB+ or 
TCF-1+ CD4+ T cells of mice described in (B). The graphs below the histogram represent 
the quantification of the mean fluorescence intensity (MFI) of IFN-g on GzmB+ or TCF-
1+ CD4+ T cells. Mean ± s.e.m. is shown. An unpaired two-tailed t test was applied: 
***P< 0.001 
 

Since IFN-g blockade partially inhibits TH1 and increases TFH development, we asked 

whether IFN-g might act specifically on the TCF-1+ or on the GzmB+ population. To 

address this point, SMARTA CD4+ T cells were adoptively transferred in C57BL/6 mice 

treated with blocking antibody against IFN-g or PBS. Mice were then infected sc with 

rLCMV and SMARTA CD4+ T cell polarization in the draining lymph nodes was 

assessed at day 5 upon infection by flow cytometry. As we previously showed, IFN-g 

blockade led to an increase SMARTA CD4+ T cell differentiation toward TFH compared 

to PBS-treated mice (Figure 31A-B). Strikingly, in the group of mice treated with aIFN-

g blocking antibodies we observed an increase of the TCF-1+ population and a change in 

their phenotype, with the upregulation of the canonical TFH markers CXCR5 and PD-1 

(Figure 31C-E). These results suggest that IFN-g inhibits TFH differentiation suppressing 

the differentiation of the TCF-1+ population towards fully differentiated CXCR5+ PD-1+ 

TFH.  

 

Figure 31. IFN-g inhibits TFH differentiation suppressing the differentiation of the 
TCF-1+ population towards CXCR5+ PD-1+ TFH. 
1*106 

purified CD45.1+ SMARTA CD4+ T cells were transferred into CD45.2+ WT 
recipients 1 day before s.c. intrafootpad rLCMV infection (2*105 F.F.U). CD45.2+ WT 
recipient mice were also treated with anti-IFNg  blocking antibody (or PBS) at d0 after 
infection. pLNs were analyzed 5 days post infection.   
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(A) Representative flow cytometry plots showing TH1 (T-bet+CXCR5-) and TFH (T-bet-

CXCR5+) cells among antigen-specific CD4+ T cells in dLNs of mice described above. 
Numbers represent the percentage of cells within the indicated gate. 
(B) Quantification of TH1 (right) and TFH (left), expressed as percentages of antigen-
specific CD4+ T cells out of total transferred cells, in dLNs of mice described above. PBS 
n=3; aIFNg n=6. Mean ± s.e.m.  is shown. An unpaired two-tailed t test was applied:*P< 
0.05. 
(C) Representative flow cytometry plots showing TCF-1+ and TCF1- GzmB+ cells among 
antigen-specific CD4+ T cells in dLNs of mice described above. Numbers represent the 
percentage of cells within the indicated gate. 
(D) Quantification of TCF-1+ cells expressed as percentages of antigen-specific CD4+ T 
cells out of total transferred cells, in dLNs of mice described above. PBS n=3; aIFNg  
n=6. Mean ± s.e.m.  is shown. An unpaired two-tailed t test was applied:*P< 0.05. 
(E) Quantification of the mean fluorescence intensity (MFI) of CXCR5 and PD-1 on TCF-
1+ cells in dLNs of mice described above. Mean ± s.e.m. is shown. An unpaired two-tailed 
t test was applied: **P< 0.01. 
 

8.4 Molecular mechanism whereby IFN-g induces TH1 polarization and 

suppresses TFH development 

Data presented in the previous paragraphs clearly highlight a role of IFN-γ as an 

important determinant of CD4+ T cell differentiation by partially supporting TH1 

differentiation and suppressing TFH differentiation. Our next step is to define the 

molecular mechanisms whereby this process occurs, for example by identifying the 

relevant cellular source for IFN-γ. 

Many cell types, including Group I ILCs, DCs, and innate CD8+ T cells have been 

described to produce IFN-γ early upon infection, whereas late IFN-γ producers include 

CD8+ T cells and TH1 themselves that can support and stabilize their differentiation in a 

positive feedback loop (Vremec et al, 2007); (Schoenborn & Wilson, 2007); 

(Kastenmüller et al, 2012). In this section I will present data aimed at determining which, 

among the IFN-γ cellular sources, plays a major role in TH1 differentiation and TFH 

inhibition.  

8.4.1 SMARTA-derived IFN-γ is sufficient, but not necessary to drive TH1 CD4+ T cell 

polarization upon LCMV infection 

We first focused our attention on the role of IFN-γ produced by CD4+ T cells since 

they are not just able to produce this cytokine, but they can also sense it in a positive 
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feedback fashion that further enhances and maintains TH1 polarization (Wakil et al, 

1998). Given the strong polarization of LCMV-specific CD4+ T cells into TH1, an 

interesting question would be whether an excessive TH1 polarization (and IFN-γ 

production) could induce the maintenance of TH1 cell polarization and interfere with the 

development of a TFH response. To dissect the role of CD4-derived IFN-γ we took 

advantage of SMARTA IFN-γ-/- mice. We adoptively transfer SMARTA WT or 

SMARTA IFN-γ-/- CD4+ T cells in WT or IFN-γ-/- recipients, we infected them 

subcutaneously and we assessed SMARTA polarization at day 5 upon infection in the 

pLNs (Figure 32A). We found that, although SMARTA-derived IFN-γ was sufficient to 

drive TH1 polarization in IFN-γ-/- recipients, when adoptively transferred SMARTA were 

not able to produce IFN-γ, they still differentiated into TH1 but not TFH cells, indicating 

that also IFN-γ produced by other cell types was sufficient to promote TH1 polarization. 

Only total absence of IFN-γ (from both recipient and donor cells) increased TFH 

differentiation and decreased TH1 development (Figure 32B). These data suggest that 

IFN-γ derived from CD4+ T cells is sufficient, but not necessary to drive TH1 polarization 

and suppress TFH development. In addition, we measured viral titers in the dLNs of the 

mice of the different groups, but they were undetectable since in this setting of acute 

infection the virus is cleared very fast by the efficient CTL response (Figure 32C). To 

this regard, in order to use viral titers as a functional readout of the increase TFH response 

observed in absence of IFN-g, we have planned to perform the same experimental setup 

in the context of chronic infection.  
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Figure 32. SMARTA-derived IFN-γ is sufficient, but not necessary, to drive TH1 
CD4+ T cell polarization upon LCMV infection 
(A) Schematic representation of experimental procedure for the results described in (B). 
1*106 purified CD45.1+ SMARTA CD4+ T cells WT or IFN-γ-/- were transferred into 
CD45.2+ WT or IFN-γ-/- recipients 1 day before s.c. rLCMV infection (2*105 F.F.U). dLNs 
were analyzed 5 days post infection. 
(B) Quantification of TH1 (right) and TFH (left), expressed as percentages of antigen-
specific CD4+ T cells out of total transferred cells, in dLNs of mice described in (A). n=3. 
Mean ± s.e.m is shown. Data are representative of at least three independent experiments. 
One-way ANOVA with Bonferroni’s post test was applied: *P< 0.05. 
(C) Virus titers were determined in the LNs (n = 3) of mice described in (A). 
 
 

8.4.2 The early wave of IFN-g  drives TH1 polarization at the expense of TFH 

differentiation 

 The caveat of the previous experiment is that when SMARTA IFN-γ-/- CD4+ T cells 

were transferred in WT recipients, activated endogenous CD4+ T cells might have 

produced IFN-g and promoted TH1 development. Thus, we asked whether IFN-g plays a 

role in the early hours after infection (likely produced by innate cells in the environment) 

or a few days after infection (thus likely produced by antigen-specific CD4+ or CD8+ T 
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cells). In the first case scenario, this would mean that the equilibrium between humoral 

and cellular responses could be determined already at the CD4+ T cell priming phase. To 

dissect at which time point IFN-g important for CD4+ T cell polarization is produced, we 

blocked IFN-g either at day 0 or at day 3 post infection. Administration of the blocking 

antibodies against IFN-g on day 3 after LCMV infection did not affect the differentiation 

of SMARTA CD4+ T cells in comparison to untreated controls (Figure 33A-B) indicating 

that only IFN-g sensing within the first 3 days after infection was essential for the shaping 

of CD4+ T cell polarization.  

 

 

Figure 33. The early sensing of IFN-g influences CD4+ T cell polarization upon 
LCMV infection 
1*106 

purified CD45.1+ SMARTA CD4+ T cells were transferred into CD45.2+ WT 
recipients 1 day before s.c. intrafootpad rLCMV infection (2*105 F.F.U). CD45.2+ WT 
recipient mice were also treated with anti-IFNg  blocking antibody (or PBS) at d0 or d3 
after infection. pLNs were analyzed 5 days post infection. 
(A) Representative flow cytometry plot showing TH1 (T-bet+CXCR5-) and TFH (T- bet-

CXCR5+) among SMARTA antigen-specific CD4+ T cells in dLNs. Numbers represent the 
percentage of cells within the indicated gate. 
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(B) Quantification of TH1 and TFH, expressed as percentages of antigen-specific CD4+ T 
cells out of total transferred cells, in dLNs of mice described above. PBS, aIFNg  d3 n=3; 
aIFNg d0 n=6 . Mean ± s.e.m. is shown. One-way ANOVA with Bonferroni’s post test 
was applied: *P< 0.05,  

 

We next checked if the IFN-g blockade could influence CD4+ T cell responses by 

changing the cellular composition of the LNs early upon infection. To this end, we first 

investigated if IFN-γ could indirectly act on the abundance of the early interaction 

partners of CD4+ T cells, such as DCs, monocytes and neutrophils. To address this point, 

we infected WT mice subcutaneously and we checked neutrophils, inflammatory 

monocytes, cDC1 and cDC2 expansion 2 days upon infection. IFN-γ blockade did not 

alter the cellular composition of the LNs (Figure 34A-F), indicating that the effect on 

CD4+ T cell differentiation could be ascribed more to a change in the phenotype of the 

early interaction partners of CD4+ T cells rather than to a change in their frequencies. 

 

 

 
Figure 34. IFN-γ blockade does not affect the expansion of neutrophils, 
inflammatory monocytes or cDCs 
CD45.2+ WT mice were infected s.c. intrafootpad with rLCMV (2*105 F.F.U) and treated 
with anti-IFNγ blocking antibody (or isotype control) at day 0. pLNs were analyzed 2 
days post infection. 
(A) Representative flow cytometry plots showing the frequencies of neutrophils (CD11b+ 
Ly6g+) gated on B220- CD3- cells in dLNs. Numbers represent the percentage of cells 
within the indicated gate. 
(B) Quantification of neutrophils (CD11b+ Ly6g+) absolute numbers, in dLNs of mice 
described in (A). n=4. Mean ± s.e.m is shown. 
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(C) Representative flow cytometry plots showing the frequencies of inflammatory 
monocytes (IMs) (CD11b+ Ly6chi) gated on B220- CD3- Ly6g- cells in dLNs of mice 
described above. Numbers represent the percentage of cells within the indicated gate. 
(D) Quantification of inflammatory monocytes (IMs) (CD11b+ Ly6chi) absolute numbers, 
in dLNs of mice described above. n=4. Mean ± s.e.m is shown. 
(E) Representative flow cytometry plots showing the frequencies of cDC1 (CD8a+ 
CD11b-) and cDC2 (CD8a- CD11b+) gated on B220- CD3- Ly6g- NK1.1- cells in dLNs of 
mice described above. Numbers represent the percentage of cells within the indicated 
gate. 
(F) Quantification of cDC1 (CD8a+ CD11b-) and cDC2 (CD8a- CD11b+) absolute 
numbers, in dLNs of mice described above.. n=4. Mean ± s.e.m is shown. 

To understand which cells in the draining LNs express IFN-γ early upon LCMV 

infection, we took advantage of the IFN-γ-(Yellow Fluorescent Protein) YFP mouse 

reporter model, which faithfully reports endogenous IFN-γ expression in all major 

immune cell subsets (Reinhardt et al, 2009). In this model, all cells activating the 

transcription of Ifng will also start to express YFP and thus can be detected by flow 

cytometry or fluoresce microscopy. In a first set of experiments, IFN-γ-YFP mice were 

infected s.c. with rLCMV and dLNs were analyzed by flow cytometry 1- and 2-days post 

infection to test the early producers of IFN-γ. The gating strategy performed to define 

YFP+ cells took into account only the SSCint/hi cells, to avoid the YFP background signal 

coming from SSClo cells present also in not infected mice. We noticed that, although the 

YFP signal was not very strong and defined, the frequency of YFP+ cells increased over 

time, reaching about 0.24% of all LN cells by day 2 post infection (Figure 35A). Among 

all YFP+ cells, the main producers of IFN-γ were NK1.1+ Group 1 ILCs (that include NK 

cells) (Figure 35B). These data were further confirmed by confocal microscopy analysis, 

which revealed many NK1.1+ cells co-expressing YFP 2 days after LCMV infection 

(Figure 36B). Moreover, to understand which IFN-γ-producer cells interact with antigen-

specific CD4+ T cells, in this experiment we had adoptively transferred SMARTA CD4+ 

T cell fluorescently labelled with CMTMR prior to s.c. infection with rLCMV. In contrast 

to the non-infected LNs where SMARTA CD4+ T cells do not undergo clonal expansion 

and IFN-γ signal seems almost undetectable and not specific, on day 2 post infection 

CD4+ T cells expand and localize into T cell zone (Figure 36A). However, in the sections 

analyzed till now we could not detect any substantial interactions between Group I ILCs 

and SMARTA CD4+ T cells.  
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Figure 35. IFN-γ producers upon rLCMV infection 
(A) Representative flow cytometry plots showing YFP+ cells (IFN-γ+ cells) in the dLNs of IFN-γ -
YFP recipient mice 24 and 48 h d after intrafootpad infection with rLCMV (2*105 F.F.U). 
Numbers represent the percentage of cells within the indicated gate.  
(B) Frequencies of Group 1 ILCs, CD4+, CD8+, DCs, monocytes, granulocytes and B cells 
expressed as percentages out of the total YFP+ cells in the dLNs at 24h and 48h upon rLCMV 
infection. n= 3. Mean ± s.e.m. is shown. 
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Figure 36. IFN-γ expression by Group I ILCs in dLNs upon LCMV infection  
Confocal micrographs in the popliteal LNs of IFN-γ-YFP mice injected with 1*106 purified 
CD45.1+ SMARTA CD4+ T cells fluorescently labelled with CMTMR (red), 48h post rLCMV 
(2*105 F.F.U) infection. IFN-γ- producing cells are depicted in green (YFP), Group I ILCs in 
white (NK1.1), and B cells in blue (B220). Data are representative of two independent 
experiments. Scale bars represent 50 μm (A) or 20 μm (B). (B) is a magnification of the same 
section shown in (A). YFP+ NK1.1+ cells are indicated by red arrows. 
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8.4.3 Group I ILCs-derived IFN-γ does not influence CD4+ T cell differentiation upon 

LCMV infection 

We then proceeded to some functional experiments aimed at understanding if Group I 

ILCs could be responsible for supporting TH1 differentiation and suppressing TFH 

development. To investigate whether, upon LCMV infection, IFN-γ produced by Group 

I ILCs is instrumental for CD4+ T cell polarization, WT mice were adoptively transferred 

with SMARTA CD4+ T cells 24 hours before s.c. rLCMV infection and treated with 

neutralizing antibodies towards either IFN-γ or NK1.1 or with the combination of both. 

On day 5 post infection SMARTA CD4+ T cell polarization was assessed in the dLNs. In 

line with previous results, treatment with IFN-γ neutralizing antibody led to a shift 

towards the TFH cell subset. Surprisingly, treatment with anti-NK1.1 antibody alone, did 

not significantly impact polarization of T helper cell subsets. On the contrary, the 

polarization of CD4+ T cells in the group of mice treated with the combination of the two 

antibodies mirrored the one observed with anti-IFN-γ alone (Figure 37A-B). Together 

these results suggest that Group I ILCs derived IFN-γ is not involved in CD4+ T cell 

polarization, at least in this infection setting.  

 

 

Figure 37. Group I ILCs-derived IFN-γ does not influence CD4+ T cell polarization 
upon LCMV infection 
1*106 purified CD45.1+ SMARTA CD4+ T cells were transferred into CD45.2+ WT 
recipients 1 day before s.c. rLCMV infection (2*105 F.F.U). In some conditions CD45.2+ 
WT recipient mice were also treated with anti-IFN-γ (d0), anti-NK1.1 (d-1, d0) blocking 
antibodies (or isotype control) alone or in combination. dLNs were analyzed 5 days post 
infection. 
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(A) Representative flow cytometry plots showing TH1 (T-bet+CXCR5-) and TFH (T- bet-
CXCR5+) cells among SMARTA antigen-specific CD4+ T cells, in the dLNs. Numbers 
represent the percentage of cells within the indicated gate. 
(B) Quantification of TH1 (right) and TFH (left), expressed as percentages of antigen-
specific CD4+ T cells out of total transferred cells, in dLNs of mice described above. n=6. 
Mean ± s.e.m is shown. Data from two independent experiments were pooled. One-way 
ANOVA with Bonferroni’s post test was applied: *P< 0.05, **P< 0.01,  ***P< 0.001, 
****P< 0.0001. 
 

8.4.4 Confocal analysis identifies DCs as early producers of IFN-g upon LCMV infection  

The finding that Group 1 ILCs-derived IFN-g is dispensable for TH1 differentiation 

prompted us to analyze other possible relevant cellular sources for this cytokine. Among 

the other cell types analyzed 1 and 2 days after LCMV infection, low amounts of IFN-g 

were produced also by CD4 and CD8 T cells, monocytes, granulocytes and DCs (Figure 

35B). Of note, the number of DCs obtained after LN processing is usually suboptimal, so 

we reasoned that we might have underestimated the contribution of DCs using this 

technical approach. Given the key role of DCs in naïve T cell priming, we decided to 

investigate whether DCs can produce IFN-g by taking advantage of confocal microscopy. 

Confocal analysis was performed at day 2 post infection, a time-point which has been 

previously shown by us and others as optimal for analysis of CD4+ T cell priming (De 

Giovanni et al, 2020). Interestingly, we found a substantial amount of CD11c+ YFP+ cells 

in the T cell area of the dLNs (Figure 38A), suggesting that the early IFN-γ-producer 

cells include also some DCs, a phenomenon that can be certainly underestimated when 

looking at flow cytometry analysis only. Moreover, we detected some interactions 

between DCs and LCMV-specific CD4+ T cells, although it is not clear whether these 

interacting DCs are the same producing IFN-γ (Figure 38A-B). We are currently 

analyzing more sections to draw a clear conclusion on this very important point.  
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Figure 38. IFN-γ expression by DCs in dLNs upon LCMV infection.  
Confocal micrographs in the popliteal LNs of IFN-γ-YFP mice injected with 1*106 
purified CD45.1+ SMARTA CD4+ T cells fluorescently labelled with CMTMR (red), 48h 
post rLCMV (2*105 F.F.U) infection. IFN-γ- producing cells are depicted in green (YFP), 
DCs in white (CD11c), and B cells in blue (B220). Data are representative of two 
independent experiments; Scale bars represent 50 μm (A) or 20 μm (B). (B) is a 
magnification of the same section shown in (A). YFP+ CD11c+ cells are indicated by red 
arrows. 
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Since we couldn’t use any cDC-depleting antibodies, experiments with BM chimeras are 

ongoing to determine the role of DC-derived IFN-γ. In particular, the mixed BM chimera 

will be reconstituted by 50% of the BM deriving from CD11c-Cre-iDTR mice and 50% 

of the BM deriving from IFN-γ -/- mice.  Injection of the DT in these mice will kill only 

DCs derived from the CD11c-Cre-iDTR BM but not DCs derived from the IFN-γ-/- BM. 

As a result, the only available DCs for T cell priming cannot produce IFN-γ, whereas all 

other cell types will. As a control, a mixed BM chimera constituted by 50% CD11c-Cre-

iDTR BM and 50% WT BM will be prepared.  

8.5 Dissecting a possible cross-inhibition between the TH1 and TFH subsets 

In contrast to other infections, such as influenza, where CD4+ T cell polarization results 

in the coevolution of TFH and TH1(Krueger et al, 2021), in the context of LCMV and VSV 

infection CD4+ T cell differentiation is compartmentalized, with virtually no TH1 found 

in VSV-infected mice and very few TFH found in LCMV-infected mice. One explanation 

for this phenotype might be that besides initial polarization cues, early TH1 and TFH 

subsets might compete or cross-antagonize each other. The CD4+ T cell phenotype that 

we observe in the absence of IFN-g with a decreased TH1 differentiation coupled to an 

increase TFH development may support this hypothesis and prompted us to investigate the 

possible molecular mechanisms whereby TFH are inhibited by this TH1-related cytokine. 

8.5.1 IFN-γ does not affect expression of TFH polarizing cytokines 

One possible hypothesis on the mechanism through which IFN-γ could hinder TFH 

development could be by antagonizing the expression of TFH-polarizing cytokines. We 

previously observed that, upon VSV infection, the early wave of type I IFNs sensed by 

DCs is crucial in promoting IL-6 production that is instrumental for TFH development. On 

the contrary, in the context of LCMV infection the induction of type I IFNs is delayed 

and, even if still sensed by DCs, it results in the absence of early IL-6 production. Thus, 

we asked whether IFN-g  might counteract type I IFNs or IL-6 expression and thus inhibit 

TFH development through this mechanism. To test this hypothesis, we performed a kinetic 

analysis of Ifna4, Ifnb1and Il6 expression in LNs from wild-type mice infected with 

rLCMV and treated with IFN-γ-blocking antibodies or PBS, to measure the expression 
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level of this cytokine at different time-points. Popliteal LNs were collected and analyzed 

at 0h, 4h, 8h, 16h, 24h, and 48h post infection by qPCR. We did not observe any 

difference in the induction of Il6 and type I IFNs expression at the mRNA level, indicating 

that the molecular inhibitory mechanism exerted by IFN-γ does not imply the suppression 

of type I IFNs or IL-6 expression (Figure 39).  

 

Figure 39. IFN-γ does not affect the expression of type I IFNs and IL-6.  
Analysis of Ifna4, Ifnb1 and Il6 gene expression at 0, 4, 8, 16, 24 and 48h after rLCMV 
infection in dLNs of mice treated with PBS (black) or with anti- IFNγ blocking antibody 
(red). n= 4 (0 h), 4 (4 h), 4 (8 h), 4 (16 h), 4 (24 h) and 4 (48 h). FI, fold increase.  
 

8.5.2 B cells as possible mediators of TFH inhibition  

Another mechanism whereby IFN-γ could inhibit TFH might rely on B cells. Indeed, 

TFH cell development is a multi-step differentiation process that comprises two different 

APCs: DCs and cognate B cells.  Cognate B cells interact with pre-TFH at the T-B border 

driving their full commitment and the initiation of GC responses (Crotty, 2011). Since B 

cells express the IFNγR, they could sense IFN-γ and this cytokine could potentially shape 

their phenotype and their crosstalk with T helper cells. Different studies have shown that 

IFN-g can induce T-bet in a subset of so-called atypical B cells, which play dichotomous 

roles in immunity, including being pathogenic in autoimmune settings (Obeng-Adjei et 

al, 2017); (Rubtsova et al, 2017), but its role in the context of LCMV infection has never 

been studied.  

To investigate this hypothesis, we first tested the role of IFN-γ in B cell activation upon 

LCMV infection. WT mice were treated with IFN-γ nAbs (or isotype control) and 

infected with rLCMV. pLNs were collected at day 7 upon infection, and endogenous B 

cells analyzed for T-bet and Bcl-6 expression. We found that 16-20% of B cells in 

rLCMV-infected mice express high levels of T-bet whereas very few of them (about 1%) 
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express low levels of T-bet and high levels of Bcl-6. By contrast, blockade of IFN-γ 

antibody treatment resulted in an increase in the frequency of Bcl-6+ B cells and a 

decrease in the T-bet+ B cells (Figure 40A-B). In agreement with this observation, total 

GP-binding IgG antibodies were found at higher levels in absence of IFN-γ (Figure 40C).  

Thus, IFN-γ does not influence only CD4+ T cell polarization but also the B cell 

phenotype, restraining on one side the development of Bcl-6+ B cells, widely defined as 

GC-B cells (Cattoretti et al, 1995) and on the other side inducing the expression of T-bet 

on these cells, resulting in an impairment of humoral responses. This result is line with 

the role of IFN-γ in inducing TH1 differentiation and suppressing TFH development, but 

the spatiotemporal mechanism exerted by this cytokine remains unclear. Indeed, IFN-γ 

could potentially suppress TFH development acting directly on CD4+ T cells, or it could 

restrain GC B cell differentiation that indirectly results in the inhibition of TFH 

development. A third hypothesis implies a broader role of IFN-γ that could inhibit at the 

same time TFH and GC B cells differentiation, driving cellular responses at the expense 

of humoral responses. Future experiments will clarify the cellular targets of this cytokine. 

In detail, we are planning to test the role of IFN-γ receptor signaling in CD4+ T and B 

cells using CRISPR-Cas9 to delete IFNgR1 in naïve SMARTA CD4+ T cells or KL25 B 

cells, in order to block their capacity to sense IFN-γ. 
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Figure 40. IFN-γ suppresses GC-B cell development and hinder humoral response upon 
LCMV infection. 
(A) CD45.2+ WT mice were infected s.c. intrafootpad with rLCMV (2*105 F.F.U) and treated with 
anti-IFN-γ blocking antibody (or isotype control) at day 0. pLNs were analyzed 7 days post 
infection. 
Representative flow cytometry plots showing T-bet+ Bcl-6- and Bcl-6+ T-betlo B cells expressed as 
percentages among total B cells, in the dLNs. Numbers represent the percentage of cells within 
the indicated gate. 
(B) Quantification of T-bet+

 B cells (left) and Bcl-6+ T-betlo B cells (left) expressed as percentages 
of total B cells in dLNs of mice described in (A). Isotype n=3; a-IFNg  n=4. Mean ± s.e.m. is 
shown. Data are representative of at least three independent experiments. An unpaired two-tailed 
t test was applied: *P< 0.05 
(C) GP–binding IgG Abs were measured in the sera of mice described in (A) and expressed as 
fold induction over uninfected controls. Data are representative of three independent 
experiments. n=6 Mean ± s.e.m. is shown. An unpaired two-tailed t test was applied: *P< 0.05 
 

8.5.3 IL-6 blocks IFN-g -mediated induction of TH1 polarization upon VSV infection  

We further asked whether IFN-γ might play a role in CD4+ T cell polarization in other 

infection contexts. Kinetic analysis of the best known TH1-polarizing cytokines, such as 

Ifna4, Ifnb, Il12b and IFNg in total RNA isolated from LNs at 4, 8, 16, 24 and 48 h after 

infection with rVSV or rLCMV indicated that the TH1 milieu is triggered also upon rVSV 
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infection (Figure 41). In particular, IFNg expression was even higher in VSV in respect 

to LCMV infection. 

 

Figure 41. TH1 polarizing cytokines expression is induced upon rVSV infection 
Analysis of Ifna4, Ifnb, Il12b and Ifng gene expression in dLNs at 0, 4, 8, 16, 24 and 48h after 
rLCMV (red) or rVSV (blue) infection. n= 4 (0 h), 4 (4 h), 4 (8 h), 4 (16 h), 4 (24 h) and 4 (48 h). 
Data were pooled from two independent experiments. The mean ± s.e.m. is shown. The same 
sample was measured repeatedly for the four genes. FI, fold increase. 
 

However, this early wave of TH1-polarizing cytokines did not result in the induction of 

TH1 differentiation upon VSV infection, since the vast majority of VSV-specific CD4+ T 

cells polarize into TFH cell with virtually no detectable TH1. The only experimental 

condition in which TH1 were detectable upon VSV infection was following early blockade 

of IL-6, as showed previously (Figure 22B). Therefore, we asked whether a cross-

inhibition mechanism between IL-6 and IFN-γ might be taking place during viral 

infections, and whether the TH1 cells that arise upon IL-6 blockade depend on IFN-γ. To 

address this hypothesis, WT mice were treated with neutralizing antibodies towards IL-6 

and IFN-γ, alone or in combination, and infected s.c. with rVSV. As usual, adoptive 

transfer of SMARTA CD4+ T cell (which recognize rVSV since it expresses the LCMV 

glycoprotein) was performed 24 hours before rVSV infection and pLNs were collected 

and processed 5 days after infection. As expected, the majority of CD4+ T cells in rVSV-

infected mice differentiated into TFH and very few of them into TH1. However, upon IL-

6 blockade there was a decrease of TFH polarization and a strong increase of TH1 cell 



 88 

differentiation, thus confirming previously published results. Blockade of IFN-γ alone 

showed a slight increase of TFH and a decrease in TH1. Finally, when both cytokines were 

blocked simultaneously, the TH1 cell polarization observed upon the IL-6 blockade was 

no longer induced (Figure 42A-B), meaning that the molecular determinant that induces 

TH1 differentiation in the absence of IL-6 is IFN-γ. Taken together, these results indicate 

that the TH1 cells that should develop upon VSV infection are IFN-g dependent and IL-6 

can inhibit TH1 differentiation through a mechanism that still needs to be investigated in 

depth, but almost certainly is related to a crosstalk with IFN-γ.  

 
 
Figure 42. The early production of IL-6 upon rVSV infection antagonizes the IFN-γ 
mediated induction of TH1 polarization. 
1*106 purified CD45.1+ SMARTA CD4+ T cells were transferred into CD45.2+ WT recipients 1 
day before s.c. rVSV infection (2*105 P.F.U). In some conditions CD45.2+ WT recipient mice were 
also treated with anti-IFNγ (d0), anti-IL-6 (d-1, d0, d1, d3) blocking antibodies (or isotype 
control) alone or in combination. dLNs were analyzed 5 days post infection.  
(A) Representative flow cytometry plots showing TH1 (T-bet+CXCR5-) and TFH (T- bet-CXCR5+) 
cells among SMARTA antigen-specific CD4+ T cells, in the dLNs of mice described above. 
Numbers represent the percentage of cells within the indicated gate. 
(B) Quantification of TH1 (right) and TFH (left), expressed as percentages of antigen-specific 
CD4+ T cells out of total transferred cells, in dLNs of mice described above. Isotype, aIFNg, aIL-
6 n=3; aIFNg+aIL-6 n=2. Mean ± s.e.m. is shown. Data are representative of at least three 
independent experiments. One-way ANOVA with Bonferroni’s post test was applied: *P< 0.05, 
**P< 0.01, ***P< 0.001.  
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9. DISCUSSION 

Antigen-specific effector CD4+ T cells subsets play a critical role in shaping antiviral 

adaptive immune responses and might contribute to the equilibrium between humoral and 

cellular responses. Interestingly, data obtained in our lab show a striking 

compartmentalization of CD4+ T helper responses in VSV and LCMV infection models. 

In particular, subcutaneous infection with VSV results in the polarization of CD4+ T cells 

towards the TFH phenotype, with almost no TH1 development. In contrast, LCMV 

infection results in almost complete TH1 differentiation, with little or no TFH induction. 

This dichotomy was quite surprising, since in other infection contexts (i.e. IAV infection)  

TH1 and TFH responses co-exist (Krueger et al, 2021). Further investigation on the factors 

that drive the observed compartmentalization led to the identification of the 

spatiotemporal regulation of type I IFNs as critical determinants of CD4+ T cell 

polarization. In particular, in the context of VSV infection, early type I IFNs sensing by 

migratory cDC2s and/ or moDCs leads to the production of IL-6 that in turn promotes 

TFH differentiation and humoral responses (Figure 43).  

 

 
Figure 43. Spatiotemporal regulation of type I interferon expression determines the 
antiviral polarization of CD4+ T cells  
(Adapted from Wedekind et al., Cellular & Molecular Immunology, 2020. License 
Number_ 5252971215143)  
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These results offer an additional molecular mechanism that might explain why 

different viruses induce a wide spectrum of antibody responses. The role of type I IFNs 

in shaping CD4+ T cell differentiation is not a new concept. Several publications 

previously showed their involvement in TH1 or TFH differentiation, but their role is strictly 

context-dependent. For example, CD4+ T cells cultured in vitro with type I IFNs start to 

upregulate the canonical TFH markers CXCR5 and PD-1, but they are functionally 

impaired since they do not produce IL-21, the main TFH cytokine responsible for IgG1 

class switching (Nakayamada et al, 2014). These data suggest that other factors, such as 

IL-6, are necessary to drive the full commitment of TFH. In vivo, the picture is far more 

complex, since it involves the interplay of many cytokines secreted in the environment 

and the coordinated migration and positioning of several cell types (Cucak et al, 2009) 

(Ray et al, 2014);(Barbet et al, 2018);(Ugur & Mueller, 2019) ; Together, these studies 

highlight a multifaceted role of type I IFNs that could be linked to the different cellular 

sources, expression kinetics, and cellular targets (Kuka et al, 2019). Our results suggest 

that spatial and temporal regulation of type I IFN is critical for its effect on adaptive 

immune responses, thus providing a potential explanation for the above-mentioned 

conflicting results. 

The cellular source of type I IFN in the two infections remains to be elucidated. 

However, this question is difficult to address because of the many isoforms of type I IFN 

and the absence of an efficient type I IFN reporter mouse that would allow the clear 

identification of the cellular source of these cytokines. Whereas it was previously shown 

that VSV induces the production of type I IFNs by SSMs and pDCs, the relative 

contribution of each LN cell type to the production of type I IFNs after subcutaneous 

infection with LCMV is unknown.  

The assessment of the composition and the transcriptional state of DC subsets upon 

early and late type I IFN sensing led to the conclusion that IL-6 expression by DCs drives 

TFH cell polarization in response to early (VSV) but not to late (LCMV) type I IFN 

signaling. These findings are supported by previous data showing that adjuvantation with 

CpG-B enhances GC reactions by increasing the ability of Ag-presenting moDCs to 

produce IL-6 that promotes TFH differentiation (Chakarov & Fazilleau, 2014). Like for 

type I IFNs, blockade of early IL-6 (which is also an ISG) results in reduced generation 

of TFH cells. However, it is important to point out that IFNAR blockade has a larger 
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impact on TFH cell differentiation than IL-6 blockade, suggesting that IL-6 induction by 

type I IFNs is only one of the mechanisms whereby type I IFN drives TFH differentiation 

upon VSV infection. Indeed, other TFH polarizing cytokines, such as IL-27, could promote 

TFH differentiation in synergy with the IL-6 (Batten et al, 2010).  In addition, even though 

the results reported here unravel DCs as key producers of IL-6 that promotes TFH 

differentiation, the role of IL-6 produced by other cellular sources remains to be 

elucidated. A possible caveat that must be taken into consideration is that we analyzed 

the DC composition of the entire LN, rather than from the CD4+ T cell priming niche, 

thus potentially underestimating the localized production of IL-6 by DCs.  

Lack of early type I IFN and IL-6 sensing does explain the impaired TFH differentiation 

in the context of LCMV infection, but the mechanisms leading to the extreme TH1 

differentiation remain unclear. Interestingly, we identified that LCMV-specific TH1 cells 

are IL-12 and type I IFNs independent. Instead, we identified IFN-g as an important 

determinant for CD4+ T cell differentiation, partially driving TH1 differentiation and 

suppressing TFH, Bcl-6+ GC-B cells and antibody responses (Figure 44).  

 

 

 
Figure 44. Graphical Abstract showing the role of IFN-g in shaping CD4+ T cell 
responses. 
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The role of IFN-γ in TH1 cell polarization is not a completely new concept. Indeed, 

IFN-γ can act both as an effector cytokine and as an autocrine TH1 differentiation signal 

(Zhang et al, 2001a);(Schroder et al, 2004);. Previous work has shown that IFN-γ can 

either cooperate with IL-12 in inducing T-bet upregulation in naïve CD4+ T cells or can 

stabilize an already established TH1 phenotype (Lighvani et al, 2001);(Schulz et al, 2009). 

Moreover, IFN-γR-/-CD4+ T cells lose the capacity to develop into effector TH1 cells, 

indicating that IFN-γ exerts a crucial role in the differentiation of CD4+ T cells (Diehl et 

al, 2000). Despite this important evidence, the role of IFN-γ in T helper cell 

differentiation remains controversial. Indeed, it has been shown in the setting of 

autoimmune disease that excess of IFN-γ leads to pathogenic accumulation of TFH and 

GCs, suggesting that IFN-γ might promote also TFH polarization (Lee et al, 2012).  

Despite acting as a molecular switch between TH1 and TFH, IFN-g blockade did not 

affect the entire TH1 population. This observation brings in mind two important points. 

The first one is that the T-bet expressing cells remaining after the IFN-g blockade are IL-

12-, type I IFN- and IFN-g- independent. Despite the numerous studies reporting IL-12 

as the main TH1-polarizing cytokine in different contexts, our data clearly highlight that 

upon LCMV infection TH1 cells arise independently of IL-12. These results are supported 

by other studies that confirm the hypothesis that TH1 cells generated during viral 

infections are not dependent on IL-12 for their development. The possible explanation for 

this IL-12-independent TH1 formation remains elusive and might potentially be related to 

redundant mechanisms arising in the absence of high levels of IL-12. This opens an 

important question on which might be the key TH1 polarizing cytokines upon viral 

infections. 

The second point is that a certain degree of heterogeneity might occur within the TH1 

cells developing upon the same viral infection. The heterogeneity within the T helper 

subsets is not a new concept. Indeed, TFH cells arising in the context of different infections 

are quite different and their phenotype is shaped in a pathogen-dependent manner (Kuka 

& Iannacone, 2021);(Tuzlak et al, 2021). For example, TFH generated upon IAV infection 

express low levels of T-bet; by contrast, TFH generated upon systemic LCMV infection 

express high levels of T-bet at their peak of expansion and differentiation (Sheikh et al, 

2019). The same concept could be applied for TH1 cells, whose development is IL-12 

dependent in the context of bacterial infection, but not for viral infections (Athie-Morales 
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et al, 2004);(Heufler et al, 1996). Moreover, Krueger et al. recently showed that there are 

two types of TH1 and only the TH1 that develop upon Salmonella infection, but not upon 

Influenza infection, need IL-12 for their full commitment (Krueger et al, 2021).  

ScRNAseq analysis performed on antiviral CD4+ T cells revealed that there can be 

heterogeneity even within the same infection contexts, like LCMV, that induces the 

differentiation of two T-bet-expressing subsets: TCF-1+ and TCF-1- populations. The 

TCF-1- population retains some cytotoxic characteristics since it expresses a high amount 

of GzmB, however, future studies will formally test their cytotoxic ability. Interestingly, 

in the single-cell UMAP, the TCF-1+ population clustered at the interface between LCMV 

and VSV samples, demonstrating that, from the transcriptional point of view, this 

population carries a mixed TH1/TFH signature, further functionally confirmed by their 

lower capacity to secrete IFN-g. Future experiments will characterize the spatiotemporal 

dynamics of differentiation of these TCF-1+ and TCF-1- GzmB+ CD4+ T cells in more 

detail. In particular, we will perform a time-course analysis to define the temporal 

development of these two populations upon LCMV infection. 

This observation prompted us to consider the hypothesis that T-bet induction in the 

context of LCMV infection is a feature of the virus since it is present on all the CD4+ T 

cells that develop upon infection. However, the TCF-1+ T-bet+ CD4+ T cell population 

could be a more plastic population that adapts its phenotype to the inflammatory milieu 

to which it is exposed to optimize the antiviral response. This hypothesis was partially 

corroborated by the role of IFN-g on these two populations that arise upon LCMV 

infection. Flow cytometric analysis hinted towards IFN-g acting on the TCF-1+ 

population, preventing its differentiation towards fully committed CXCR5+ PD-1+ TFH. 

Our results strongly suggest that IFN-g could act as a molecular switch on this 

intermediate TCF-1+ population. This TCF-1+ population resembles the recently 

described T progenitor exhausted (TPEX) population observed for CD8+ T cells, which 

retains some stem-like properties, it expresses high levels of TCF-1 and it is critical for 

enhanced antiviral immunity (Utzschneider et al, 2016). Since we observed that the TCF-

1+ population upregulates the TFH markers CXCR5 and PD-1 in absence of IFN-g, we will 

also check if it will develop entirely into fully differentiated TFH at late time points post-

infection (day 7-10). RNA velocity analysis and selective adoptive transfer experiments 

will be performed to further confirm that the TFH that develop in absence of IFN-g arise 
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from the TCF-1+ population that changes its phenotype. In addition, we will perform a 

confocal analysis to define if these two populations of effector CD4+ T cells occupy 

distinct LNs niches and to further confirm that the CXCR5+ population that arises in 

absence of IFN-g localizes inside B cell follicles.  

Our study raises the question of which could be the relevant IFN-γ producers upon 

LCMV infection. We show that the IFN-g produced by Ag-specific CD4+ T cells is 

sufficient, but not necessary to drive their differentiation in a positive feedback loop. This 

result was further corroborated by data showing that the late blocking of IFN-g at day 3 

post-infection did not result in any change of the phenotype of CD4+ T cells, ruling out 

a potential role of the late IFN-g producers (mainly CD4+ T cells and CD8+ T cells) in 

inducing the phenotype that we observe. Focusing our attention on the early IFN-g 

producers upon LCMV infection, we identified Group I ILCs as the major IFN-g 

producers upon LCMV infection. Surprisingly, the high amount of IFN-g produced by 

Group I ILCs was not the one responsible for CD4+ T cell polarization. This result is in 

contrast with previously published data that showed a role of NK-derived IFN-g in 

inducing TH1 differentiation. However, these different outcomes could be ascribed to the 

different contexts, since in the published study mice were immunized with OVA-pulsed 

DCs (Martín-Fontecha et al, 2004). Interestingly, we also identified DCs as early IFN-g 

producers upon LCMV infection, but their role in shaping CD4+ T cell differentiation still 

needs further investigation. It is worth pointing out that there could be more than one 

cellular source of this cytokine and given this redundancy of the system, it will be a 

difficult question to address.  

Even though we have highlighted this important role of IFN-γ in shaping CD4+ T cells 

responses, the cellular target of this cytokine remains unclear. Indeed, IFN-γ could 

potentially suppress TFH development leading as a consequence to an impaired GC B cell 

differentiation, otherwise, it could directly act in restraining GC B cell differentiation that 

in turn results in the inhibition of TFH development. A third hypothesis implies a broader 

role of IFN-γ that could inhibit at the same time TFH and GC B cell differentiation, driving 

cellular responses at the expense of humoral responses. Future experiments are needed to 

clarify the cellular targets of this cytokine.  

Our preliminary data suggest that IFN-γ is responsible for the polarization of TH1 cells 

also in VSV-infected mice. In this setting, TH1 cells are detectable only upon the 
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conditions of type I IFN and IL-6 blockade (which lead to decreased TFH polarization). 

This could imply the existence of a possible cross-antagonism between TH1 and TFH 

subsets, in this case mediated by IL-6 at the expense of IFN-γ. In line with this hypothesis, 

Diehl et al., have shown that IL-6 inhibits TH1 differentiation interfering with the IFNγ-

R signaling pathway and gene expression during differentiation of naïve CD4+ T cells, by 

reducing IFN-γ gene expression. Specifically, the molecular mechanism relies on the 

activation of STAT3 in response to IL-6 signaling during the activation of naïve CD4+ T 

cells, which leads to upregulation of SOCS1 gene expression that inhibits STAT1 

phosphorylation thus preventing its positive autoregulation of IFN-γ gene expression. 

Data from this study also showed that SOCS1-deficient mice produced more IFN-γ, 

indicating that IFN-γ signaling upregulates its own expression and that IL-6 interferes 

with IFN-γ production through this mechanism (Diehl et al, 2000). Future studies will 

determine if this mechanism of action occurs also upon VSV infection.   
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10. MATERIALS AND METHODS  

Sections of Material and Methods (10.11, 10.12, 10.13) have been published in the paper: 

“De Giovanni M, Cutillo V, Giladi A, et al. Spatiotemporal regulation of type I interferon 

expression determines the antiviral polarization of CD4+ T cells. Nat Immunol. 

2020;21(3):321-330”.  

10.1. Mice  
 
C57BL/6 and C57BL/6-Ly5.1 (CD45.1) (inbred C57BL/6) mice were purchased from 

Charles River. Mice bearing LCMV-specific transgenic CD4+ T cells (SMARTA), mice 

bearing VSV-specific transgenic CD4+ T cells (Tg7) and mice lacking the IFNAR1 

receptor (Ifnar1-/-) were obtained through the Swiss Immunological Mouse Repository 

(SwImMR). Cd11c-Cre and Ifnar1fl/fl mice have been described previously (Yamazaki et 

al, 2013); (Prigge et al, 2015). 129S4(B6)-Ifnγtm3-1Lky/J (IFNγ-YFP) mice were 

purchased from The Jackson Laboratory; these mice express the bicistronic IFNγ-IRES-

eYFP mRNA under control of the endogenous IFNg promoter/enhancer regions 

(Reinhardt et al, 2009).  

Mice were housed under specific pathogen-free conditions and used at 8-10 weeks of age, 

unless otherwise indicated. In all experiments mice were matched for age and sex before 

experimental manipulation. All experimental animal procedures were approved by the 

Institutional Animal Committee of the San Raffaele Scientific Institute and by Italian 

Ministry of Health.  

10.2. Bone marrow transplantation  

WT recipient mice were lethally irradiated (one dose of 900 rad), and were supplied with 

antibiotic-supplemented water. Tibia and femur bones from donor mice were collected 

and bone marrow (BM) cells were isolated using HBSS and syringes: 107 cells were 

resuspended in 200 ul and injected i.v. into each recipient mice. BM chimeras were used 

for experiments 2 months after transplantation. In experiments described in Section 8.2 

BM chimeras were generated by lethally-irradiation of WT mice (background C57BL/6N 
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CD45.2) that were reconstituted for at least 6/8 weeks with BM from CD45.1 Cd11c-Cre 

x Ifnar1fl/fl mice. 

In experiments described in Section 8.4.4 BM chimeras were generated by lethally-

irradiation of WT mice (background C57BL/6N CD45.1) that were reconstituted for at 

least 6/8 weeks with BM from CD11c-Cre-iDTR and IFN-γ-/- mice.  

10.3. Infections and immunizations  

Mice were infected via the footpad with 1×105 Plaque-Forming Unit (PFU) of VSV 

serotype Ind or rVSV (a recombinant VSV expressing a GP derived from the LCMV WE 

strain and recognized by SMARTA TCR-transgenic instead of the VSV GP) or with 

2×105 Focus-Forming Unit (FFU) of LCMV WE or rLCMV (a recombinant LCMV clone 

13 expressing a GP derived from the LCMV WE strain and recognized by SMARTA 

TCR-transgenic instead of the LCMV Cl13 GP). Viruses were propagated and quantified 

as described in previous studies (Sammicheli et al., 2016) and were diluted in 25μl of 

HBBS before subcutaneous footpad injection. All infectious work was performed in 

designated Biosafety Level 2 (BSL-2) and BSL-3 workspaces in accordance with 

institutional guidelines.  

10.4. T cell isolation and adoptive transfer  

Naïve CD4+ T cells from the spleens of SMARTA CD45.1+ transgenic mice were 

negatively selected by magnetic isolation (Miltenyi Biotec), with purity always above 

98% as determined by flow cytometry. Unless otherwise indicated, 1×106 SMARTA T 

cells were injected intravenously into indicated recipients 1d before intrafootpad 

infection. In experiment described in Section 8.5, 106 LCMV-specific SMARTA CD4+ 

T cells were labelled with 5μM CMTMR before adoptive transfer. 

10.5 Cell labelling  

In experiment described in Section 8.5, cells were labelled using CMTMR (Thermo 

Fisher Scientific, #C34571) according to the manufacturer's instructions. In brief, 

SMARTA CD4+ T cells were washed with PBS and resuspended at 106 cells/mL in 

working dye solution (5 μM in PBS) for 20 minutes at 37°C. Five volumes of cell 
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complete medium were then added and cell mixtures were allowed to rest for 5 minutes 

to remove free dyes. The labelled cells were centrifuged, resuspended in HBSS to be 

injected.  

10.6 Ex Vivo Restimulation of SMARTA CD4+ T cells 

Cell suspensions from the LNs were plated in round-bottom 96-well plates (2*106 

cells/well) and restimulated for 4 hours with 1 mM GP61–80 peptide from LCMV 

(GLKGPDIYKGVYQFKSVEFD) in the presence of Brefeldin A (GolgiPlug, 1 ml/ml), 

in RPMI supplemented with 10% fetal bovine serum (Section 8.3.3).  

10.7 Administration of antibodies and toxins  

In indicated experiments, mice were treated with: 

- InVivoMab αIFNγ blocking antibody (BioXcell Clone XMG1.2 #BE0055) or rat IgG1 

isotype control (BioXcell Clone HRPN #BE0088): 250ug i.p. at day 0; 

-InVivoMab αIL-6 blocking antibody (BioXcell Clone MP5-20F3 #BE0046) or rat IgG1 

isotype control (BioXcell Clone HRPN #BE0088): 0.5mg i.p. 1 or 3 days after infection 

and 0.25mg every other day;  

- InVivoMab αIL- 12 blocking antibody (BioXcell Clone R2-9A5 #BE0233) or rat IgG2b 

isotype control, (BioXcell Clone LFT-2 #BE0090): 1 mg i.p. at day 0 or 3 after infection; 

- InVivoMab αNK1.1 depleting antibody (BioXcell Clone PK136 #BE0036): 1mg i.p. at 

day 0 or 1d after infection.  

To deplete DCs 500ng of diphtheria toxin (DTX, Millipore, # 322326) diluted in 200μl 

of PBS was administered intraperitoneally 1d before the infection and every other day 

thereafter to CD11c-CRE-iDTR/IFNg-\- and CD11c-CRE-iDTR/WT BM chimeras, 

respectively.  

10.8 Organ processing to obtain cell suspension  

10.8.1 Peripheral Blood  

Blood was collected from the retro-orbital sinus of anesthetized mice into sodium 

heparin-coated hematocrit capillaries. Single cell suspensions were obtained as 
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previously described (Iannacone et al, 2005). Briefly, cells were prepared from whole 

anticoagulated blood by lysis of red blood cells with ammonium chloride (ACK) lysis 

buffer (0.15 M NH4Cl, 1.0 mM KHCO3, 0.1 mM Na2EDTA; pH 7.2). Cells were washed 

twice with PBS and used for further analysis.  

10.8.2 Spleen  

Spleen was smashed in Hanks’ Balanced Salt Solution (HBSS). Aggregates and debris 

were removed by passing cell suspension through a 40-um cell strainer (BD Labware). 

After, cells were resuspended in ACK to lyse red blood cells. After washing cells were 

counted using trypan blue dye and used for further analysis.  

10.8.3 Lymph Nodes 

Popliteal lymph nodes were harvested in Hanks’ Balanced Salt Solution (HBSS) and 

mechanically smashed in 6mm petri dish. Aggregated and debris were removed by 

passing cell suspension in 2x75mm tubes with 35 μm mesh nylon strainer (Corning). 

10.9 Flow Cytometry 

All flow cytometry staining of surface-expressed markers was performed in FACS Buffer 

containing PBS and 2% FBS at 4°C, while intracellular molecule staining was performed 

using Foxp3/Transcription Factor Staining Buffer set (eBioscience, #00-5523-00), 

following the manufacturer’s instructions at room temperature. Anti-CD16/32 antibody 

(Invitrogen # 14-0161-82) was added to cell pellets prior to staining with fluorochrome-

conjugated antibodies to block Fc receptors. Antibodies (Abs) used are indicated in Table 

1. Flow cytometry analysis were performed on BD FACSCanto II or BD FACSymphony 

A5 and analysed with FlowJo software (Treestar). To genotype SMARTA mice blood 

was collected, ACK-lysed and stained for flow cytometry using the following antibodies: 

CD4 (RM4-5), CD45.1 (A20), Vβ8.3 TCR (1B3.3), Vα2 TCR (B20.1).  
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REAGENTS SUPPLIER CATALOGUE 

NUMBER 

Antibodies 

APC Rat anti-Mouse CD185 (CXCR5) (2G8) BD 

Bioscience 

Cat#560615;  

Alexa Fluor® 488 Mouse anti-Bcl-6 (K112-91) BD 

Bioscience 

Cat# 561524;  

APC/Cyanine7 anti-mouse CD45.1 (A20) Biolegend Cat# 110716; 

 

eFluor450 CD4 Monoclonal Antibody (RM4-5) Invitrogen Cat# 48-0042-82; 

 

PerCP/Cyanine5.5 anti-T-bet Antibody Biolegend Cat# 644806; 

 

PE Rat anti-Mouse CD4 (RM4-5) BD 

Bioscience 

Cat# 553049; 

PE/Cyanine7 anti-mouse CD8a (53-6.7) Biolegend Cat# 00722; 

 

eFluor450 CD19 Monoclonal Antibody 

(eBio1D3 (1D3)) 

Invitrogen Cat# 48-0193-82; 

 

APC/Cyanine7 anti-mouse CD62L (MEL-14) Biolegend Cat# 104428; 

V500 Rat anti-Mouse CD44 (Pgp-1/Ly-24) BD 

Bioscience 

Cat# 560781; 

PerCP/Cyanine5.5 anti-mouse I-Ab (AF6-120.1) 

 

Biolegend Cat#116416 

 

Alexa Fluor® 647 anti-mouse CD3ε (145-2C11) 

 

Biolegend Cat#100322 

 

APC/Cyanine7 anti-mouse CD8a (53-6.7) Biolegend Cat#100714 

 

Pacific Blue™ anti-mouse Ly-6C (HK1.4) Biolegend Cat#128014 

 

Brilliant Violet 650™ anti-mouse/human CD11b 

(M1/70) 

Biolegend Cat#101259 
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Brilliant Violet 785™ anti-mouse NK-1.1 

(PK136) 

Biolegend Cat# 108749 

 

BUV395 Rat Anti-Mouse CD4 (RM4-5) 

 

BD 

Bioscience 

Cat# 740208 

 

BUV496 Rat Anti-Mouse CD45R/B220 (RA3-

6B2) 

BD 

Bioscience 

Cat# 612950 

 

 

BUV805 Rat Anti-Mouse Ly-6G (1A8) BD 

Bioscience 

Cat# 741994 

 

 

PE anti-mouse CD11c (N418)  Biolegend Cat#117308 

 

PE/Cyanine7 anti-mouse CD335 (NKp46)  
(29A1.4) 

Biolegend Cat#137618 

 

FITC Rat Anti-Mouse Ly-6C (AL-21) BD 

Bioscience 

Cat#561085 

 

Brilliant Violet 421™ anti-mouse NK-1.1  
(PK136) 

Biolegend Cat#108741 

Brilliant Violet 711™ anti-mouse CD335 
(NKp46) (29A1.4) 

Biolegend Cat#137621 

 

Brilliant Violet 711™ anti-mouse CD8a  
(53-6.7) 

Biolegend Cat#100759 

BV786 Hamster Anti-Mouse CD11c (HL3) BD 

Bioscience 

Cat#563735 

PE-CF594 Rat Anti-Mouse CD19 (1D3) BD 

Bioscience 

Cat#562291 

 

PE-Cy™7 Hamster Anti-Mouse CD3e (145-
2C11) 

BD 

Bioscience 

Cat#552774 

 

APC TCR V alpha 2 Monoclonal Antibody 
(B20.1) 

Invitrogen Cat#17-5812-82 

 

BV605 Rat Anti-Mouse CD119 (IFNgR1) 
(GR20) 

BD 

Bioscience 

Cat#745111 

 

Alexa Fluor® 488 Rabbit Anti-mouse 
TCF1/TCF7 (C63D9)  
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Cell 

Signaling 

Cat#6444S 

 

Brilliant Violet 421™ anti-mouse IFN-γ  

(XMG1.2) 

Biolegend Cat#505830 

 

Brilliant Violet 605™ anti-mouse CD4 (RM4-5) Biolegend Cat#100548 

 

Brilliant Violet 711™ anti-mouse CD186 
(CXCR6) (SA051D1) 

Biolegend Cat#151111 

 

Brilliant Violet 785™ anti-mouse CD366 (Tim-
3) (RMT3-23) 

Biolegend Cat#119725 

 

BUV395 Hamster Anti-Mouse CD279 (PD-1) 
(J43) 

BD 

Bioscience 

Cat#744549 

 

BUV563 Rat Anti-Mouse CD44 (IM7) 
 
 

BD 

Bioscience 

Cat#741227 

 

BUV737 Hamster Anti-Mouse CD183 (CXCR3-
173) 

BD 

Bioscience 

Cat#741895 

 

BUV805 Rat Anti-Mouse CD8a (53-6.7) 
 
 

BD 

Bioscience 

Cat#612898 

 

PE Granzyme B Monoclonal Antibody (GB11) Invitrogen Cat#12-8899-41 

PE-CF594 Mouse Anti-Bcl-6 (K112-91) BD 

Bioscience 

Cat#562401 

PE-Cy™7 Rat Anti-Mouse CD45R/B220 (RA3-

6B2) 

BD 

Bioscience 

Cat#552772 

 

Table 1. List of Antibodies for Flow Cytometry 

10.10. Immunofluorescence Staining  

For confocal microscopy analysis LNs were directly collected and incubated for 90 min 

at room temperature in Antigen Fix (Diapath #P0016), and then washed in DPBS and 

dehydrated in 30% Sucrose at 4°C. LNs were embedded in OCT freezing media (Killik 

Bio-Optica #05-9801) and 20 µm cryosections were prepared on a CM1520 cryostat 

(Leica), adhered to Superfrost Plus slides (Thermo Scientific) and stored at -20°C. 
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Sections were permeabilized and blocked with Blocking Buffer composed of DPBS, 10% 

FCS and 0.3% Triton X-100 (Sigma-Aldrich) and stained in the same buffer. Before 

staining with fluorochrome-conjugated antibodies, slides were stained with Anti-mouse 

Fc Block antibody to block non-specific binding sites. The following fluorochrome-

conjugated antibodies were used for cryosections staining: rat αB220 (RA3-6B2), rabbit 

αGFP (Invitrogen), mouse αNK1.1 (PK136), αCD11c (HL3). Stained slides were 

mounted with FluorSaveTM Reagent (Merck Millipore, #345789) and Images were 

acquired on an inverted Leica microscope (SP5, Leica Microsystems) with a motorized 

stage for tiled imaging using an HC PL APO CS 20X (NA 0.7) Dry or HCX PL APO λ 

blue 40X (NA 1.25) Oil objectives. To minimize fluorophore spectral spillover, we used 

the Leica sequential laser excitation and detection modality. B cell follicles were defined 

on the basis of the position of polyclonal B cells or B220 staining. For three-dimensional 

image acquisition, 6-10 xy stacks (1,024×1,024 pixels) sampled with 2-μm z spacing were 

acquired to provide image volumes that were 20μm in depth.  

REAGENTS SUPPLIER CATALOGUE 

NUMBER 

Antibodies 

Alexa Fluor® 647 anti-mouse NK-1.1 (PK136) Biolegend Cat#108720 

Alexa Fluor® 647 anti-mouse CD11c (N418) Biolegend Cat#117312 

Brilliant Violet 421™ anti-mouse/human 
CD45R/B220 (RA3-6B2) 

Biolegend Cat#103251 

Table 2. List of Antibodies for Immunofluorescence 

10.11. qPCR  
 
Total RNA was isolated from frozen LNs with the ReliaPrep RNA Miniprep system 

(Promega), following the manufacturer’s instructions. One microgram of total RNA was 

reverse transcribed before qPCR analyses for 

Ifna4 (Mm00833969_S1), Ifnb (Mm00439552_S1), Isg15 (Mm01705338_S1), Oas2 (M

m00460961_m1), Il6 (Mm00446190_M1), Il12a (Mm01208555_m1) and Il12b 

(Mm01288989_m1), Ifng (Mm01168134_m1) in a QuantStudio 5 Real-Time PCR 
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System (all from Thermo Fisher Scientific). All experiments were done in duplicate, and 

data were normalized to the housekeeping gene Gapdh (Mm99999915_g1, Thermo 

Fisher Scientific). 

10.12. Statistical analyses  

Results are expressed as the mean±s.e.m. All statistical analyses were performed in Prism 

5 (GraphPad Software). Means between two groups were compared with unpaired two- 

tailed t tests. Means among three or more groups were compared with one-way or two- 

way ANOVA. The Bonferroni or LSD post test were used to correct for multiple 

comparisons.   

10.13 DCs Single-cell RNA sequencing 

DCs were sorted with a BD FACSAria fusion (BD Biosciences). After exclusion of 

doublets, cells positive for CD11c and MHC-II but negative for CD3 and B220 underwent 

single-cell sorting into 384-well cell capture plates containing 2 μl of lysis solution and 

barcoded poly(T) reverse transcription primers for scRNA-seq. Immediately after sorting, 

each plate was spun down to ensure cell immersion in the lysis solution, snap frozen on 

dry ice and stored at –80 °C until processing.  

10.13.1 Massively parallel single-cell RNA sequencing library preparation 

Single-cell libraries were prepared as previously described (Jaitin et al, 2014). Briefly, 

mRNA from cells sorted into cell capture plates was barcoded, converted to cDNA and 

pooled with an automated pipeline. The pooled sample was then linearly amplified by T7 

in vitro transcription, and the resulting RNA was fragmented and converted to a 

sequencing-ready library by tagging the samples with pool barcodes and Illumina 

sequences during ligation, reverse transcription and PCR. Each pool of cells was tested 

for library quality, and the concentration was assessed as described (Jaitin et al, 2014). 

All RNA-seq libraries (pooled at equimolar concentrations) were sequenced on the 

Illumina NextSeq 500 platform at a median sequencing depth of 38,323 reads per cell. 

Sequences were mapped to the mouse genome (mm9), demultiplexed and filtered as 

described (Jaitin et al, 2014), extracting a set of unique molecular identifiers that defined 
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distinct transcripts in single cells for further processing. We estimated the level of 

spurious UMIs in the data with statistics on empty MARS-seq wells and excluded all 

plates with estimated noise of >5%. Mapping of reads was done with HISAT (v0.1.6); 

reads with multiple mapping positions were excluded. Reads were associated with genes 

if they were mapped to an exon, using the UCSC Genome Browser for reference. Exons 

of different genes that shared a genomic position on the same strand were considered to 

represent a single gene with a concatenated gene symbol. Cells with fewer than 500 UMIs 

were discarded from the analysis. 

10.13.2 Clustering of dendritic cells 

For clustering of scRNA-seq data from CD11c+MHC-IIhi DCs, we used the R package 

MetaCell (Baran et al, 2018), as previously described. Cells from rVSV- and rLCMV-

infected LNs, from all time points and genetic backgrounds, were clustered. Meta-cells 

were annotated by pooled differential expression of marker genes, as described above. 

The selected genes, priorities and fold change threshold parameters were as follows: 

Group Gene Priority Fold change 

Migratory cDC2 Fscn1 1 5 

Migratory cDC2 Il12b 1 2 

cDC1 Naaa 1 3 

cDC1 Cd24a 1 2.5 

cDC2 Cd209a 2 5 

cDC2 Cd209d 2 1.8 

MoDC Csf1r 4 3 

MoDC Tgfbi 4 2 

MoDC Fcer1g 4 2 

Macrophage C1qb 5 4 
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10.14 SMARTA Single-cell RNA sequencing 
 
Single cell populations from rVSV-infected mice (CD4+CD45.1+ or CD4+ CD45.1+ PD-

1+ ICOS+ 405 cells) rLCMV-infected mice or not infected SMARTA mice 

(CD4+CD45.1+ ) were sorted by using the following flow cytometry antibodies: APC-

CXCR5 (2G8; BD Biosciences), APC-Cy7-CD45.1 (A20; Biolegend), eFluor450-CD4 

(RM4-5; eBioscience), BV605-ICOS (C398.4A; Biolegend), PE-PD-1 (J43; 

eBioscience), AxFl488-B220 (RA3-6B2; Biolegend), AxFl488-NK1.1 (PK136; 

Biolegend), PE-Cy7-CD8a (53-6.7; Biolegend). LIVE/DEAD Fixable Aqua Dead Cell 

Stain (ThermoFisher Scientific) was used to exclude dead cells. Sorting was performed 

following exclusion of doublets, dead cells, and B220+ B cells, NK1.1+ NK cells, CD8a+ 

T cells, and Ter119+ erythrocytes. 

10.14.1 MARS-seq low level data processing 

Single-cell libraries were prepared as described in the paragraph 10.13.1 and were 

sequenced on an Illumina NextSeq 500 or NOVA-seq, at a median sequencing depth of 

15,054 reads per cell. Sequences were mapped to the mouse genome (mm10), 

demultiplexed, and filtered as previously described (Berglund et al, 2018); (Oxenius et 

al, 1998), with the following adaptations. Mapping of reads was done using HISAT 

(version 0.1.6); reads with multiple mapping positions were excluded. Reads were 

associated with genes if they were mapped to an exon, using the UCSC genome browser 

for reference. We estimated a median of 2% spurious UMI in the data using statistics on 

empty MARS-seq wells. Cells with less than 500 UMI, more than 500,000 UMI, or 

with more than 10% mitochondrial genes were excluded from analysis. We used the 

Seurat package(ref) to analyze scRNA-seq data. Default parameters were used unless 

otherwise stated. 

10.15 GP-1-IgG ELISA 
 
The ELISA was carried out in 96-well half-volume polystyrene plates. Plates were coated 

overnight at 4°C with goat α-human IgG Fc capturing Ab (Jackson Immunoresearch 

#109005098) diluted 1:1000 in 0.1 M sodium carbonate buffer (pH 9.6). Afterward, the 

plates were blocked for 1 h with 5% milk diluted in PBS-T. Thereafter, the plates were 
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incubated with 50 μl per well of GP-1-IgG-containing cell supernatant for 1 h. Sera were 

diluted 1:4 in 5% milk in the first 96-well row and then 1:2 serial dilution were carried 

out in the GP-1-IgG-saturated plates, followed by incubation for 1 h. Finally, the plates 

were incubated for 1h with HRP Goat anti-mouse IgG (Biolegend #405306) diluted 1:500 

in 0,5% BFA. HRP was detected by using TMB Substrate Reagent set (BD Bioscience 

#555214). All steps were carried out at room temperature. Between each step the plates 

were washed five times with PBS-T. Titers represent double-above-background values.  
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