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Summary 
The adaptive immune system consists of T and B lymphocytes, which have the unique 
capability to differentiate into long-lived memory cells. The formation of memory T cells (TM) 
is initiated in secondary lymphoid organs such as the lymph nodes (LNs). Upon infection, pro-
inflammatory cytokines (e.g., type I interferons (IFN-I)) are produced, dendritic cells (DCs) 
take up pathogens in the periphery and migrate to the draining LNs. The contact of antigen-
presenting mature DCs and naive T cells (TN), equipped with appropriate T cell receptors, 
leads to T cell expansion and induces their differentiation into interferon-γ (IFN-γ)-producing 
effector T cells (TEFF)1. Most TEFF undergo apoptosis after pathogen clearance, while a small 
population differentiates into TM

1, which confer immediate protection upon secondary antigen 
contact2. Interleukin-7 (IL-7) is a critical survival factor for TN and TM, which is only produced 
in limited amounts in the body3. Lymphopenic hosts lack the IL-7-consuming T cell pool and 
IL-7 availability is increased4. Therefore, adoptively transferred TN expand in lymphopenic mice 
and subsequently convert into virtual memory T cells (TVM)5. This so-called lymphopenia-
induced proliferation (LIP) represents an alternative, foreign antigen-independent pathway 
of TM generation5. 
For many years, research on TM differentiation and maintenance focused mainly on T cell-
intrinsic signaling processes and interactions with other immune cells, such as DCs6,7. 
However, it is becoming increasingly clear that environmental factors, including surrounding 
non-immune cells, can influence TM fate decision8,9. For example, in the LNs, T cells are in 
close contact with lymphoid stromal cells (LSCs), producing IL-710. LSCs provide important 
survival and homing signals, e.g., by secreting chemokines that recruit T cells into IL-7-
producing niches10,11. Importantly, LSCs express cytokine receptors, such as the IFN-I 
receptor (IFNAR) and the IFN-γ receptor (IFN-γR)12, enabling them to adjust their gene 
expression profile to the degree of inflammation. Interestingly, IFNAR and IFN-γR signaling 
promote IL-7 expression13,14. This suggested a feedback loop enabling LSCs to promote IL-7-
dependent T(V)M formation and generation in response to the pro-inflammatory cytokines IFN-I 
and IFN-γ. Various cell type-specific knockout mouse models were used to address whether 
these cytokine-dependent, T cell-extrinsic mechanisms contribute to T(V)M differentiation. The 
corresponding data were published in three research articles, which are summarized in this 
thesis.  

I. Interferon-γ receptor signaling in dendritic cells restrains spontaneous proliferation of 
CD4+ T cells in chronic lymphopenic mice (Knop et al., 201915) 

II. IL-7 derived from lymph node fibroblastic reticular cells is dispensable for naive T cell 
homeostasis but crucial for central memory T cell survival (Knop et al., 202016)  

III. IFNAR signaling in fibroblastic reticular cells can modulate CD8+ memory fate decision 
(Knop et al., 202217) 
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Zusammenfassung 
Das adaptive Immunsystem besteht aus T- und B-Lymphozyten, die zu langlebigen 
Gedächtniszellen differenzieren können. Die Bildung von T-Gedächtniszellen (TM) wird in den 
sekundären lymphatischen Organen, wie z.B. den Lymphknoten (LN) initiiert. Bei einer 
Infektion werden pro-inflammatorische Zytokine (z.B. Typ I Interferone (IFN-I)) produziert und 
dendritische Zellen (DCs) transportieren aufgenommene Pathogene in die drainierenden LN. 
Dort präsentieren DCs Pathogen-spezifische Peptide über MHC-I und MHC-II Moleküle. Naive 
T-Zellen (TN) mit hierfür spezifischen T-Zellrezeptoren expandieren und differenzieren zu 
Interferon-γ (IFN-γ)-produzierenden T-Effektorzellen (TEFF)1. Nach der Eliminierung des 
Pathogens werden die meisten TEFF mittels Apoptose eliminiert, während ein kleiner Teil zu TM 
differenziert1, die bei erneutem Antigenkontakt eine verbesserte Protektion vermitteln2. 
Interleukin-7 (IL-7) ist ein wichtiger Überlebensfaktor für TN und TM, welcher nur in begrenzter 
Menge im Körper produziert wird3. In lymphopenischen Wirten steigt die Verfügbarkeit von 
IL-7, da IL-7-konsumierende T-Zellen fehlen4. Aus diesem Grund expandieren transferierte  TN 
in lymphopenischen Mäusen und differenzieren zu virtuellen T-Gedächtniszellen (TVM)5. 
Diese sog. Lymphopenie-induzierte Proliferation (LIP) stellt einen alternativen, 
Fremdantigen-unabhängigen Prozess zur Generierung von TM dar5. 
Die Großzahl der Studien zu den Mechanismen der TM Differenzierung analysierte vor allem 
T-Zell-intrinsische Signalprozesse, z.B. als Konsequenz von Interaktionen mit anderen 
Immunzellen, wie DCs6,7. Es wird jedoch zunehmend klar, dass auch Nicht-Immunzellen 
immunmodulatorisches Potential besitzen und so den Differenzierungsprozess von TM 
beeinflussen könnten8,9. In den LN stehen T-Zellen z.B. in engem Kontakt mit nicht-
hämatopoetischen, lymphoiden Stromazellen (LSCs), die den für TN/TM wichtigen 
Überlebensfaktor IL-7 produzieren10. LSCs sekretieren außerdem Homing-Faktoren wie 
Chemokine, die T-Zellen in IL-7-reiche Nischen locken10,11. Zusätzlich exprimieren LSCs 
Zytokinrezeptoren, wie den IFN-I Rezeptor (IFNAR) oder den IFN-γ Rezeptor (IFN-γR)12 und 
können somit ihr Genexpressionsprofil der inflammatorischen Umgebung anpassen. 
Interessanterweise fördern IFNAR und IFN-γR Signalgebung die Expression von IL-713,14. Aus 
den genannten Beobachtungen resultierte die Hypothese, dass ein IFN-I- und/oder IFN-γ-
getriebener Rückkopplungsmechanismus die IL-7-Produktion durch LSCs und so das 
Überleben von T(V)M fördert. Ziel der vorliegenden Arbeit war es deshalb, die Zytokin-
abhängigen Prozesse zu untersuchen, mit deren Hilfe LSCs die T(V)M Differenzierung 
beeinflussen. Zu diesem Zweck wurden verschiedene zelltypspezifische Knockout-
Mausmodelle verwendet. Die entsprechenden Daten wurden in drei Artikeln publiziert, die in 
dieser Arbeit beschrieben werden. 

I. Interferon-γ receptor signaling in dendritic cells restrains spontaneous proliferation of 
CD4+ T cells in chronic lymphopenic mice (Knop et al., 201915) 

II. IL-7 derived from lymph node fibroblastic reticular cells is dispensable for naive T cell 
homeostasis but crucial for central memory T cell survival (Knop et al., 202016)  

III. IFNAR signaling in fibroblastic reticular cells can modulate CD8+ memory fate decision 
(Knop et al., 202217) 
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1 Introduction 

This thesis elucidates three interrelated studies that seek to improve our understanding of how 

T cell-extrinsic mechanisms regulate T cell homeostasis and memory differentiation. In the 

introduction, I will summarize the knowledge regarding T cell and lymphoid stromal cell (LSC) 

biology, which was available at the beginning of my thesis. As a central aspect, the roles of 

interleukin 7 (IL-7), interferon γ (IFN-γ) and type-I interferon (IFN-I) in the regulation of steady 

state T cell homeostasis as well as T cell immunity will be addressed and connected to LSC 

biology.  

1.1 The immune system 

The immune system has evolved as a complex environmental sensor safeguarding host 

survival. It contains many different cell types and can be considered a mobile organ that 

recognizes, interprets and responds to environmental changes. When pathogens invade the 

host, the two parts of the immune system are activated: the innate and the adaptive immunity 

(see Figure 1-1)18,19. Innate immune cells exert their effector functions rapidly. In contrast, 

immune cells from the adaptive immune system must be first activated in secondary lymphoid 

organs (SLOs), such as the spleen or the lymph nodes (LNs)18,19.  

 

Figure 1-1. Kinetics of immune responses to primary infections (adapted from 20). Upon infection, IFN-I is 
rapidly released, followed by the production of IFN-γ. Infected cells are killed by natural killer (NK) cells that 
contribute to IFN-γ release. The innate immune response continues while the adaptive immunity is initiated. Naive 
T cells are activated in the SLOs and undergo clonal expansion and differentiation into effector T cells (TEFF). After 
pathogen clearance, most TEFF undergo apoptosis and only a small fraction differentiates into long-lived memory 
T cells (TM). This figure was created using illustrations from www.bioicons.com21. 
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1.1.1 The innate immune system 

Self-nonself discrimination is a hallmark of the immune system. For example, pathogen-

associated molecular patterns (PAMPs) are specific for pathogens and are not expressed by 

healthy eukaryotes22. Upon infection with pathogens, innate immune cells expressing pattern 

recognition receptors (PRRs) recognize PAMPs, such as lipids, proteins, glycans and nucleic 

acids18,19. The combined recognition of PAMPs encoded by a particular pathogen results in 

specific activation patterns of immune-stimulating genes23. This allows the immune system to 

adjust its response to the infectious agent and optimize subsequent pathogen control and 

elimination.  

Among the PRR-induced factors are interferons (IFNs), which represent the foundation of host 

responses to viral infections24,25. Based on their receptor specificity and sequence homology, 

IFNs are divided into three groups: IFN-I, -II and -III. Upon viral infection, IFN-I is rapidly 

released (see Figure 1-1), supporting the induction of an anti-viral state by inhibiting (1) viral 

entry, (2) viral replication and (3) virus release26. The group of IFN-I includes the structurally 

related members IFN-α, -β, -δ, -ε, -κ, -τ and -ο that are produced by a broad spectrum of 

cells24,25. IFN-I is bound by the IFN-I receptor (IFNAR) consisting of the two subunits IFNAR1 

and IFNAR2 (see Figure 1-2), which are expressed on all nucleated cells27,28. IFNAR signaling 

leads to the transcription of IFN-stimulated genes (ISGs), which support cell metabolism and 

proliferation or induce apoptosis. As a positive feedback mechanism, IFN-I is induced upon 

IFNAR signaling and promotes cell activation in an autocrine, paracrine and systemic 

manner29,30. In contrast, IFNAR signaling is negatively regulated by the induction of suppressor 

of cytokine signaling protein 1 (SOCS-1) that interferes with Janus kinase (JAK) activation31. 

The importance of IFN-I for anti-viral immunity is demonstrated by the high viral susceptibility 

of IFNAR-/- mice32. In humans, IFNAR1 homozygous nonsense mutations lead to life-

threatening propagation of live viral vaccines33.   

 

Plasmacytoid dendritic cells are efficient producers of IFN-I25. Dendritic cells (DCs) belong to 

the heterogeneous group of phagocytes that also includes neutrophils and macrophages18,19. 

Upon activation, phagocytes take up pathogens and dead cells, hence contributing to infection 

control34. Neutrophils have the highest phagocytic activity among the granulocytes and are 

attracted from the blood to the inflamed tissues35. Besides directly killing pathogens, 

phagocytes play an essential role in initiating the adaptive immunity. Macrophages and DCs 

are professional antigen (Ag)-presenting cells (APCs) that process ingested Ags and present 

peptides on major histocompatibility complex (MHC) molecules18,19. While 

MHC class I (MHC-I) molecules are expressed on every nucleated cell, expression of 

MHC class II (MHC-II) molecules is more restricted, e.g., to APCs36. After activation via PRRs, 

DCs migrate to SLOs37, present pathogen-related peptide-MHC-complexes and activate 
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T cells equipped with appropriate T cell receptors (TCRs)38. The activation of DCs also induces 

the up-regulation of MHC-I and MHC-II expression39, resulting in increased Ag presentation 

and an enhanced likelihood of Ag recognition by T cells. Furthermore, cluster of 

differentiation 80 (CD80)/CD86 are up-regulated on DCs upon activation, providing essential 

co-stimulation for T cells40,41. Hence, DCs are an important cell population bridging the innate 

and adaptive immunity.  

  

 
Figure 1-2. IFNAR signaling (adapted from 29). The binding of IFN-I to IFNAR2 facilitates the recruitment of 
IFNAR1 and the assembly of the functional IFNAR-complex. IFNAR signaling activates JAK1 and tyrosine kinase 2 
(TYK2), leading to the formation of the complex Interferon-stimulated gene factor 3 (ISGF3) consisting of 
phosphorylated signal transducer and activator of transcription 1/2 (STAT1/2) and interferon regulatory factor 9 
(IRF9). The ISGF3 complex initiates the transcription of ISGs, among them SOCS-1, which inhibits JAK1. IRF7 
further amplifies the IFN-I response by initiating IFN-I transcription. IFNAR signaling also activates the 
phosphoinositide 3−kinase (PI3K), mitogen-activated protein kinase/ extracellular signal-regulated kinase 
(MAPK/Erk) and nuclear factor kappa-light-chain-enhancer of activated B cells (NFκΒ) pathways that support 
metabolism, proliferation and apoptosis29,30. 
 
 
Besides phagocytes, tissue-resident innate immune cells contribute to the first line of cellular 

defense. For example, innate lymphoid cells (ILCs) are an early source of pro-inflammatory 

cytokines, thereby limiting excessive pathogen propagation42. ILCs share functional 

characteristics with T cell subsets but lack rearranged Ag receptors (for T cells, see 

chapter 1.1.2)42,43. Similar to their T cell counterparts, ILCs are classified into several subsets 

(ILC1/2/3) and mediate lymphoid tissue formation, tissue repair and homeostasis and 

contribute to immunity against pathogens42,43. Natural killer (NK) cells are a subset of ILCs 

that, upon activation, secrete cytotoxic granules triggering apoptosis in infected or cancerous 

cells42,43. Additionally, NK cells contribute to the production of the pro-inflammatory cytokine 
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interferon-γ (IFN-γ) as a result of PRR activation44 (see Figure 1-1). IFN-γ exerts critical 

functions during immune responses against pathogens, such as enhancing the phagocytic 

activity of macrophages45,46. IFN-γ is the sole member of the IFN-II group and is bound by the 

IFN-γ receptor (IFN-γR)28. The IFN-γR consists of two ligand-binding (IFN-γR1) and two signal-

transducing (IFN-γR2) domains28,47 (see Figure 1-3). IFN-γ stimulation leads to 

phosphorylation of signal transducer and activator of transcription 1 (STAT1), increases cell 

metabolism and proliferation and induces apoptosis48. To prevent lethal tissue damage, 

IFN-γR signaling is counter-regulated by SOCS-1. In particular, IFN-γR signaling induces 

SOCS-1 up-regulation, thus establishing a negative feedback loop protecting the host from 

IFN-γ-mediated immunopathology46,47. IFN-γR1-/- mice are more susceptible to infections with 

bacteria (e.g., Listeria monocytogenes49) and viruses (e.g., vaccinia virus49), which underlines 

the vital role of IFN-γ during anti-bacterial and anti-viral immune responses. Likewise, in 

humans, IFN-γR loss-of-function mutations are associated with increased bacterial and viral 

infections45. Furthermore, IFN-γ is essential for the survival of parasitic infections, e.g., with 

Toxoplasma gondii 50.  

 

Figure 1-3. IFN-γR signaling (adapted from 45). The binding of IFN-γ initiates the assembly of the IFN-γR, which 
consists of two IFNγR1 and two IFNγR2 subunits. IFNγR signaling induces activation of the JAK/STAT pathway. 
STAT1 is phosphorylated by JAK1/JAK2, dimerizes and translocates into the nucleus, where it initiates the 
transcription of ISGs. Furthermore, IFN-γ-stimulation activates the PI3K, MAPK/ERK and NFκB pathways. The 
negative regulator SOCS-1 is induced by IFN-γR signaling and blocks JAK2 activity48,51.   

1.1.2 The adaptive immune system 

B and T lymphocytes form the adaptive immune system. The latter are, besides NK cells, a 

significant source of IFN-γ52,53. Upon infection, T/B cells can, as opposed to innate immune 
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cells, differentiate into long-lived memory cells that quickly and efficiently provide Ag-specific 

protection upon secondary infection with the same pathogen18,19. Contrary to innate immune 

cells, T and B lymphocytes are equipped with Ag-specific TCRs and B cell receptors (BCRs), 

respectively. The high degree of TCR and BCR diversity relies on somatic recombination of 

TCR/BCR-encoding gene segments, which occurs during T and B cell development in the 

thymus and bone marrow (BM), respectively18,19.  

This thesis focuses on T cells, which are described in the following sections. 

 

T cell progenitors leave the BM and migrate into the thymus (see Figure 1-4), where T cell 

maturation proceeds18,19. The resulting naive T cells (TN) are classified into two subsets: 

CD4+ helper T cells and CD8+ cytotoxic T cells.  

CD4+ helper T cells (TH) promote B and CD8+ T cell responses against many pathogens. 

Their functional maturation mainly relies on the pathogen-specific cytokine milieu present 

during primary antigen contact18,19,54. Depending on the pathogen type, different PRRs are 

activated in DCs22. Consequently, a set of pathogen-specific cytokines is produced, which in 

turn promotes the differentiation of recently primed CD4+ TN into specific effector cell 

subsets18,19. Based on their cytokine secretion, different effector TH subsets can be 

distinguished54. For example, TH1 cells are essential for controlling intracellular pathogens and 

release pro-inflammatory cytokines, such as IFN-γ. IL-4-producing TH2 cells support the 

activation and differentiation of anti-parasitic immunoglobulin (Ig) 1/ IgE-secreting B cells. 

TH17 cells are induced early during immune responses to extracellular pathogens and secrete 

the pro-inflammatory cytokine IL-17. The immunological function of regulatory 

CD4+ T cells (Tregs) is to limit T cell responses, immunopathology and autoimmunity, e.g., by 

releasing anti-inflammatory IL-1054. 

Effector CD8+ T cells produce pro-inflammatory cytokines such as IFN-γ and tumor necrosis 

factor α (TNF-α) and release cytotoxic perforin/granzyme B-containing granules to directly kill 

infected or malignant cells55. These so-called cytotoxic T lymphocytes (CTLs) derive from 

CD8+ TN, which are primed by DCs presenting MHC-I molecules loaded with e.g., pathogen-

derived peptides55.  
 
 
 
Figure 1-4. Immune cell migration. Granulocytes, DCs and 
ILCs develop in the BM and migrate into SLOs, such as the 
spleen. T cell precursors, generated in the BM, migrate into the 
thymus, where they complete maturation. The resulting TN 
home into the SLOs (spleen and LNs), which they leave and re-
enter in search of their cognate Ag. This figure was created 
using illustrations from www.bioicons.com21; organ icons were 
kindly provided by Vladyslava Dovhan. 
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1.1.2.1 T cell response to primary infections 

After leaving the thymus, CD4+ and CD8+ TN continuously recirculate between SLOs56 (see 
Figure 1-4) and the majority cannot yet enter non-lymphoid tissues57. Hence, the initiation of 
adaptive immune responses requires Ag-shuttling from the site of infection to the draining LN, 
a task accomplished by migratory DCs (see Figure 1-5)37. To further increase the likelihood of 
productive TN-DC interactions, LNs are sub-compartmentalized, providing specialized T cell 
areas where TN priming occurs (see chapter 1.2)58–60. TN homing to and positioning in LNs are 
guided by chemokines. For example, LN stromal cells produce the chemokines C-C motif 
ligand 19 (CCL19) and CCL2112, which attract TN expressing the corresponding 
C-C chemokine receptor type 7 (CCR7). Additionally, TN are equipped with L-selectin (CD62L), 
enabling them to cross blood vessels to reach the LN T cell zone61. Once CD4+ and CD8+ TN 
have reached the T cell areas, they scan APCs continuously searching for foreign Ag-derived 
cognate peptides presented on MHC-II or MHC-I complexes, respectively18,19. If TN are not 
activated, they continue to recirculate and home to the next SLO56. Productive TN-DC 
interactions result in clonal expansion of Ag-specific T cells, which differentiate into effector 
T cells (TEFF)62,63. TCR signaling provides one signal necessary for full T cell activation64. 
Co-stimulation presents a second signal, such as the recognition of DC-expressed 
CD80/CD86 through CD28 expressed on T cells40,41. Furthermore, pro-inflammatory 
cytokines, such as IFN-I, are the third signal required for full T cell activation resulting from the 
inflammatory environment65. The expansion of TEFF reaches its maximum at about 7-8 days 
after primary Ag contact (see Figure 1-1 and Figure 1-6)66,67 and the LN structure adapts to the 
enhanced space requirements of proliferating TEFF

68,69. CD4+ TH1 and CD8+ TEFF contribute to 
the production of IFN-γ that e.g., promotes Ag-presentation to CD4+ and CD8+ T cells by the 
up-regulation of MHC-I and MHC-II complexes70–72. Furthermore, IFN-γ and IL-12 support the 
differentiation of CD4+ T cells into IFN-γ-secreting TH1 cells18,19. To gain access to infected 
non-lymphoid tissues, TEFF up-regulate the adhesion molecule CD44 and down-regulate 
CD62L67. The population of TEFF is heterogeneous and can be divided into at least two subsets, 
terminal/short-lived effector T cells (TSLEC), comprising the largest subtype, and memory 
precursor T cells (TMP)73. In the TSLEC population individual cells compete for resources, such 
as Ag-peptide-MHC complexes, and for the occupation of ecological niches supporting their 
survival and function74. TSLEC that fail to receive survival signals undergo Fas/FasL-mediated 
fratricide75 after the pathogen is cleared73 (contraction phase; see Figure 1-6). The contraction 
of the TSLEC population represents a mechanism to re-establish a state of homeostasis, 
maintaining a diverse polyclonal T cell pool capable of reacting to new infections. In contrast 
to TSLEC, the small population of TMP survives and differentiates into long-lasting TM

73. TSLEC and 
TMP differ in the expression of the interleukin-7 receptor α chain (IL-7Rα; CD127) and the 
co-inhibitory receptor killer-cell lectin-like receptor G1 (KLRG-1), with TSLEC being 
CD127loKLRG-1hi and TMP being CD127hiKLRG-1lo 73,76.  
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Figure 1-5. Primary adaptive immune responses are initiated in the LNs. (Top) DCs take up invading pathogens 
and migrate to the LNs 37, where fibroblastic reticular cells (FRCs) secrete the T cell survival factor IL-710. Activated 
DCs produce IFN-I25 that binds to IFNAR-expressing DCs, TN and FRCs. Additionally, DCs present Ag-derived 
peptides on MHC molecules to TCR-expressing TN18,19. (Middle) Upon activation, T cells start proliferating and 
CD4+ TH1 and CD8+ TEFF produce IFN-γ52,53 that is recognized by IFN-γR+ DCs, TEFF and FRCs. The LN expands 
to adapt to the increased space requirement68,69. Some activated T cells survive the contraction phase and 
differentiate into TM73. (Bottom) After pathogen clearance, the LN size decreases again, reaching steady state 
homeostasis to enable new immune responses68,69. This figure was created using illustrations from 
www.bioicons.com21; LN icon was kindly provided by Vladyslava Dovhan. 
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1.1.2.2 Memory T cell subsets and differentiation 

Based on their function and location, TM can be divided into at least four subsets: stem cell 

memory (TSCM), central memory (TCM), effector memory (TEM) and tissue-resident 

memory (TRM) T cells1,77. TSCM are CD44lo CD62Lhi and have the highest self-renewing 

capacity. They exhibit stem-cell potential and can differentiate into TCM and TEM
78. The role of 

TSCM remains poorly defined, mainly because TSCM and TCM share characteristics such as self-

renewal and differentiation capacity1. Upon re-infection, TCM produce substantial amounts of 

the T cell growth factor IL-2 and differentiate into TEFF
79. CD44hi TCM are preferentially located 

in SLOs and express the homing receptors CD62L and CCR777. In contrast, CD44hi TEM lack 

CD62L and CCR7 expression and mainly reside in non-lymphoid tissues80. CD8+ TEM display 

reduced self-renewal capacity but rapidly release effector molecules, such as IFN-γ and 

TNF-α, upon antigen re-encounter79. CD44hi TRM support protection at barrier organs, such as 

the skin, intestine and lung and express integrin alpha E (CD103) binding to the cell adhesion 

molecule E-cadherin on epithelial cells1,67,77,80–82.  

 

 
Figure 1-6. Kinetics of T cell responses (adapted from 1,66,67). Upon infection, TN proliferate and give rise to 
TSLEC and TMP. After the pathogen is eliminated, TSLEC undergo apoptosis. TMP further differentiate into TM subsets, 
such as TSCM, TCM TEM and TRM. TSCM show a high self-renewal and differentiation capacity. TCM are preferentially 
located in the SLOs, whereas TEM circulate between non-lymphoid tissues. TRM are non-circulating and are found 
in organs that are in close contact with the environment, such as the skin, intestine and lung1,67,77,80–82. 
 

 

TM formation is programmed within the first 24-72 h following TN activation83,84. Factors 

affecting TM differentiation include TCR signal strength, which is influenced by TCR affinity, the 

amount of Ag-MHC-complexes and TCR:Ag-MHC dwell time67. The prolonged interaction of 

T cells and Ag-presenting cells seems to favor asymmetric cell division. The TCR and other 

receptors are concentrated at the immunological synapse, hence daughter cells receive 

signals for TEFF or TM conversion differentially85. Additionally, the TN precursor frequency affects 

the initial TCM/TEM fate decision and TM proliferative capacity upon secondary Ag encounter86,87. 
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In particular, the transfer of low TN precursor frequencies leads to an accumulation of TEM, 

likely due to less competition for Ag-presenting APCs and stronger TCR signaling87.  

Upon infection, cytokines, including IFN-I, are released, acting as a third signal during T cell 

activation65 and shaping TM formation88. For example, IFNAR signaling in CD8+ T cells 

amplifies TCR signals, promotes their expansion and differentiation into TM and protects them 

from NK-mediated cytolysis30,89–91. However, the relative importance of IFNAR signaling for 

CD8+ T cell responses appears to vary with the type of pathogen26. Additionally, T cell 

activation is modulated by IFN-I-responsive DCs. In particular, IFNAR signaling in DCs 

supports T cell priming via (1) enhancing DC homing into LNs through up-regulation of CCR7, 

(2) inducing DC maturation and expression of T cell co-stimulatory molecules (CD80/86) and 

(3) enhancing Ag-presentation on DCs via up-regulation of MHC-I/-II92–94.  

Besides IFN-I, IFN-γ is present during T cell activation and coordinates immune responses for 

the long-time control of infections24 (see Figure 1-1). The IFN-γ-dependent regulation of T cell 

responses is regulated by T cell-intrinsic and -extrinsic IFN-γR signaling. On the one hand, 

IFN-γR signaling in lymphocytic choriomeningitis virus (LCMV)-specific CD4+ and CD8+ T cells 

promotes TEFF expansion and memory differentiation95–97. Hence, IFN-γ was suggested to be 

a third signal required for T cell activation98. Additionally, IFN-γ regulates the differentiation of 

CD8+ T cell clones specific for different epitopes derived from the same pathogen. In particular, 

cell-autonomous IFN-γR signaling supports TM differentiation of those clones responding to 

strong TCR agonists99. This mechanism helps to ensure the generation of TM with high-affinity 

TCRs99. In other settings however, T cell responses are indirectly regulated by IFN-γ. For 

example, IFN-γR signaling in CD8+ OT-I T cells seems dispensable for their expansion, 

contraction and memory differentiation during adoptive T cell transfers and peptide 

vaccination100. Instead, IFN-γ-responsive host cells seem essential in regulating these 

processes100. This suggests that the inflammatory context determines whether IFN-γ acts as 

a third signal in T cell activation. 

As described above, the pro-inflammatory cytokines IFN-I and IFN-γ are translated into T cell-

intrinsic signals and direct T cell differentiation and TM formation according to the kind of 

invading pathogen. Additionally, chemokine expression patterns change in the course of 

immune responses. As a result, the spatial distribution of T cells in SLOs is altered to facilitate 

TN priming and TM recall responses. For example, CD8+ TCM are positioned in the outer LN 

regions, while priming of CD8+ TN occurs in the T cell areas in the center of the organ101. The 

recruitment of additional CD8+ TCM to pathogen-rich areas seems to be regulated by IFN-γ-

secreting TCM pre-positioned near the subcapsular sinus101,102. In particular, the IFN-γ-induced 

up-regulation of the chemokines C-X-C motif ligand 9/10 (CXCL9/10) in macrophages, stromal 

cells and DCs in the LN periphery attracts more C-X-C chemokine receptor type 3 (CXCR3)-

expressing TCM, thereby supporting host defence101,102. 
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Furthermore, the acquisition and maintenance of different T cell phenotypes are regulated by 

the T cell’s metabolic state, which in turn is affected by the microenvironment67,103,104. For 

example, TN utilize mitochondrial oxidative phosphorylation to synthesize adenosine 

5′-triphosphate (ATP)67,103,104. TEFF additionally up-regulate glycolysis and glutaminolysis to 

fulfill their effector functions and provide biomass intermediates needed for clonal 

expansion105. As opposed to TN, TM have higher mitochondrial mass and show enhanced spare 

respiratory capacity, reflecting their higher capacity to generate maximum ATP levels under 

stress conditions106. Furthermore, TM utilize triacylglycerides to produce energy by so-called 

fatty acid oxidation67,103,104. The glycerol uptake for fatty acid synthesis in TM is mediated by the 

membrane channel protein aquaporin 9, which is expressed in an IL-7-dependent fashion107. 

Importantly, IL-7 is secreted by stromal cells14,108–110 that are in direct contact with T cells, 

suggesting a contribution of stromal cell-derived IL-7 to the maintenance of TM. 

In summary, T cell differentiation and function rely on the combined action of signaling events 

induced in a cell-autonomous fashion together with those resulting from microenvironmental 

changes. This helps to ensure acute pathogen clearance and long-lived protection. Our 

understanding of how the surrounding microenvironment supports TM fate decision is essential 

to improve TM-dependent therapeutic treatments. So far, studies have focused on other 

immune cells shaping TM formation6,7. However, stromal cells are integral parts of the T cell’s 

microenvironment contributing to T cell homing into SLOs and the initiation of immune 

responses58–60. 

1.2 Compartmentalization of LNs by LSCs 

As mentioned above, most naive T and B cells cannot enter non-lymphatic tissues, where 

infections most frequently occur. Therefore, the initiation of adaptive immune responses relies 

on the transport of peripheral Ags, either soluble or after engulfment by migratory DCs, to LNs 

draining the site of infection37. There, naive T and B cells are located in specialized anatomical 

compartments optimized to promote their activation, clonal expansion and functional 

maturation upon cognate Ag recognition58–60. The LN is divided into the cortex (B cell zone), 

paracortex (T cell zone) and medulla (see Figure 1-7). The B cell follicles are located directly 

underneath the subcapsular sinus (SCS), followed by the T cell zone. Lymph egress is 

regulated by the medulla comprised of medullary sinuses58–60.  

The complex architecture of LNs is organized by non-hematopoietic (CD45-) lymphoid stromal 

cells (LSCs). At least nine LSC subpopulations were identified, including mesenchymal and 

endothelial cells111,112. Four main LSC subtypes are defined by the expression of the surface 

markers podoplanin (gp38) and the endothelial cell marker platelet endothelial cell adhesion 

molecule (PECAM-1)/CD31: double negative cells (DN; gp38-CD31-), blood endothelial cells 

(BECs; gp38-CD31+), lymphatic endothelial cells (LECs; gp38+CD31+) and 
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fibroblastic reticular cells (FRCs; gp38+CD31-)58–60. The LSC subsets of follicular dendritic cells 

and marginal reticular cells are also crucial for the LN function, but are not a focus of this thesis. 

 

 
Figure 1-7. Lymph node structure. The LN is connected to the lymphatic system via afferent lymphatic vessels. 
All lymphatic vessels are comprised of LECs. The cortex (B cell zone) containing the B cell follicles is located directly 
underneath the capsule. The paracortex (T cell zone) is constructed by FRCs and is located in the center of the LN. 
T cells enter the paracortex through high endothelial venules that are assembled by BECs. Cells leaving the LN are 
first concentrated in the LEC-constructed medulla before exiting through the efferent lymphatic vessels60. LN 
illustration was kindly provided by Vladyslava Dovhan. 
 

 

The subset of DN cells is mainly undefined but contains pericytes surrounding high endothelial 

venules (HEVs) in the LNs. Pericytes are located close to vessels and express a plethora of 

integrins, which suggests their contribution to regulating cell migration12,60. 

LNs are connected to the blood circulation by vessels that are composed of BECs. A unique 

subtype of BECs builds the HEVs that are the entry sites for T cells into the LNs. BECs support 

the recruitment of CCR7+ TN cells into the lymph node by producing the chemokine 

CCL21113,114. 

LECs form the afferent lymphatic vessels in the SCS of the LN capsule, through which lymph 

drains into the LNs. LECs constitutively produce CCL21, which is secreted upon activation and 

attracting DCs115. The interaction between C-type lectin-like receptor 2 (CLEC-2) on DCs and 

gp38 on LECs facilitates DCs to pass the lymphatic vessel. In particular, gp38 modulates 

actomyosin contractility in LECs and enables DCs to reach the LN parenchyma116, where TN 

scan DCs for cognate peptide-MHC complexes. Non-activated TN leave the LNs through 

cortical and medullary sinuses and efferent lymphatic vessels that also consist of LECs58.  
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FRCs derive from mesenchymal lymphoid tissue organizer cells that are critical for 

LN-organogenesis117,118. CCR7-expressing TN cells and DCs are attracted to the LN through 

FRC-released CCL19 and CCL21119,120. In the paracortex, FRCs form a dense network guiding 

T cell and DC migration121. This network connects the SCS and the B cell follicles with the 

T cell zone. In addition, FRCs secrete extracellular matrix fiber proteins (e.g., fibronectin and 

laminin), forming the conduit system in the paracortex that is used to transport small molecules, 

such as chemokines and Ags (see Figure 1-8). These conduits filter and guide liquid 

transportation from the afferent lymphatic vessels deep into the T cell zone122,123. DCs use 

small gaps between the FRCs to take up Ags from the conduit system and present it to 

T cells123,124. 

1.2.1 LSC-dependent regulation of T cell responses  

LSCs represent less than 1% of all LN cells125. For a long time, they were supposed to be 

immunologically inert, solely forming the three-dimensional structure of SLOs. However, recent 

advances revealed that FRCs have immunomodulatory potential, thereby affecting different 

aspects of T cell homeostasis58,126.  

 

Regulation of T cell homeostasis 

LN-FRCs and -LECs release the cytokine IL-710, which is an essential survival factor for TN 

and TM
127. In vitro experiments suggested that FRC-derived IL-7 is vital for TN survival10. 

However, T cells continuously circulate through the body and several organs contribute to IL-7 

production14,108–110,128,129. Therefore, it remained unclear whether locally released IL-7 in the LN 

supports the survival of peripheral T cells. In Knop et al., 202016, we investigated the role of 

FRC/LEC-derived IL-7 in regulating peripheral T cell homeostasis in vivo (see chapter 4).  

 

Regulation of T cell responses 

FRC-released CCL19 and CCL21 attract CCR7-expressing DCs and T cells to the LNs, which 

increases the likelihood of DC-T cell interactions119,120,130,131. Additionally, CCL21 controls the 

motility and migration of CCR7+ T cells and DCs inside the LN130,131. Upon viral infection, 

macrophages in the LN-SCS release IFN-I that is recognized by hematopoietic cells as well 

as LSCs and prevents lethal virus spread132. Furthermore, IFNAR-dependent up-regulation of 

programmed death ligand 1 (PD-L1) on LECs promotes their survival during immune 

responses133. Whether IFNAR signaling in LSCs impacts the differentiation of TM remained an 

open question. In Knop et al., 202217, we investigated whether IFNAR signaling in FRCs 

affects the memory fate decision of CD8+ T cells (see chapter 5). 

Successful T-DC interactions lead to TN activation and TEFF proliferation. Hence, the LN size 

is adjusted to meet the increased space requirement of expanding lymphocytes 
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(see Figure 1-5)134–136. For example, CLEC-2 expressed on mature DCs mediates relaxation 

and stretching of FRCs by binding to gp3868,69. Additionally, proliferation of BECs, LECs and 

FRCs further supports swelling of the LN137.  

Upon activation, CD8+ TEFF release IFN-γ138, which acts in an autocrine manner on T cells. As 

mentioned earlier, IFN-γR signaling in CD8+ T cells promotes TEFF expansion and memory 

differentiation95–97. However, stromal cells are also part of the T cell microenvironment and 

IFN-γ-responsive non-hematopoietic cells regulate multiple aspects of T cell responses. On 

the one hand, IFN-γ induces the expression of T cell stimulatory molecules by FRCs in vitro, 

such as MHC-I/-II and CD80139. The recruitment of activated CD8+ T cells into the inflamed 

tissue is supported by the IFN-γ-induced up-regulation of vascular cell adhesion molecule 1 

(VCAM-1) on endothelial cells140. Additionally, TH1-secreted IFN-γ up-regulates CXCL9 and 

CXCL10 in epithelial cells, which recruits CXCR3+ CD8+ TEFF cells to the inflammation site141. 

In contrast, T cell responses are also suppressed by IFN-γ-responsive non-hematopoietic 

cells. In the LN, IFN-γ counter-regulates CCL21 expression and the subsequent recruitment 

of TN to the activated LN142. This feedback loop prevents further T cell priming and thus 

contributes to the termination of IFN-γ-associated immune responses142. This mechanism is 

supposed to be crucial for host survival since uncontrolled IFN-γ action can cause tissue 

damage and even the death of the host143,144. Likewise, T cell-derived IFN-γ reduces the 

density of lymphatic vessels in the LNs, potentially via down-regulating lymphangiogenic 

molecules in LECs145. This process is thought to counter-regulate immune responses as 

well145. In response to IFN-γ, FRCs and LECs express inducible nitric oxide synthase 2 (iNOS) 

and produce highly reactive nitric oxide (NO), thereby blocking T cell proliferation146,147. 

Furthermore, FRCs up-regulate indoleamine 2,3 dioxygenase 1 (IDO-1) that metabolizes 

L-tryptophan to kynurenines and depletes L-tryptophan from the local environment146–148. 

IDO-1 expression by mesenchymal stem cells was shown to have anti-proliferative effects on 

activated T cells149.  

 

In summary, LSCs support T cells in the steady state and under inflammatory conditions. LSCs 

are part of the T cell microenvironment and can respond to inflammatory stimuli, such as IFN-I 

and IFN-γ. However, whether IFNAR/IFN-γR signaling in LSCs regulates TM differentiation 

in vivo remains poorly defined. 
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Figure 1-8. FRC-T cell interactions in the steady state and after infection (adapted from150). FRCs are located 
in the T cell zone of the lymph node and produce and form the conduit system, which transports Ags and soluble 
molecules deep into the paracortex. (1) The FRC-derived chemokines CCL19 and CCL21 attract CCR7+ T cells 
and DCs into the LN. T cells enter the paracortex through HEVs, which are enclosed by pericytes. (2) We studied 
in Knop et al., 202016, whether LN-FRC-released IL-7 is essential for the survival of TN/TM in vivo (see chapter 4). 
(3) Gp38-CLEC-2 interactions with activated DCs cause stretching and relaxation of FRCs, thereby creating space 
for proliferating T cells. (4) IFN-γ and TNF-α are recognized by FRCs that start producing iNOS and release NO, 
which dampens T cell responses150. This figure was created using illustrations from www.bioicons.com21. 
 

1.3 Immune cell homeostasis  

After pathogen clearance, TSLEC undergo apoptosis, long-lived TM occupy their anatomical 

niches and the immune system returns to a state of homeostasis (see Figure 1-5)1. Several 

homeostatic mechanisms are operative in order to (1) prevent uncontrolled immune activation, 

(2) limit the size of the peripheral T cell pool and (3) maintain a diverse T cell repertoire at the 

same time74. Similar to larger ecosystems harboring multiple species, the competition for 

survival factors is an important regulatory principle that also applies to the immune system. 

For example, TN and TM maintenance relies on IL-7127, which is released by stromal cells58 and 

also serves as a survival factor for other immune cells151. IL-7-dependent immune cells may 

occupy different ecological niches to limit competition and maximize survival. This hypothesis 
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was investigated in the second publication presented in this thesis (Knop et al., 202016; see 

chapter 4). 

1.3.1 Role of IL-7 in T cell homeostasis 

IL-7 was initially described in 1988 as a growth-promoting factor for murine B cell precursors152. 

Over the last decades, knowledge regarding the biological activities of IL-7 has accumulated. 

Today IL-7 is known to be essential for the development of B cells, T cells and most 

ILC subsets3,153,154. The non-redundant role of IL-7 for the survival of T/B lymphocyte 

precursors was demonstrated in IL-7 and IL-7R knockout mice that exhibit profound defects in 

T and B cell development and lack mature T and B cells155,156. Likewise, defective IL-7R 

expression in humans causes severe combined immunodeficiency (SCID), represented by 

reduced T cell numbers157.  

IL-7 is bound by the IL-7R, which is a heterodimeric receptor consisting of the IL-7Rα chain 

(CD127) and the common γ-chain (CD132) (see Figure 1-9)153. IL-7R signaling involves 

phosphorylation of STAT5 and degradation of the transcription factor forkhead box O1 

(Foxo1)3,153. IL-7 withdrawal leads to translocation of Foxo1 into the nucleus and expression 

of CD62L, CCR7 and IL-7Rα, thereby regulating T cell trafficking and survival158. The pro-

survival signals initiated by IL-7R signaling mainly result from an increased metabolic activity 

and the induction of anti-apoptotic molecules, such as B-cell lymphoma 2 (Bcl-2) and myeloid 

cell leukemia-1 (Mcl-1)153.  

During T cell ontogeny, the expression of IL-7Rα is strongly regulated3,153,159. In the BM, 

common-lymphoid progenitors express IL-7Rα and give rise to the T and B cell lineages160. 

Emigrating from the BM, IL-7Rα- early thymic progenitors seed the thymus (see Figure 1-4) 

and give rise to all αβ+ T cells18,19. During thymocyte development, the IL-7Rα is up-regulated 

and the resulting peripheral TN are IL-7Rα+ 160. Interestingly, T cells intermittently down-

regulate the IL-7Rα after ligand binding161. The oscillating nature of IL-7Rα-expression ensures 

the survival of T cells by preventing IL-7-induced cell death161. The intermittent down-regulation 

of IL-7Rα is observed in T cells but does not apply to retinoid orphan receptor γ t (RORγt+) 

ILCs162. Hence, IL-7-dependent immune cell subsets differentially consume IL-7, which 

supports the maintenance of IL-7-dependent homeostasis. 

Upon TCR stimulation, the activation of the PI3K pathway leads to degradation of Foxo1, 

thereby suppressing IL-7Rα expression160,163. Therefore, IL-7Rα expression rapidly declines in 

the majority of the TEFF population after activation73. As opposed to IL-7Rα- TSLEC, TMP retain 

IL-7Rα expression in the effector phase73. The resulting TM continue to express IL-7Rα since 

they require IL-7 signals for long-term survival127,164. For example, IL-7R signaling in CD8+ TM 

induces the up-regulation of the glycerol transporter aquaporin 9 (AQP9)107, thereby promoting 

fatty acid oxidation and subsequent ATP synthesis67,103,104. 
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Figure 1-9. IL-7R signaling in TN and TM (adapted from 107,165). In TN and TM, IL-7R signaling activates JAK1/3, 
which phosphorylate STAT5. Dimers of phosphorylated STAT5 translocate into the nucleus and up-regulate pro-
survival factors, such as Bcl-2 and Mcl-1. Furthermore, pSTAT5 leads to the down-regulation of pro-apoptotic 
molecules, such as Bax and Bim. The IL-7R-induced activation of the PI3K pathway leads to the activation of 
mammalian target of rapamycin (mTOR) and the up-regulation of the glucose transporter 1 (GLUT1). Foxo1 is 
degraded upon PI3K activation. Without IL-7 stimulation, Foxo1 is activated and up-regulates CCR7, CD62L and 
IL-7Rα3,160,166. In TM, the IL-7R-dependent expression of AQP9 facilitates the influx of glycerol, 
triacylglyceride (TAG) synthesis and consequently the generation of ATP through fatty acid oxidation107. 
 

1.3.2 Lymphopenia-induced proliferation of T cells and development of virtual 
memory T cells 

In a healthy host, IL-7 is continuously consumed by IL-7-dependent cells and controls the size 

of the T cell pool166. Under lymphopenic conditions however, the T cell pool is reduced. 

Lymphopenia can be inherited and occurs under SCID conditions5,167. For example, 

recombination-activating gene 1 (Rag1)-/- mice lack mature T/B cells and are severely 

lymphopenic168. Human RAG gene mutations are associated with severe infections or 

autoimmunity as well169. Furthermore, lymphopenia can be acquired, e.g., as a result of 

infections with human immunodeficiency virus (HIV) or severe acute respiratory syndrome 

coronavirus type 2 (SARS-CoV2). Additionally, lymphopenia is caused by medical 

interventions, such as chemotherapy or radiation5,167.  

TN survival requires accessibility to IL-7170–172 and depends on continuous low-level TCR 

signaling by self-peptide-MHC complexes173–175. Due to the lack of lymphocytes in 

lymphopenic hosts, the amount of IL-7 increases and self-peptide-MHC-complexes become 

more available4,5,176. Since the overabundance of both factors promotes T cell activation, TN 

transferred into a lymphopenic host undergo lymphopenia-induced proliferation (LIP) and 
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differentiate into so-called virtual memory T cells (TVM)5. Similar to Ag-experienced TM, TVM 

display high levels of CD44 and produce substantial amounts of IFN-γ upon short-term 

stimulation177–179. Notably, the LIP-induced accumulation of IFN-γ+ T cells is associated with 

autoimmunity5,167,180,181.   

The degree of LIP varies strongly between T cell clones as it is determined by cell-intrinsic 

properties such as TCR affinity for self-peptide-MHC-complexes and the abundance of 

molecules counter-regulating TCR signaling, such as CD5182,183. For example, DO11.10 TCR-

transgenic CD4+ T cells, recognizing the I-Ad-restricted, chicken ovalbumin (ova)-derived 

peptide ova323-339, undergo LIP in irradiated hosts184. In contrast, LIP of CD4+ OT-II TCR-

transgenic T cells specific for ova323-339 presented by I-Ab is by far less pronounced184. LIP of 

T cells is also regulated by T cell-extrinsic factors. Interestingly, neonatal mice naturally display 

lymphopenia because the T cell pool is not yet established185,186. Therefore, freshly generated 

TN undergo IL-7-dependent LIP in neonates and develop into long-lived TVM that are sustained 

in adult mice185,186. However, only a small fraction of TN undergoes LIP in neonates because 

IL-7R-dependent ILCs limit LIP of most TN in the first weeks of life187. Furthermore, the 

capability of the host to respond to IFN-γ is crucial to limit LIP of TCR-transgenic CD8+ OT-I 

T cells (recognizing ova257-264-peptide presented on H-2Kb)100. Whether T cell-extrinsic 

mechanisms contribute to the blockade of OT-II LIP remained unclear. In Knop et al., 201915, 

we investigated whether IFN-γR signaling in host cells suppresses LIP of CD4+ OT-II T cells 

(see chapter 3). 
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2 Objectives and experimental approaches 

Publication I  
 
Title:  Interferon-γ receptor signaling in dendritic cells restrains spontaneous proliferation of 

CD4+ T cells in chronic lymphopenic mice15 

 

In Knop et al., 2019, we aimed to decipher whether IFN-γR signaling in non-T cells contributes 

to the suppression of OT-II LIP. To answer this question, we applied adoptive T cell transfers 

into lymphopenic mice. In particular, we analyzed the LIP of CD4+ OT-II T cells after transfer 

into IFN-γR-/- x Rag1-/- (RagγRko) mice using flow cytometry. Additionally, we examined the 

contribution of OT-II-derived or host-derived IFN-γ to OT-II LIP. The role of the commensal 

microflora in modulating OT-II LIP in IFN-γR-/- x Rag1-/- mice was further studied using antibiotic 

treatments. We observed an accumulation of DCs and IL-6 in OT-II reconstituted 

IFN-γR-/- x Rag1-/- mice. Hence, OT-II expansion was analyzed during antibody blockade of 

IL-6. To elucidate the contribution of IFN-γR signaling in DCs on OT-II LIP, we used a Cre-loxP-

based approach to restore the IFN-γR specifically on DCs and analyzed OT-II LIP in these 

mice. 

 

Publication II  
 
Title:  IL-7 derived from lymph node fibroblastic reticular cells is dispensable for naive T cell 

homeostasis but crucial for central memory T cell survival16 

 

In Knop et al., 2020, we asked whether LN-LSC-derived IL-7 affects TN/TM homeostasis. To 

distinguish the contribution of LEC- and FRC-derived IL-7 to the survival of TN/TM, we first 

generated and characterized conditional IL-7 knockout (IL-7fl/fl) mice. To delete IL-7 expression 

in LECs or FRCs, we crossed IL-7fl/fl mice to LEC-specific Lyve1-Cre (LECΔIL-7) or FRC-specific 

Prx1-Cre mice (FRCΔIL-7), respectively. Additionally, mice with a simultaneous IL-7 deletion in 

LECs and FRCs were generated (LEC/FRCΔIL-7). Using flow cytometry, we determined the 

relative impact of either IL-7 source on CD4+/CD8+ TN as well as TEM/TCM homeostasis in LNs 

and spleens of healthy mice. Furthermore, the TCR repertoires were analyzed via a flow 

cytometry-based approach. The contribution of FRC-derived IL-7 in TM formation was further 

studied by applying OT-I T cell transfers and peptide vaccination.  
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Publication III  
 
Title:  IFNAR signaling in fibroblastic reticular cells can modulate CD8+ memory fate 

decision17  

 
In Knop et al., 2022, we investigated whether IFNAR signaling in FRCs affects TM fate decision. 

To delete IFNAR-expression in FRCs, conditional IFNAR knockout (IFNARfl/fl) mice were 

crossed to Prx1-Cre mice (FRCΔIFNAR). TM formation was studied in two different scenarios 

using flow cytometry. On the one hand, we applied OT-I T cell transfers and vaccinations and 

analyzed the T cell response in the expansion, contraction and memory phase. Furthermore, 

LN-LSCs were analyzed one day post OT-I transfer and subsequent vaccination. Additionally, 

the mRNA expression of chemokines and IL-7 was analyzed in LNs. On the other hand, we 

infected FRCΔIFNAR and controls with vesicular stomatitis virus and analyzed the polyclonal 

T cell response in the different phases.  
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3 Publication I 

Title:  Interferon-γ receptor signaling in dendritic cells restrains spontaneous 

proliferation of CD4+ T cells in chronic lymphopenic mice15 

 

Journal:   Frontiers in Immunology 

 

Publication year:  2019 

 

DOI:    10.3389/fimmu.2019.00140 
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Figure 3-1. Graphical representation of Knop et al., 201915. In lymphopenic hosts, stromal cell-released IL-7 and 
self-peptide-MHC-complexes are highly available because of a lack of consuming cells4,5,176. Upon transfer into T/B 
cell-deficient hosts, TN undergo LIP and produce IFN-γ5,167. Their capability to undergo LIP depends on the T cell 
clone and OT-II CD4+ T cells have a reduced LIP capacity184. Whether T cell-extrinsic factors contribute to 
suppression of OT-II LIP remained unclear. In Knop et al., 2019, we observed that OT-II T cells were undergoing 
LIP in IFN-γR deficient lymphopenic hosts15. This process depended on an intact microflora and we detected 
increased DC numbers and an accumulation of IL-6. IFN-γR-expression on DCs alone was sufficient to restrict LIP 
of OT-II T cells. This figure was created using illustrations from www.bioicons.com21. 
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In lymphopenic mice, T cells become activated and undergo lymphopenia-induced

proliferation (LIP). However, not all T cells are equally sensitive to lymphopenia. Several

lymphopenia-insensitive T cell clones were described and their non-responsiveness

was mainly attributed to clone-specific properties. Here, we provide evidence for an

additional, host-dependent mechanism restraining LIP of lymphopenia-insensitive CD4+

T cells. We show that such cells undergo LIP in lymphopenic mice lacking IFN-γ

receptor (IFN-γR) expression, a process, which is promoted by the autocrine action of T

cell-derived IFN-γ. Additionally, LIP of lymphopenia-insensitive CD4+ T cells requires

an intact microflora and is accompanied by the massive accumulation of IL-6 and

dendritic cells (DCs). Consistent with these results, IL-6 neutralization and the DC-specific

restoration of IFN-γR expression are both sufficient to restrict LIP. Hence, the insensitivity

of CD4+ T cells to lymphopenia relies on cell-intrinsic properties and a complex interplay

between the commensal microflora, IL-6, IFN-γR+ DCs, and T cell-derived IFN-γ.

Keywords: CD4+ T cells, interferon-γ, lymphopenia, lymphopenia-induced proliferation (LIP), dendritic cells

INTRODUCTION

In lymphocyte-competent hosts, T cells continuously utilize homeostatic factors such as
Interleukin-7 (IL-7) and self-peptide-MHC complexes and thereby limit their availability (1).
Due to the lack of IL-7-consuming T cells, IL-7 accumulates in lymphopenic mice (2) and
humans (3). IL-7 is a potent activation and survival signal for T cells and its overabundance
promotes T cell responses (4). Consequently, the adoptive transfer of polyclonal naive CD4+

T cells into lymphopenic mice leads to their activation and subsequent lymphopenia-induced
proliferation (LIP) (5, 6). However, LIP represents a mixed reaction in response to different
stimuli. While IL-7 overabundance induces a comparably slow homeostatic proliferation (HP)
of T cells, the commensal microflora triggers a rapid response referred to as spontaneous
proliferation (SP) (7–11). Nevertheless, naive T cells undergoing LIP differentiate into interferon-γ
(IFN-γ)-producing effector/memory T cells, which is frequently associated with autoimmunity
(12, 13).
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The degree of LIP varies strongly between T cell clones
(14–16). For example, ovalbumin (OVA)-specific CD4+ TCR-
transgenic (tg) OT-II T cells, contrary to polyclonal CD4+ T
cells, do not undergo LIP in irradiated hosts (14) and expand
only moderately in fully lymphopenic Rag-deficient (Rag−/−)
mice (10). TCR signal strength is a major factor that regulates
the sensitivity of a T cell to lymphopenia (15, 16). It is affected
by a complex interplay between TCR avidity and molecules
modulating TCR signal transduction (15, 17, 18). Hence, cell-
intrinsic mechanisms appear to determine whether a T cell is
sensitive to lymphopenia or not. However, it remained unclear
whether extrinsic mechanisms prevent LIP of lymphopenia-
insensitive CD4+ T cells.

In the present study, we show that lymphopenia-insensitive
OT-II cells expand massively in IFN-γ receptor (IFN-γR)-
deficient Rag−/− (RagγRko) mice, a phenomenon that is not
observed in IFN-γ-deficient Rag−/− (Ragγko) mice. LIP of
OT-II cells is associated with a strong increase in systemic
IL-6 and subsequent T cell accumulation. The lack of IFN-γ
and IFN-γR expression by OT-II cells impaired LIP to some
degree arguing for a growth promoting, autocrine effect of
OT-II-derived IFN-γ. Furthermore, we show that the commensal
microflora is crucial for OT-II LIP in RagγRko mice, which is
accompanied by the massive expansion of dendritic cells (DCs).
Finally, we show that IFN-γR expression exclusively in DCs
is sufficient to restrict OT-II expansion, DC accumulation and
IL-6 production in RagγRko mice. In summary, we provide
evidence that the suppression of CD4+ T cell activation in
response to lymphopenia is determined by a combination of
both, clone-specific properties and environmental factors such as
the commensal microflora, IL-6 and IFN-γR expression by DCs.

MATERIALS AND METHODS

Mice and Adoptive T Cell Transfer
Thy1.1+ B6.PL-Thy1a/Cy and Thy1.2+ B6.129S7-Rag1tm1Mom/J
(Rag−/−), C57BL/6J (B6), B6.SJL-PtprcaPepcb/BoyJ (CD45.1+),
B6.129S7-Ifnγtm1Ts (IFN-γ−/−), B6.129S7-Ifngrtm1Agt (IFN-
γR−/−), B6.Cg-Tg(TcraTcrb)425Cbn/J (OT-II) (expressing
a transgenic TCR specific for the chicken ovalbumin
(OVA)-derived, I-Ab-restricted peptide OVA323−339), B6.Cg-
Tg(Itgax-EGFP-CRE-DTR-LUC)2Gjh/Crl (CD11c-GCDL)
(19) and pCAGloxPSTOPloxP-IFNγR-IRES-GFP (IFN-γRSO)
transgenic mice (20) were housed under specific pathogen-free
conditions. Mice were crossed to generate Thy1.1/.2/CD45.1/.2-
disparate Rag−/−OT-II (OT-IIWT), Rag−/−IFN-γR−/−OT-II
(OT-IIγRko), and Rag−/−IFN-γ−/−OT-II (OT-IIγko) T cell
donors. Lymphopenic Rag−/− (RagWT), Rag−/−IFN-γ−/−

(Ragγko), Rag−/−IFN-γR−/− (RagγRko), and Rag−/−IFN-γR−/−

× CD11c-GCDL × IFN-γRSO (RagγRko × IFN-γRCD11c−ON)
mice served as T cell recipients. For the adoptive transfers
shown in Figures 2A,B, B6 or CD45.1+ mice served as
non-lymphopenic controls. For T cell transfers, single cell
suspensions were prepared from spleens and lymph nodes
of donor mice by forcing the organs through metal sieves.
To lyse erythrocytes, cell suspensions were incubated with
Ammonium-Chloride-Potassium lysis buffer for 90 s and

subsequent addition of RPMI with 10% FCS. After washing
with PBS/2mM EDTA, cell suspensions were resuspended in
PBS and filtered through 40µm cell strainers (BD and Corning,
Durham, NC). Single cell suspensions were counted, stained
with fluorochrome-labeled antibodies for 30min at 4◦C and
analyzed by flow cytometry to determine the frequency and
activation state of OT-II cells (Supplementary Figure 1). Cell
suspensions containing 1.6–10 × 105 naive CD4+ OT-II T
cells were injected i.v. into the tail vein of recipient mice. For
CFSE labeling, donor single cell suspensions (2.2–3.2 × 107

cells/ml) were incubated with 7.5µM CFSE (Biolegend) in
PBS for 20min at 37◦C. Subsequently, cells were washed twice
with ice cold PBS or RPMI/10% FCS and were resuspended in
PBS prior to injection. Cell suspensions containing 7.5–8 ×

105 CFSE+ OT-II T cells were injected i.v. into the tail vein of
recipient mice. Ten to thirteen days after transfer, spleens and
lymph nodes were isolated and single cell suspensions were
prepared as described. Erythrocyte lysis was performed with
spleen cell samples. Cells were counted and directly stained with
fluorochrome-labeled antibodies for 30min at 4◦C after blocking
FcR with purified anti-CD32/CD16 monoclonal antibodies
(2.4G2 ATCC R© HB-197TM). To neutralize IL-6 in vivo, mice
were i.p. injected with 500 µg of anti-IL-6 (MP5-20F3; BioXCell)
2 days prior to OT-II transfer. Treatment was repeated every
third day. Control mice received 500 µg control IgG1 (HRPN;
BioXCell). To deplete the commensal microflora, mice were
treated with 0.5 g/l vancomycin, 1.0 g/l metronidazole, 1.0 g/l
ampicillin, and 1.0 g/l neomycinsulfate via the drinking water
4 weeks prior to and during the experiment (21). Mice treated
with antibiotics did not show any obvious clinical symptoms. At
the day of analysis, however, their cecum was enlarged indicating
successful depletion of the commensal microflora.

Flow Cytometry
The following antibodies and reagents were used: anti-CD4
(RM4-5; Biolegend/eBioscience), -CD11c (N418; BD/Biolegend),
-CD44 (IM7; Biolegend), -CD45.1 (A20; Biolegend), -CD62L
(MEL-14; Biolegend), CD127 (A7R34; BD/Biolegend), -KLRG-
1 (2F1; Biolegend/eBioscience), -Ki67 (SolA15; eBioscience), -
I-Ab (AF6-120.1; Biolegend), -Thy1.1 (OX-7; Biolegend), -TCR
Vα2 (B20.1; Biolegend), streptavidin-BV510 (Biolegend) and
streptavidin-PE (Biolegend). For intranuclear staining of Ki67,
cells were first stained with the indicated antibodies directed
against cell surface molecules. Afterwards cells were fixed with
the Foxp3/Transcription Factor Staining Buffer Set (eBioscience)
according to the manufacturer’s instructions and subsequently
incubated with anti-Ki67 for 30min at 4◦C. Samples were
measured on LSRFortessa flow cytometer (Becton Dickinson)
and analyzed by FlowJo 9 and 10 software (FlowJo, LLC). To
calculate the fold expansion of OT-II cells or DCs, the respective
cell populations were quantified. For each experiment a mean
value was calculated for the RagWT group. Finally, cell numbers
of individual mice, including RagWT mice, were calculated in
relation to the mean value of the RagWT group. Relative mean
fluorescence intensities (MFIs) and relative frequencies of OT-II
cells or DCs were calculated in analogy.
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FIGURE 1 | CD4+ T cell LIP is amplified in IFN-γR-deficient mice. (A–C) CD4+Thy1.1+ OT-IIWT T cells were adoptively transferred into RagWT, Ragγko and RagγRko

mice (all Thy1.1−). After 10–12 days, recipient splenocytes were analyzed by flow cytometry. (A) Shown are frequencies, cell numbers and fold expansion of OT-IIWT

cells. (B) Relative fluorescence intensities, (C) relative MFIs for CD44 and CD127 and relative frequencies of KLRG-1hi and Ki67hi cells were determined after gating

on CD4+Thy1.1+ OT-IIWT cells. (A,C) Shown are pooled results from 3 to 4 independent experiments with a total of 11–17 mice per group and (B) representative

histograms from corresponding samples. (A,C) Graphs show mean values + SEM and statistical significances (***p ≤ 0.001; ****p ≤ 0.0001) were calculated to

values in RagWT mice.

IFN-γ and IL-6 Detection
Blood (supplemented with EDTA) was centrifuged 10min at 500
× g and 4◦C. The supernatant was centrifuged again 10min
at 900 × g and 4◦C to obtain the plasma that was analyzed
by an IFN-γ or IL-6 specific ELISA (eBioscience) according to
manufacturer’s instructions.

Statistical Analysis
Statistical analysis and graphical representations were done
using Prism 5 software (GraphPad Software). Statistical
significance was determined using a non-parametric two-tailed

Mann-Whitney U-test. ∗p≤ 0.05; ∗∗p≤ 0.01; ∗∗∗p≤ 0.001; ∗∗∗∗p
≤ 0.0001.

RESULTS

Host IFN-γR Expression Restrains
Commensal-Driven OT-II LIP
We have shown that host IFN-γR signaling restricts LIP of CD8+

T cells (22). Whether this mechanism prevents LIP of CD4+

OT-II T cells was unclear. To address this issue, naive CD4+

T cells from Rag−/− OT-II TCRtg mice (OT-IIWT cells) were
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adoptively transferred into IFN-γR-deficient Rag−/− (RagγRko)
and IFN-γR-competent Rag−/− (RagWT) mice. To elucidate a
potential contribution of host-derived IFN-γ, IFN-γ-deficient
Rag−/− mice (Ragγko) were reconstituted with OT-IIWT cells in
parallel. Within 10–12 days, OT-IIWT cells expanded massively
in RagγRko but not in RagWT or Ragγko spleens (Figure 1A).
LIP was associated with the up-regulation of CD44, CD127,
KLRG-1, and Ki67 indicating full activation and proliferation of
OT-IIWT cells in RagγRko mice (Figures 1B,C). LIP is induced
in T cell areas of secondary lymphoid organs (SLOs) (23) and
IFN-γ regulates T cell migration to and positioning in SLOs
(24–26), which is guided by chemokine-producing stromal cells
(27). However, stromal cell composition differs significantly
between lymph nodes (LNs) and spleen (28). We therefore
asked next whether OT-II expansion is equally well induced in
either SLO. To address this question, CFSE-labeled OT-IIWT cells
were transferred into RagWT and RagγRko mice. C57BL/6 (B6)
served as non-lymphopenic controls. After 12 days, recipient
LNs and spleens were analyzed. As shown in Figures 2A,B,
the frequencies of CFSElo OT-IIWT cells were lower in LNs
than in spleen of both recipients. However, CFSElo OT-IIWT

cells were clearly more abundant in RagγRko spleens and LNs
(Figures 2A,B) indicating higher frequencies of rapidly dividing
OT-IIWT cells in either organ. Of note, in addition to the
rapidly dividing CFSElo OT-II cells, a population of CFSEint

cells was detectable in the spleen, but not LNs, of RagγRko mice
(Figures 2A,B). This suggests different, organ-specific velocities
of OT-II LIP. Nonetheless, OT-IIWT LIP was most pronounced in
the spleens of RagγRko mice. We therefore focused on this organ
in the following experiments.

Under lymphopenic conditions, the rapid-type of T cell
proliferation relies on the presence of an intact commensal
microflora (7, 10). Whether this is also the case for OT-II
expansion in RagγRko mice was studied next. For this purpose,
RagWT and RagγRko mice were treated with a mixture of
antibiotics prior to and during reconstitution with OT-IIWT cells.
This treatment regimen efficiently depletes commensals (21, 29).
As expected, OT-IIWT expansion was impaired in untreated
RagWT mice but was very efficient in untreated RagγRko mice
(Figure 2C, white bars). On the contrary, antibiotic treatment
blocked OT-IIWT LIP in RagγRko mice (Figure 2C). Together, the
data presented so far indicate that recipient IFN-γR expression
restrains commensal-driven spontaneous proliferation (SP) (7–
11) of OT-II cells under lymphopenic conditions.

IL-6 Accumulates in RagγRko Mice and
Promotes OT-II SP
IL-6 promotes commensal-dependent SP of CD4+ and CD8+

T cells in lymphopenic mice (9, 10). To elucidate whether IL-6
levels are altered in our experimental system, plasma samples
from OT-IIWT-reconstituted RagWT and RagγRko were analyzed
10–12 days after T cell transfer. As shown in Figure 3A, plasma
levels of IL-6 were strongly elevated in OT-IIWT-reconstituted
RagγRko mice (Figure 3A; + OT-IIWT) but not in untreated
controls (Figure 3A; –OT-IIWT). In order to test whether IL-6
promotes OT-IIWT SP in RagγRko mice, RagWT, and RagγRko

mice were treated with neutralizing monoclonal anti-IL-6
antibodies (αIL-6 mAb) prior to and after reconstitution with

OT-IIWT cells. Control mice received isotype-matched control
mAbs. As shown in Figure 3B, αIL-6 treatment did not affect
frequencies, cell numbers or relative expansion rates of OT-IIWT

cells in RagWT mice. As expected, OT-IIWT cells were by far most
abundant in isotype-treated RagγRko mice, an effect that was fully
reverted by IL-6 neutralization. Accordingly, expression levels of
CD44 and Ki67 were strongly reduced in OT-IIWT cells recovered
from αIL-6-treated RagγRko mice as compared to isotype-treated
controls (Figures 3C,D). Hence, IL-6 is up-regulated upon T cell
transfer and is crucial for OT-IIWT activation, proliferation and
subsequent accumulation in RagγRko mice.

OT-II-Derived IFN-γ Promotes SP in an
Autocrine Fashion
T cell-intrinsic IL-6R signaling promotes the expansion of IFN-
γ-producing effector/memory CD4+ T cells under lymphopenic
and non-lymphopenic conditions (30, 31). Consequently, the
blockade of OT-IIWT activation and subsequent SP in αIL-6-
treated RagγRko mice (Figures 3B–D) correlated with a strong
reduction of plasma IFN-γ levels (Figure 3E).

Since IFN-γ directly promotes CD4+ T cell responses (32–
34), we hypothesized that OT-II-derived IFN-γ supports SP in
RagγRko mice in an autocrine fashion. To test this hypothesis,
IFN-γ-deficient OT-II (OT-IIγko) cells were transferred
into RagγRko and RagWT mice. After 11–12 days, OT-IIγko

frequencies, cell numbers and relative expansion rates were
determined. As shown in Figure 4A, some expansion of OT-
IIγko cells was detectable in RagγRko. This was associated with
the up-regulation of CD44, KLRG-1 and Ki67 (Figures 4B,C).
Importantly, however, OT-IIγko cells expanded less well in
RagγRko mice (∼10-fold; Figure 4A) than OT-IIWT cells
(∼50-fold; Figure 1A) suggesting a growth-promoting effect of
autocrine IFN-γ.

To further test this possibility, equal numbers of OT-IIWT

and OT-IIγRko cells were co-transferred into RagγRko and RagWT

mice. OT-IIWT cells expanded ∼60-fold while OT-IIγRko cells
expanded only ∼20-fold (Figure 4D). Thus, SP of OT-IIγko and
OT-IIγRko cells occurs in RagγRko mice. Compared to OT-IIWT

cells, OT-IIγko and OT-IIγRko expansion was less pronounced
suggesting that OT-II-derived IFN-γ promotes SP in an autocrine
fashion. However, we cannot exclude a contribution of host-
derived IFN-γ, which accumulates in IFN-γR-deficient mice due
to lack of its consumption (22).

IFN-γR+ DCs Restrain CD4+ T Cell SP in
RagγRko Mice
Dendritic cells (DCs) producing elevated levels of IL-6 promote
aberrant T cell activation and subsequent IFN-γ synthesis (35).
Furthermore, the induction of EAE relies on the accumulation
of IL-6-producing DCs (36). Under lymphopenic conditions,
MyD88-dependent recognition of the commensal microflora is
sufficient to induce IL-6 production by DCs thereby promoting
SP of CD4+ T cells (10) similar to what we have observed in
OT-IIWT-reconstituted RagγRko mice. Furthermore, DCs express
high levels of MHCII, which is crucial for CD4+ T cell LIP
(14, 37). Based on these data we speculated that DC responses
were altered in RagγRko mice. When splenic CD11c+MHCIIhi

DCs were quantified in OT-IIWT-reconstituted RagWT and
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FIGURE 2 | OT-II LIP is more pronounced in spleen than in lymph nodes. (A,B) CFSE-labeled OT-IIWT cells were adoptively transferred into RagWT, RagγRko mice

and (B) B6 mice. After 12 days, recipient (A) lymph nodes and (B) spleen were analyzed by flow cytometry. (A,B) Histograms show relative fluorescence intensities for

CFSE after gating on CD4+CD45.1+ OT-IIWT cells and numbers indicate percentages. Bar diagrams show cell numbers and fold expansion of OT-IIWT cells (mean

(Continued)
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FIGURE 2 | values + SEM; *p ≤ 0.05). Results in bar diagrams were pooled from 6 mice per group analyzed in one experiment. (A) Histograms are representative of

one experiment with 6 RagWT and 6 RagγRko. (B) Histograms are representative of 2 independent experiments with a total of 10 RagWT, 10 RagγRko, and 4 B6 mice.

(C) OT-IIWT cells were adoptively transferred into RagWT and RagγRko mice. After 11–13 days, recipient splenocytes were analyzed by flow cytometry. Four weeks

prior to and during T cell transfer, mice were treated with antibiotics (Antibiot.) or were left untreated. Shown are pooled results (mean values + SEM; *p ≤ 0.05; **p ≤

0.01; ***p ≤ 0.001; ****p ≤ 0.0001) from 2 independent experiments with a total of 8–9 mice per group.

FIGURE 3 | IL-6 accumulates in RagγRko mice and promotes OT-II SP. (A–E) RagWT and RagγRko mice were reconstituted with OT-IIWT cells as described in

Figure 1. (A) Untreated mice served as controls (-OT-IIWT). (B–D) Prior to and after T cell reconstitution, mice were treated with neutralizing anti-IL-6 (αIL-6) or

isotype-machted control antibodies (isotype). Ten to twelve days after T cell transfer, (A) IL-6 and (E) IFN-γ plasma levels were determined by ELISA and (B–D)

recipient splenocytes were analyzed by flow cytometry. (B) Shown are frequencies, cell numbers and fold expansion of OT-IIWT cells in isotype- and αIL-6-treated

RagWT and RagγRko mice. (C) Relative fluorescence intensities, (D) relative MFIs for CD44 and relative frequencies of Ki67hi cells were determined after gating on

CD4+Thy1.1+ OT-IIWT cells in isotype- and αIL-6-treated RagγRko mice. (A,B,D,E) Shown are pooled results from 2 to 3 independent experiments with a total of

5–11 mice per group and (C) representative histograms from corresponding samples. (A,B,D,E) Graphs show mean values + SEM; *p ≤ 0.05; **p ≤ 0.01; ***p ≤

0.001; ****p ≤ 0.0001.

RagγRko mice, their numbers were strongly increased in the latter
(Figure 5A; + OT-IIWT). This was not the case in untreated
RagγRko mice (Figure 5A; –OT-IIWT) suggesting that OT-IIWT

activation is a prerequisite for DC accumulation in RagγRko

recipients.
Whether the DC-specific restoration of IFN-γR expression is

sufficient to block OT-IIWT SP and subsequent DC accumulation
in RagγRko mice was tested next. For this purpose, we made use
of a novel transgenic mouse line, allowing IFN-γR expression
after the Cre-mediated deletion of a loxP-flanked DNA-Stop
cassette (20). To activate this “switch-on” (IFN-γRSO) construct
and express the transgenic IFN-γR specifically in DCs, IFN-γRSO

mice were crossed to CD11c-GCDL mice expressing Cre under
the control of the CD11c promoter (19). Subsequently, CD11c-
GCDL × IFN-γRSO mice were crossed to RagγRko mice in
order to generate T and B cell-deficient, fully lymphopenic
RagγRko × CD11c-GCDL × IFN-γRSO mice lacking IFN-γR
expression on all cells except DCs. These mice are termed
RagγRko × IFN-γRCD11c−ON hereafter. Finally, OT-IIWT cells
were transferred into RagWT mice, RagγRko × IFN-γRCD11c−ON,

and RagγRko controls. After 11–13 days, the numbers of splenic
OT-IIWT cells were determined. As opposed to RagWT mice,
OT-IIWT cells expanded strongly in RagγRko mice (Figure 5B).
The values obtained with RagγRko × IFN-γRCD11c−ON mice
reached intermediate levels showing that IFN-γR expression by
DCs is sufficient to restrain OT-IIWT SP. Similarly, DC expansion
was most pronounced in OT-IIWT-reconstituted RagγRko mice,
reached intermediate levels in RagγRko × IFN-γRCD11c−ON

mice and was least efficient in RagWT mice (Figure 5C;
+OT-IIWT). On the contrary, DC numbers did not differ between
untreated RagWT, RagγRko × IFN-γRCD11c−ON and RagγRko

mice (Figure 5C; –OT-IIWT) suggesting a causal link between
OT-IIWT SP and DC expansion in RagγRko mice (Figures 5A,C).
Importantly, specific IFN-γR expression by DCs was sufficient
to limit expansion of OT-IIWT cells and DCs as well as IL-6
up-regulation (Figure 5D) in RagγRko × IFN-γRCD11c−ON mice.

The efficacy of CD4+ T cell responses correlates positively
with the amount of IFN-γ available in the early phase of
the response (32, 34). We have shown previously that IFN-γ
accumulates in IFN-γR-deficient mice, most probably due to
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FIGURE 4 | CD4+ T cell-derived IFN-γ promotes SP in an autocrine manner.

(A–C) OT-IIγko (3–4 independent experiments with 12–17 mice per group) or

(D) equal numbers of Thy1.1+ OT-IIWT and Thy1.1/1.2+ OT-IIγRko T cells (4

mice per group) were transferred simultaneously into Thy1.2+ RagWT and

RagγRko mice. After 11–12 days, recipient splenocytes were analyzed by flow

cytometry as described in Figure 1. Overlay shows the relative abundance of

Thy1.1+ OT-IIWT and Thy1.1/1.2+ OT-IIγRko T cells in RagWT and RagγRko

mice. (A,C,D) Graphs show mean values + SEM; *p ≤ 0.05; ***p ≤ 0.001;

****p ≤ 0.0001.

the lack of its receptor-mediated clearance (22). Hence, elevated
levels of steady-state IFN-γ may explain the rapid and strong
induction of OT-IIWT responses in RagγRko mice. To test whether
decreased OT-IIWT responses in RagγRko × IFN-γRCD11c−ON

mice (Figure 5B) correlate with reduced steady-state IFN-γ
levels, we compared plasma samples of untreated RagγRko and
RagγRko × IFN-γRCD11c−ON mice. As shown in Figure 5E, IFN-γ
levels were significantly lower in RagγRko × IFN-γRCD11c−ON

mice. This suggests that IFN-γR+ DCs consume IFN-γ thereby
reducing its availability for OT-IIWT cells. This competition for
IFN-γ would provide an explanation for the reduced levels of SP
in RagγRko × IFN-γRCD11c−ON mice (Figure 5B).

DISCUSSION

T cell clones are not equally sensitive to lymphopenia-related
activation signals (14–16). For example, ovalbumin-specific
CD4+ T cells from OT-II TCRtg mice represent one of
several T cells clones, which are resistant to lymphopenia-
induced activation (14). It is well accepted that T cell clone-
specific features such as CD5 levels correlate closely with
the sensitivity to lymphopenia (15, 16, 38). Here, we provide
evidence for an additional, recipient-dependent mechanism that
restrains expansion of adoptively transferred CD4+ T cells. This
mechanism relies on a complex interplay between the commensal
microflora, IFN-γR+ DCs and CD4+ T cells.

The commensal microflora triggers IFN-γ production
by various immune cells in the steady-state (39, 40). In
IFN-γR-deficient mice, IFN-γ accumulates due to the lack of
its consumption (22). Thus, elevated IFN-γ levels in RagγRko

mice may provide early activation signals to OT-II cells initiating
the rapid expansion we have observed. This interpretation is
in accordance with our finding that both, OT-IIWT expansion
and steady-state levels of IFN-γ, were decreased in RagγRko

× IFN-γRCD11c−ON mice. This suggests that IFN-γR+ DCs
efficiently reduce amounts of circulating IFN-γ thereby
restricting its availability for OT-II cells.

However, increased rates of OT-II expansion in RagγRko mice
do not only rely on host-derived IFN-γ. As we have shown
here, OT-II-derived IFN-γ acts in an autocrine manner. Hence,
host- and OT-II-derived IFN-γ may synergize in promoting
full-blown OT-II expansion in RagγRko mice. OT-II expansion
is accompanied by the up-regulation of CD127, which would
facilitate their IL-7-dependent survival (41–43) and provides
one explanation for the accumulation of OT-II cells in RagγRko

mice. Importantly, the accumulation of DCs and IL-6 correlates
positively with the degree of OT-II expansion in RagγRko mice
and might be interrelated. DCs produce IL-6 in response to
the commensal microflora (10) and express MHCII, which are
both required for CD4+ T cell expansion under lymphopenic
conditions (10, 14, 37). Since (i) T cell-intrinsic IL-6R signaling
is critical for CD4+ T cell responses (30, 31), (ii) IL-6 prevents
apoptosis of naive and effector CD4+ T cells (44, 45), and
(iii) counter-regulates DC function (35, 46–50) we suggest a
direct, growth-promoting and/or anti-apoptotic effect of IL-6
on OT-II cells expanding in RagγRko mice. Although the T
cell-stimulatory potential of DC-derived IL-6 is well established
(10, 35, 36) recent findings identified multiple hematopoietic
and non-hematopoietic cell types as potential IL-6 producers
(36). Importantly, different IL-6 producers appear to regulate
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FIGURE 5 | IFN-γR+ DCs restrain CD4+ T cell SP in RagγRko mice. (A–D) OT-IIWT cells were adoptively transferred into RagWT and RagγRko mice. After 11–13

days, recipient splenocytes were analyzed by flow cytometry. (A) Results of 2–6 independent experiments with a total of 10–25 mice were pooled to calculate the

numbers and fold expansion of CD11c+MHCIIhi DCs after reconstitution with OT-IIWT cells (+OT-IIWT). DC numbers from untreated RagWT and RagγRko mice were

determined as well (-OT-IIWT). (B–D) Frequencies, cell numbers and fold expansion of OT-IIWT cells/DCs as well as plasma IL-6 levels were analyzed in RagWT,

RagγRko × CD11c-GCDL × IFN-γRSO (RagγRko × IFN-γRCD11c−ON) and RagγRko mice. Pooled results of 2 independent experiments with a total of 8 mice per

group are shown. (E) Steady-state levels of IFN-γ were determined in plasma samples of 8–9 untreated RagγRko × IFN-γRCD11c−ON and RagγRko mice. (A–E)

Graphs show mean values + SEM; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.

different aspects of the same CD4+ T cell response (36). Hence,
it remains to be shown for our experimental system whether
(i) DCs and/or other cell types up-regulate IL-6 expression in
OT-II-reconstituted RagγRko mice, whether (ii) the elevation
of IL-6 levels in these mice results from the accumulation
of DCs producing constant amounts of IL-6, and whether
(iii) there is a causal relationship between the cellular origin
of IL-6 and its growth-promoting effect. As reported only
recently, definite answers to such questions would require the
combined use of cell type-specific IL-6 reporter as well as
conditional IL-6 knockout mice (36) and their integration into
our experimental systems. However, this would be beyond the
scope of this study and therefore remains an important task for
the future.

From previous experiments we know that only effector, but
not naive, OT-IIWT cells activate immature DCs (51). This
suggests that IFN-γ-associated OT-II activation is an integral
part of a self-amplifying loop in RagγRko mice, which involves
the T cell-dependent accumulation of DCs, which in turn
promote OT-II expansion. The lack of IFN-γR signaling in DCs
increases their lifespan (52) and T cell-stimulatory potential (53)
providing an additional explanation for the accumulation of DCs
in RagγRko mice. In accordance with this interpretation, IFN-γR
re-expression in DCs is sufficient to disrupt this self-amplifying

loop and to down-modulate DC accumulation, IL-6 levels and
OT-II cell expansion.

In summary, we demonstrate that the sensitivity of CD4+

T cells to lymphopenia is not only determined by cell-intrinsic
properties but also by a complex interplay between CD4+ T
cells, the commensal microflora and IFN-γR+ DCs.We postulate
that T cell- and host cell-specific mechanisms have to co-
operate to restrain spontaneous proliferation, the commensal-
driven form of LIP. The molecular nature and the relative
importance of either mechanism may vary for different T cell
clones.
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Supplementary Figure 1 

Purity and phenotype of transferred OT-IIWT T cells. Single cell suspensions prepared 

from spleens and lymph nodes of Rag-/-OT-II (OT-IIWT) mice were analyzed by flow 

cytometry to determine OT-II cell frequency and activation state prior to adoptive transfer. 

Shown are representative results. Numbers indicate percentages. 
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Figure 4-1. Graphical representation of Knop et al., 202016. T cells rely on access to SLOs189,190 and the cytokine 
IL-7 for survival127,191. In the LNs, non-hematopoietic stromal cells, such as FRCs and LECs, are producers of IL-710. 
It remained unclear whether FRC/LEC-derived IL-7 contributes to TN or TM survival in vivo. In Knop et al., 2020, we 
suggest that FRC-derived IL-7 contributes to TCM homeostasis in the LNs16. In contrast, LEC- and FRC-derived IL-7 
seems dispensable for TN survival. This figure was created using illustrations from www.bioicons.com21. 
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The survival of peripheral T cells is dependent on their access to peripheral LNs (pLNs) and
stimulation by IL-7. In pLNs fibroblastic reticular cells (FRCs) and lymphatic endothelial
cells (LECs) produce IL-7 suggesting their contribution to the IL-7-dependent survival of
T cells. However, IL-7 production is detectable in multiple organs and is not restricted to
pLNs. This raises the question whether pLN-derived IL-7 is required for the maintenance
of peripheral T cell homeostasis. Here, we show that numbers of naive T cells (TN) remain
unaffected in pLNs and spleen of mice lacking Il7 gene activity in pLN FRCs, LECs, or both.
In contrast, frequencies of central memory T cells (TCM) are reduced in FRC-specific IL-7
KO mice. Thus, steady state IL-7 production by pLN FRCs is critical for the maintenance
of TCM, but not TN, indicating that both T cell subsets colonize different ecological niches
in vivo.

Keywords: central memory T cells ! fibroblastic reticular cells ! IL-7 ! naive T cells ! T cell
homeostasis

! Additional supporting information may be found online in the Supporting Information section
at the end of the article.

Introduction

IL-7 is indispensable for naive (TN) and memory T cell (TM) sur-
vival [1,2]. Correspondingly, IL-7-deficient (IL-7−/−) mice suffer
from severe lymphopenia [3] and adoptively transferred TN fail to

Correspondence: Dr. Thomas Schüler
e-mail: thomas.schueler@med.ovgu.de

survive in such recipients [4]. Conversely, the administration of
recombinant IL-7 supports T cell survival, e.g., via the upregula-
tion of anti-apoptotic B-cell lymphoma-2 (Bcl-2) [1], myeloid cell
leukemia-1 (Mcl-1) [5], and the promotion of metabolic functions
[6–8].
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The maintenance of the TN pool relies on the accessibility of
secondary lymphoid organs (SLOs) where IL-7 is produced by
lymphoid stromal cells (LSCs) [9]. In peripheral lymph nodes,
for example, fibroblastic reticular cells (FRCs) and lymphatic
endothelial cells (LECs) are the main sources of IL-7 [9].
Co-culture experiments demonstrated that FRC-derived IL-7
promotes T cell survival [9]. IL-7 binds to the ECM [10,11] sug-
gesting that it might exert its function in close vicinity to the site
of production. Due to the facts that T cell survival is impaired in
vivo if either IL-7 action or peripheral LN (pLN) access is blocked
[1,4,9,12,13], it has been proposed that circulating TN receive IL-
7-dependent survival signals in pLNs [14–17]. Since TCM and TN

have similar migration patterns in vivo [18] and both rely on IL-7
[1,4], pLN FRCs are supposed to be critical for the IL-7-dependent
persistence of both T cell subsets in vivo [15,17]. A potential
contribution of LEC-derived IL-7 has been suggested as well
[19].

However, various non-hematopoietic stromal cells express
IL-7 [20–23] and its steady state levels vary strongly between
different organs [24,25]. For example, intestine and skin produce
high levels of IL-7 in the steady state while only low levels
of Il7 gene activity are detectable in the adult liver [24,25].
Since TN and TCM continuously recirculate between SLOs, blood,
and lymph [26], they might utilize IL-7 derived from various
organs. Hence, it remained unclear whether the maintenance of
peripheral T cell homeostasis relies on the local action of IL-7
in pLNs and/or systemic effects of IL-7 produced by alternative
sources.

In order to answer this question, we generated conditional
IL-7 KO (IL-7fl/fl) mice and inactivated Il7 gene activity in a cell
type-specific manner in pLNs. Here, we show that TN numbers
remained unaltered in pLNs and spleens of LEC- and FRC-specific
IL-7 KO (LEC!IL-7 and FRC!IL-7) mice. In apparent contrast, TCM

abundance was significantly reduced in FRC!IL-7 mice, an effect
that was most pronounced for CD8+ TCM in pLNs. In summary, we
provide evidence that FRC-derived IL-7 is dispensable for the sys-
temic survival of TN cells. On the contrary, however, IL-7 produced
by pLN FRCs is crucial for the maintenance of TCM homeostasis
indicating that TN and TCM occupy different ecological niches
in vivo.

Results

Ubiquitous Il7 gene inactivation impairs peripheral
T cell homeostasis

In order to elucidate whether pLN-derived IL-7 is crucial for the
maintenance of peripheral T cell homeostasis, we generated con-
ditional IL-7 KO (IL-7fl/fl) mice (Supporting Information Fig. 1A).
IL-7fl/fl mice were crossed to conventional IL-7 KO (IL-7−/−)
mice [3] and mice ubiquitously expressing the loxP-specific
recombinase Cre (PGK-Cre+) [27] to obtain PGK-Cre+IL-7−/fl

mice. PGK-Cre-mediated inactivation of the Il7fl allele was
very efficient as shown by the fact that Il7 mRNA was unde-

tectable in PGK-Cre+IL-7−/fl mice (Supporting Information
Fig. 1B).

Next, we compared the impact of conditional and conventional
Il7 gene inactivation on IL-7-dependent lymphocyte homeostasis.
While mice harboring one intact Il7wt allele (PGK-Cre−IL-7−/wt,
PGK-Cre+IL-7−/wt, and PGK-Cre−IL-7−/fl mice) had comparable
numbers of T and B cells in the spleen, ubiquitous Il7 gene inac-
tivation in PGK-Cre+IL-7−/fl mice was associated with a strong
decrease of T and B cell numbers similar to IL-7−/− mice (Fig. 1A).
Importantly, the lack of IL-7 production in PGK-Cre+IL-7−/fl and
IL-7−/− mice was accompanied by the selective reduction of
CD44loCD62Lhi CD4+ and CD8+ TN as well as the enrichment
of CD44hi CD4+ and CD8+ memory T cells (TM; Fig. 1B and C).

In summary, IL-7-dependent T cell homeostasis is similarly
impaired in IL-7−/− and PGK-Cre+IL-7−/fl mice thus confirming
(i) the efficient Cre-mediated inactivation of the Il7fl allele and
(ii) the crucial importance of IL-7 for TN generation and main-
tenance. Hence, our IL-7fl/fl mouse is a suitable tool to study the
impact of pLN-specific Il7 gene inactivation on peripheral T cell
homeostasis.

LEC-derived IL-7 is dispensable for peripheral T cell
homeostasis

In pLNs, CD45− stromal cells comprise gp38+CD31− FRCs,
gp38+CD31+ LECs, gp38−CD31+ blood endothelial cells (BECs)
and gp38−CD31− double negative cells (DNs) [28] (Fig. 2A).
Lyve-1-expressing LECs produce IL-7 in pLNs and throughout the
body [29] and are supposed to be important regulators of IL-7-
dependent peripheral T cell homeostasis [19]. In order to test this
hypothesis, we generated LEC!IL-7 mice lacking Il7 gene expres-
sion specifically in LECs. For this purpose, Lyve1-Cre-transgenic
(Lyve1-Cre+) mice [30] were crossed to IL-7fl/fl mice. Lyve1-Cre+

mice harboring at least one intact Il7 allele (LECwt mice) served as
controls. CD45− stromal cells were purified from LNs of LEC!IL-7

and LECwt mice and relative Il7 mRNA levels were quantified by
RT-qPCR. In agreement with a previous report [9], LECs produced
considerable amounts of Il7 mRNA in control mice, even though
tenfold less than FRCs (Fig. 2A). Of note, Il7 mRNA levels
were strongly reduced in LECs from LEC!IL-7 mice indicating
successful Il7 gene inactivation. On the contrary, Il7 mRNA levels
in FRCs, BECs, and DNs were comparable in LEC!IL-7 and LECwt

mice.
In order to study whether LEC-derived IL-7 affects peripheral

T cell homeostasis, CD4+ and CD8+ T cells were quantified
in pLNs and spleens of LEC!IL-7 and LECwt mice. As shown in
Fig. 2B, T cell numbers were indistinguishable between both
mouse lines. Furthermore, relative frequencies and numbers of
CD44loCD62Lhi TN, CD44hiCD62Llo TEM, and CD44hiCD62Lhi TCM

were comparable in pLNs and spleens (Fig. 2C–H), although
CD4+ TCM frequencies were reduced in pLNs of LEC!IL-7 mice
(Fig. 2C and D). In conclusion, Il7 gene inactivation in LECs does
not have major effects on quantitative and qualitative aspects of
peripheral T cell homeostasis.
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Figure 1. Ubiquitous Il7 gene inactivation impairs T cell homeostasis. (A) Absolute cell numbers of CD3+CD4+ or CD3+CD8+ T cells and B220+

B cells were determined in the spleen of the indicated mouse lines. (B and C) Shown are representative contour plots for the CD44/CD62L
expression profiles of (B) CD3+CD4+ or (C) CD3+CD8+ T cells in spleen. Numbers in contour plots indicate percentages. Frequencies of naive (B)
CD3+CD4+CD44loCD62Lhi and (C) CD3+CD8+CD44loCD62Lhi T cells are summarized in bar diagrams. (A–C) The data displayed in bar diagrams
represent mean ± SEM of seven to nine mice per group analyzed in two independent experiments by flow cytometry. Statistical significances were
tested using a non-parametric two-tailed Mann–Whitney U-test (!p " 0.05; !!p " 0.01; !!!p " 0.001).

FRC-derived IL-7 does not affect size and TCR
diversity of the peripheral T cell pool

Prx1-Cre-transgenic (Prx1-Cre+) mice express Cre in BM stromal
cells [31], which are crucial for IL-7-dependent B cell development
[32]. Whether this mouse model is suitable for targeting FRCs in
pLNs was analyzed next. For this purpose, Prx1-Cre+ mice were
crossed to ROSA26 reporter mice expressing red fluorescent pro-
tein (RFP) upon Cre-mediated activation of the reporter construct
[33]. Peripheral LNs of Prx1-Cre+ROSA26RFP mice were analyzed
by flow cytometry to determine the degree of cell type-specific
recombination. Among CD45− stromal cells, around 80% of FRCs
expressed RFP while LECs, BECs, and DNs showed only negligi-
ble levels of recombination (Fig. 3A and B). Of note, Cre activity
was barely detectable in CD45+ immune cells (Fig. 3A) as well as

splenic LSCs (data not shown). Hence, Prx1-Cre+ mice allow gene
targeting in pLN FRCs.

In order to inactivate Il7 gene activity in pLN FRCs, Prx1-Cre+

mice were crossed to IL-7fl/fl mice. As compared to FRCwt litter-
mate controls, Il7 mRNA levels were reduced by approximately
83% in pLNs of FRC!IL-7 mice (Fig. 3C) confirming that FRCs are
the major source of IL-7 in pLNs. In contrast, Il7 mRNA levels in
the spleen of FRC!IL-7 mice remained unaltered (Fig. 3C), prob-
ably due to the different developmental origins of splenic and
LN FRCs [34,35]. Importantly, FRC-specific Il7 inactivation did
not affect frequencies of LSC subsets (Fig. 3D), overall morphol-
ogy, and chemokine secretion in pLNs (Supporting Information
Fig. 2A–D).

When CD4+ and CD8+ T cells were quantified in pLNs and
spleens of FRC!IL-7 and FRCwt mice, no significant differences
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Figure 2. LEC-derived IL-7 is dispensable for peripheral T cell homeostasis. (A) Based on their differential expression of gp38 and CD31, live
TER-119−CD45− pLN LSCs can be subdivided into gp38+CD31− FRCs, gp38+CD31+ LECs, gp38−CD31+ BECs, and gp38−CD31− DNs. Shown is a
representative contour plot from LEC!IL-7 mice; numbers indicate percentages. The indicated LSC subsets were purified by flow cytometry from
LNs of LECwt (Lyve1-Cre+IL-7−/wt and Lyve1-Cre−IL-7wt/wt) and LEC!IL-7 (Lyve1-Cre+IL-7−/fl) mice. Three independent sorts with pooled pLNs from
three to four mice per group (in total nine to ten mice per group) were performed. Once, cells from two sorts were pooled. Relative Il7 mRNA amounts
were determined by RT-qPCR in relation to Hprt. Data displayed in the bar diagram are representative of two data points per group analyzed in two
independent RT-qPCR experiments and show mean ± SEM of triplicates. Statistical significances were tested using a nonparametric two-tailed
Mann–Whitney U-test (!p " 0.05). (B) Absolute numbers of CD3+CD4+ and CD3+CD8+ T cells were determined in pLNs and spleen (Sp). (C, D, F,
and G) Frequencies and (E and H) absolute numbers of naive (TN; CD44loCD62Lhi), effector memory (TEM; CD44hiCD62Llo) and central memory (TCM;
CD44hiCD62Lhi) T cells were determined after gating on (C–E) CD3+CD4+ and (F–H) CD3+CD8+ cells isolated from pLNs or spleen. (C and F) Shown
are representative contour plots and numbers indicate percentages. (B–H) Data was collected using flow cytometry. (B–H) The data shown in bar
diagrams represent mean ± SEM combined from 11–12 LECwt (Lyve1-Cre+IL-7−/wt) and LEC!IL-7 (Lyve1-Cre+IL-7−/fl) mice per group analyzed in six
independent experiments. Statistical significances were tested using a non-parametric two-tailed Mann–Whitney U-test (!p " 0.05).

were detected in either case (Fig. 3E and G). Furthermore, TCR
Vβ repertoires of CD4+ and CD8+ T cells were indistinguishable
between FRC!IL-7 and FRCwt mice (Fig. 3F and H). Hence, the size
and diversity of the peripheral T cell pool is independent of pLN
FRC-derived IL-7.

Next, we assessed whether LEC-derived IL-7 compensates for
the lack of FRC-derived IL-7. For this purpose, FRC!IL-7 mice

were crossed to LEC!IL-7 mice to generate double Cre-transgenic
FRC/LEC!IL-7 mice lacking Il7 gene expression in both, FRCs
and LECs. Similar to LEC!IL-7 (Fig. 2B) or FRC!IL-7 mice (Fig. 3E
and G), CD4+ and CD8+ T cells were equally abundant in
FRC/LEC!IL-7 and FRC/LECwt controls (Fig. 3I and J) arguing
against a compensatory effect of LEC-derived IL-7 in FRC!IL-7

mice.
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Figure 3. FRC-derived IL-7 does not affect size and diversity of the peripheral T cell pool. (A and B) Peripheral LNs were isolated from Prx1-
Cre+ROSA26RFP (white curves) and Prx1-Cre−ROSA26RFP (grey curves) mice to determine recombination efficiency in live TER-119−CD45− LSCs and
TER-119−CD45+ leukocytes. (A) Numbers indicate percentages of RFP+ cells in Prx1-Cre+ROSA26RFP mice. (B) Data show percentages of RFP+ cells
for the indicated LSC subsets (mean ± SEM). Data were pooled from four to five independent experiments with one to three mice per group. For
FRCs, LECs, BECs, and DNs 13, 8, 13, and 13 individual data points were acquired, respectively. (C) Relative Il7 mRNA amounts were determined
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FRC-derived IL-7 determines TCM abundance

Bcl-2 is a direct target of IL-7 [1] and is expressed at particularly
high levels by CD8+ TM [36]. In order to test whether Bcl-2 expres-
sion is altered in the absence of FRC-derived IL-7, CD8+ TN and
TM derived from pLNs and spleens were analyzed. As shown in
Fig. 4A, frequencies and numbers of CD44hiBcl-2hi CD8+ TM were
significantly reduced in pLNs, but not spleens, of FRC!IL-7 mice.
IL-7 conditions CD8+ T cells for the IL-15-induced upregulation
of Eomesodermin (Eomes) [37], a transcription factor promoting
CD8+ TM differentiation [38]. As shown in Fig. 4B, CD44hiEomeshi

CD8+ TM were strongly reduced in pLNs of FRC!IL-7 mice. Again,
these differences between FRCwt and FRC!IL-7 mice were most evi-
dent in pLNs. However, there was a tendency of reduced CD8+ TM

frequencies and cell numbers in spleens of FRC!IL-7 mice (Fig. 4A
and B).

To analyze this IL-7-dependent TM defect in more detail,
CD44 and CD62L expression was analyzed on CD8+ T cells
from pLNs and spleens of FRCwt and FRC!IL-7 mice. Frequen-
cies and numbers of CD8+ CD44loCD62Lhi TN and CD44hiCD62Llo

TEM were indistinguishable in pLNs and spleens of FRCwt and
FRC!IL-7 mice (Fig. 4C–E). In apparent contrast, frequencies of
CD8+ CD44hiCD62Lhi TCM were significantly reduced in pLNs and
spleens of FRC!IL-7 mice (Fig. 4D). With regard to absolute CD8+

TCM numbers, this difference between both mouse strains was
limited to pLNs (Fig. 4E). CD4+ TN and CD4+ TEM frequencies
and numbers were unaltered in pLNs and spleens of FRCwt and
FRC!IL-7 mice (Fig. 4F–H). Similar to CD8+ TCM (Fig. 4D), fre-
quencies of CD4+ TCM were reduced in FRC!IL-7 pLNs but were
only slightly affected in spleens (Fig. 4G). Absolute cell numbers
were not significantly different in pLNs and spleens of both mouse
strains (Fig. 4H). Hence, Il7 gene inactivation in FRCs is associ-
ated with a reduction of CD8+ TCM, an effect that was by far less
pronounced for CD4+ TCM.

The survival of both, TN and TCM, critically relies on IL-7 [1,4]
suggesting that either incomplete Il7 gene inactivation or the pres-
ence of non-pLN-derived IL-7 created IL-7 levels in FRC!IL-7 pLNs
that were sufficient for TN survival but too low for TCM mainte-
nance. However, this assumption would predict different efficacies
of IL-7 utilization by TN and TCM. Consistent with this idea and
recent data [39], IL-7 treatment induced a more efficient IL-7
receptor α (IL-7Rα; CD127) down-regulation by CD8+ TN com-
pared to TCM (Supporting Information Fig. 3A). IL-7R signaling

leads to the phosphorylation of STAT5 that in turn regulates genes
controlling T cell survival [40,41]. Interestingly, more pronounced
IL-7Rα down-modulation by CD8+ TN (Supporting Information
Fig. 3A) correlated with more efficient STAT5 phosphorylation
(Supporting Information Fig. 3B). This argues for a more effective
utilization of IL-7 by CD8+ TN and provides an explanation for
their survival in FRC!IL-7 mice. Conversely, CD8+ TCM appear to
require higher levels of FRC-derived IL-7 for survival.

Unimmunized adult mice contain virtual memory CD8+ T cells
(CD8+ vTM), which are generated independently of foreign anti-
gen contact as a result of lymphopenia-induced proliferation (LIP)
in the neonatal phase [42–47]. As we have shown previously,
IL-7 promotes CD8+ vTM formation [45]. Whether and how FRC-
derived IL-7 also affects the formation/maintenance of foreign
antigen-specific CD8+ TCM was tested next. For this purpose,
FRCwt and FRC!IL-7 mice were reconstituted with TCR-transgenic
CD8+ OT-I T cells specific for the OVA-derived peptide SIINFEKL.
In order to mimic a viral infection, recipient mice were immunized
with a mixture of PolyI:C and SIINFEKL 24 h later. PolyI:C induces
pro-inflammatory cytokines such as IFN-α/β and IFN-γ, which pro-
mote IL-7 upregulation [24,48] and the subsequent formation and
maintenance of TM [8,49]. Thirty days after vaccination the num-
bers of splenic CD8+ OT-I TM were comparable between FRCwt

and FRC!IL-7 mice (Fig. 4I). However, similar to the experiments
shown above, TCM frequencies were clearly reduced in FRC!IL-7

mice whereas TEM appeared to be less dependent on FRC-derived
IL-7 (Fig. 4J and K). This finding indicates that FRC-derived IL-7
helps to maintain both, virtual as well as foreign antigen-specific
CD8+ TCM.

Discussion

In steady state, IL-7 is supposed to be produced at constant lev-
els [50], mainly by radio-resistant stromal cells [1,51]. TN and
TM express high levels of the IL-7R enabling them to remove IL-7
from the system continuously [50]. As soon as the peripheral T cell
pool reaches a critical size, IL-7 production and consumption reach
the equilibrium and the survival of additional T cells is prevented.
Hence, the maintenance of T cell homeostasis relies on the com-
petition for limiting amounts of IL-7 [14,50,52].

The seminal work by Link et al. identified LECs and FRCs as
main sources of IL-7 in pLNs. Additionally, co-culture experiments

!
in pLNs (left) and spleens (Sp; right) of FRCwt (Prx1-Cre+IL-7−/wt and Prx1-Cre+IL-7wt/wt) and FRC!IL-7 (Prx1-Cre+IL-7−/fl and Prx1-Cre+IL-7fl/fl) mice
by RT-qPCR in relation to Hprt. Data are representative of five to nine mice per group analyzed in two to five independent RT-qPCR experiments
and show mean ± SEM of triplicates. (D) Frequencies of viable TER-119−CD45− LSC subsets were determined in CD45-depleted LNs of FRCwt

(Prx1-Cre+IL-7−/wt) and FRC!IL-7 (Prx1-Cre+IL-7−/fl) mice. In three independent experiments, peripheral LNs of three mice were pooled and three
individual data points were acquired for FRCs, LECs, BECs, and DNs. Shown are pooled results (mean ± SEM). (E and G) Absolute numbers and the
(F and H) composition of the Vβ TCR repertoire were determined for (E and F) CD3+CD4+ and (G and H) CD3+CD8+ T cells in (E and G) pLN/Sp and (F
and H) Sp of FRCwt (Prx1-Cre+IL-7wt/wt) and FRC!IL-7 (Prx1-Cre+IL-7fl/fl) mice by flow cytometry. Data (mean ± SEM) were pooled from (E and G) three
independent experiments with a total of 11 mice per group and (F and H) two independent experiments with a total of six mice per group. (I and
J) Absolute numbers of (I) CD3+CD4+ and (J) CD3+CD8+ T cells were determined in pLNs and Sp of FRC/LECwt (Prx1-Cre+Lyve1-Cre−IL-7−/wt) and
FRC/LEC!IL-7 (Prx1-Cre+Lyve1-Cre+IL-7−/fl) mice. Data (mean ± SEM) were pooled from four to six independent experiments with a total of 10–11
mice per group. (A, B, D–J) Data were analyzed using flow cytometry. (C–J) Statistical significances were tested using a non-parametric two-tailed
Mann–Whitney U-test (!!!p " 0.001; !!!!p " 0.0001).
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Figure 4. FRC-derived IL-7 determines TCM abundance in pLNs. (A–E) CD3+CD8+ and (F–H) CD3+CD4+ T cells from pLNs and spleens (Sp) of FRCwt

(Prx1-Cre+IL-7wt/wt) and FRC!IL-7 (Prx1-Cre+IL-7fl/fl) mice were analyzed for their expression of the indicated molecules. (A, B, C, and F) Shown
are representative contour plots and numbers indicate percentages. Bar diagrams represent percentages or numbers of (A) CD44hiBcl-2hi, (B)
CD44hiEomeshi cells or (D, E, G, H) TN (CD44loCD62Lhi), TEM (CD44hiCD62Llo), and TCM (CD44hiCD62Lhi). (A–H) Data in bar diagrams represent pooled
results (mean ± SEM) from 10–11 mice combined and analyzed in three independent experiments. (I–K) FRC!IL-7 (Prx1-Cre+IL-7fl/fl) and FRCwt

(Prx1-Cre+IL-7wt/wt) mice (all Thy1.2+) received 7 × 105 naive CD8+Thy1.1+ OT-I T cells. Twenty-four hours later, recipient mice were vaccinated
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revealed that FRC-derived IL-7 promotes TN survival [9] suggest-
ing that circulating TN receive IL-7-dependent survival signals in
pLNs [14–17]. Besides its impact on TN homeostasis, IL-7 also
promotes the formation and maintenance of other pLN-homing
immune cells including CD8+ TCM [1,8,40] and RORγt+ type 3
innate lymphoid cells (ILC3) [53,54]. Therefore, a common pool
of FRC-derived IL-7 is supposed to regulate homeostasis of multi-
ple immune cells in pLNs [17].

There is accumulating evidence that CD8+ TN and TM pools are
regulated independently [55–57] indicating that they colonize dif-
ferent ecological niches [55–57]. In the immune system, ecological
niches are defined by the combination of resources affecting the
survival and function of a particular immune cell population [57].
In order to limit competition and enable the simultaneous survival
of multiple immune cell types, ecological niches must be segre-
gated. However, niche segregation of CD8+ TN and TCM appears
to be incomplete as suggested by their common IL-7 dependence
[40,56]. Nevertheless, we do not know yet if niche segregation
involves the IL-7-dependent spatial separation of both cell types.
The uneven distribution of IL-7-producing FRCs [29,58] suggests
that, similar to chemokines [59,60], areas of high and low IL-7
density exist in pLNs. Based on their differential IL-7 demands,
this assumption would predict the accumulation of CD8+ TN and
TCM in separate pLN regions. Of note, the degree of local CD8+ TN

and TCM segregation in pLNs varies strongly between experimental
systems [61,62]. Whether this context-dependent effect correlates
with the presence or absence of IL-7-producing FRCs in particular
regions is still unclear since, at least to our knowledge, reliable
reagents for IL-7 protein detection in pLNs are still missing.

Although we cannot fully exclude that different anatomical
locations modulate distinct aspects of IL-7-dependent CD8+ TN

and TCM homeostasis, our results indicate that variable IL-7 sen-
sitivities of CD8+ TN and TCM contribute to the segregation of
their ecological niches. In agreement with a recent study [39],
we confirmed that IL-7R signaling is less efficient in CD8+ TCM.
In a situation of limited IL-7 availability, this property would pro-
vide an explanation for the reduction of virtual as well as foreign
antigen-specific CD8+ TCM in FRC!IL-7 mice. Furthermore, our
results are in line with the current paradigm of IL-7-dependent
T cell homeostasis proposing that the optimized utilization of lim-
iting IL-7 amounts is prerequisite for the survival of the great-
est possible number of IL-7-dependent immune cells [63]. Based
on this model, the degree of competition between different IL-7-
consuming cells would be restricted and the limited space within
pLNs would be used most optimally [14,50].

The insensitivity of TN to FRC-specific Il7 inactivation may be
due to the fact that TN are anyway capable of surviving short
phases of IL-7 deficiency [63]. Indeed, IL-7 binding induces the
down-modulation of IL-7R expression by TN more rapidly than by

TCM rendering them insensitive to further IL-7 signals [63]. This
effect is transient and appears to fulfill at least two functions. First,
the amount of IL-7 consumed by a single TN is restricted thereby
optimizing IL-7 availability for other immune cells [63]. Second,
permanent IL-7R signaling would cause chronic T cell activation
and subsequent activation-induced cell death [64]. Keeping in
mind that (i) multiple organs produce IL-7 [24,25] and (ii) TN con-
tinuously circulate through the body, they may tolerate the partial
IL-7-deficiency in FRC!IL-7 pLNs because they received critical IL-7
signals elsewhere. Alternatively, incomplete Il7 gene inactivation
in FRC!IL-7 pLNs may allow the production of residual IL-7, which
is just sufficient to promote local TN survival. In any case, our
data demonstrate that TCM and TN do not tolerate the reduction of
IL-7 in FRC!IL-7 pLNs equally well. As shown for polyclonal CD8+

T cells in the steady state and for CD8+ OT-I T cells after vacci-
nation, TCM prove to be particularly sensitive to IL-7 ablation in
FRCs. However, CD8+ TCM are only partially reduced in FRC!IL-7

mice. Whether this is due to the survival of CD8+ TCM subsets with
reduced IL-7 demands remains to be shown in the future.

When we compared FRC!IL-7 and FRCwt pLNs, we did not
observe any obvious differences (Supporting Information Fig. 2A–
C). T and B lymphocyte distribution, stromal cell localization, and
relative distances between FRCs and lymphocytes appeared nor-
mal in FRC!IL-7 mice (Supporting Information Fig. 2A–C). Further-
more, chemokine expression was comparable between FRC!IL-7

and FRCwt pLNs (Supporting Information Fig. 2D) and ILC3 con-
tributing to the IL-7-dependent regulation of T cell homeosta-
sis [51,54,65] were similarly abundant (Supporting Information
Fig. 2E). Hence, our findings argue for normal LN development
and function in the absence of FRC-derived IL-7. This strongly
suggests that the reduction of TCM in FRC!IL-7 results from a lack
of IL-7-dependent homing/survival signals rather than structural
and/or functional alterations of FRC!IL-7 pLNs.

In summary, we provide evidence that IL-7 produced by pLN
FRCs regulates T cell homeostasis. As opposed to the current
model, our data demonstrate that pLN FRC-derived IL-7 is of lim-
ited importance for the local and systemic survival of TN. On the
contrary, the maintenance of TCM critically relies on steady state
levels of FRC-derived IL-7 suggesting that TN and TCM colonize
different ecological niches in vivo.

Material and Methods

Mice

Prx1-Cre [66] (stock no. 005584) and Lyve1-Cre [30] (stock
no. 012601) mice were purchased from The Jackson Laboratory.

!
i.v. with a mixture of 50 µg SIINFEKL and 50 µg PolyI:C. Thirty days post vaccination, recipient splenocytes were analyzed by flow cytometry. (I)
Cell numbers and (K) frequencies of TEM (CD44hiCD62Llo) and TCM (CD44hiCD62Lhi) were determined after gating on CD8+Thy1.1+ OT-I T cells. (J)
Shown are representative contour plots and numbers indicate percentages. (I and K) Shown are pooled results (mean ± SEM) from eight to nine
mice analyzed in three independent experiments. (A–K) Data were analyzed using flow cytometry. Statistical significances were tested using a
non-parametric two-tailed Mann–Whitney U-test (!p " 0.05; !!p " 0.01; !!!p " 0.001).
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Together with IL-7−/− [3], PGK-Cre [27], Flpo [67], Rag1−/−

Thy1.1+ OT-I [68], and ROSA26RFP [33] mice, they were main-
tained under specific pathogen-free conditions at the central ani-
mal facility of the Medical Faculty of the Otto-von-Guericke-
University Magdeburg. Whenever possible, control littermates
were used. Experimental procedures were approved by the rel-
evant animal experimentation committee and performed in com-
pliance with international and local animal welfare legislations
(Landesverwaltungsamt Sachsen-Anhalt Permit Number: 42502-
2-1288 UniMD).

Generation of IL-7fl/fl mice and genotyping

The C57BL6/N (B6) embryonic stem cell (ES) line JM8A3.N1
harboring the “knockout-first” allele Il7tm1a(EUCOMM)Wtsi was pro-
vided by The European Conditional Mouse Mutagenesis Pro-
gram (EUCOMM). Mice harboring the Il7tm1a(EUCOMM)Wtsi allele
were generated by standard blastocyst injection and crossed to
Flpo-transgenic mice [67] in order to remove the FRT-flanked
part of the targeting construct (Supporting Information Fig. 1A).
Resulting mice harboring floxed Il7 alleles (Il7fl) were crossed
to the indicated Cre-transgenic mice in order to delete exons
3 and 4. Mice were genotyped by PCR using the forward
primer 5’-AGAGGATGCAGGGACACATCTGCC-3 (upstream FRT
site 1), the reverse primers 5‘-ATTTTCCTGATTCTACTTACTGGC-
3‘ (upstream exon 3) and 5‘-CAACGGGTTCTTCTGTTAGTCC-3‘
(downstream FRT site 1) exhibiting a 445 bp band for the
Il7tm1a(EUCOMM)Wtsi allele, a 680 bp band for the floxed Il7 allele,
and a 523 bp band for the WT allele.

Cell isolation

To obtain single cell suspensions from pLNs and spleens, organs
were forced through metal strainers in PBS/2 mM EDTA (Carl
Roth) and erythrocytes were lysed. For erythrocyte lysis, spleen
cells were re-suspended in ammonium-chloride-potassium lysis
buffer for 90 s followed by the addition of RPMI 1640 (Biochrom)
containing 10% (v/v) FCS (PAN Biotech) and 1% (v/v) peni-
cillin/streptomycin (P/S; Gibco). After centrifugation, spleen cells
were re-suspended in PBS/2 mM EDTA and filtered through 40 µm
cell strainers (Corning, Durham, NC).

For LSC and ILC isolation, fat-free pLNs were cut into small
(1 × 1 mm) pieces in RPMI 1640/10% FCS/1% P/S. Peripheral
LN fragments were vortexed and the supernatant was removed
after the organ pieces had settled. This process was repeated three
times. Cells in the supernatant were collected and ILCs were ana-
lyzed by flow cytometry. pLN fragments were transferred into
12-well plates containing 1 mL digestion medium I (0.2 mg/mL
Collagenase P [Roche], 0.2 mg/mL Dispase II [Roche], 10 µg/mL
DNase I [Sigma], and 5 µg/mL Latrunculin B [Calbiochem] in
RPMI 1640 supplemented with 10% FCS/1% P/S). After incuba-
tion for 30 min at 37°C and 5% (v/v) CO2, 1 mL digestion medium
II (0.4 mg/mL Collagenase P, 0.2 mg/mL Dispase II, 10 µg/mL

DNase I, and 5 µg/mL Latrunculin B in RPMI 1640/10% FCS/1 %
P/S) was added and the samples were re-suspended. After incu-
bation for 30 min at 37°C and 5% CO2, 0.5 mL RPMI 1640/10%
FCS/1% P/S/ 10 mM EDTA was added to stop digestion. Cell
suspensions were filtered through 70 µm cell strainers and cells
were washed with PBS/2 mM EDTA. Cells were resuspended in
PBS/2 mM EDTA and filtered through 40 µm cell strainers.

Adoptive T cell transfer

Naive (CD44loCD62Lhi) CD8+ T cells (Supporting Information
Fig. 6C) expressing a transgenic TCR (Vα2Vβ5) specific for the
chicken OVA-derived, H2-Kb–restricted peptide OVA257–264 (SIIN-
FEKL), were isolated from LNs and spleen of Rag1-/- Thy1.1+

OT-I mice using CD8a-specific MicroBeads and AutoMACS (Mil-
tenyi Biotec) according to the manufacturer’s recommendations.
Thy1.2+ recipients received 4–7 × 105 OT-I T cells (purity >

81.7%) via i.v. injection into the tail vein. Twenty-four hours after
T cell transfer recipient mice were immunized with a mixture of
50 µg SIINFEKL (Biosyntan) and 50 µg PolyI:C (Invivogen).

In vitro IL-7 stimulation

Single cell suspensions of peripheral and mesenteric lymph nodes
were adjusted to 5 × 106 cells/mL and incubated for 30 min
at 37°C and 5% CO2 in RPMI 1640 supplemented with 10%
FCS/1% P/S/2 mM L-glutamine (Gibco)/1 mM sodium pyru-
vate (Gibco)/0.1 mM HEPES (Gibco)/50 µM 2-mercaptothanol
(Sigma) and 1 ng/mL recombinant mouse (protein carrier free)
IL-7 (EBioscience, Thermo Fisher Scientific).

Flow cytometry cell sorting of LSCs

LSCs were isolated from peripheral and mesenteric lymph nodes
as described above. LN cells were incubated with purified anti-
CD16/32 (2.4G2 ATCC R© HB-197TM ) in staining buffer (PBS/0.5%
[w/v] BSA (AppliChem)/2 mM EDTA) for 10 min at 4°C. Sub-
sequently, cells were stained with biotinylated CD45- and TER-
119-specific antibodies in staining buffer containing anti-CD16/32
for 30 min at 4°C. CD45+ and TER-119+ cells were depleted
using Dynabeads Biotin Binder (Invitrogen). In brief, cells were
re-suspended in staining buffer to 1 × 107 cells/mL and 50 µL
pre-washed magnetic beads were added. Cells were incubated
for 30 min at 4°C under gentle rotation and CD45+ and TER-
119+ cells were removed subsequently using a DynaMag-15
(Thermo Fisher Scientific). Remaining cells were stained with
fluorochrome-labeled gp38- and CD31-specific antibodies as well
as streptavidin-FITC for 30 min at 4°C. Finally, after wash-
ing with PBS/2 mM EDTA, the cells were re-suspended in
RPMI 1640/10% FCS/1% P/S. For dead cell exclusion, 7-amino-
actinomycin D (7-AAD; BioLegend) was added 5 min prior to cell
sorting using a FACSARIA III (Becton Dickinson). Live (7-AAD−),
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TER-119−CD45− LSC subsets were sorted based on their differen-
tial gp38/CD31 expression. Purities of the indicated LSC subsets
were >73.3 % (data not shown).

Flow cytometry

The following reagents were purchased from BioLegend: anti-
mouse Bcl-2 (10C4), CD3 (145-2C11), CD3 (17A2), CD4 (RM4-5),
CD5 (53-7.3), CD8a (53-6.7), CD11c (N418), CD19 (6D5), CD44
(IM7), CD45 (30-F11), CD62L (MEL-14), CD127 (A7R34), gp38
(8.1.1), Gr1 (RB6-8C5), NK1.1. (PK136), TER-119 (TER-119),
Thy1.1 (OX-7), Vα2 (B20.1), 7-AAD viability staining solution, and
streptavidin-FITC. Anti-mouse CD31 (390), Eomes (Dan11mag),
and RORγ(t) (B2D) were purchased from eBioscience. Anti-mouse
CD45R (B220; RA3-6B2) and the anti-mouse TCR Vβ screen-
ing panel were purchased from BD Biosciences. Prior to stain-
ing with fluorochrome-labeled antibodies, single cell suspensions
were incubated with 50 µL of anti-mouse CD16/32 in staining
buffer for 10 min at 4°C. Afterward, cells were incubated with
50 µL of fluorochrome-labeled antibodies diluted in anti-CD16/32
containing staining buffer. After incubation for 30 min at 4°C,
cells were washed with 200 µL PBS/ 2 mM EDTA. For intranu-
clear stainings (except pSTAT5), samples were processed using
the FoxP3/Transcription Factor Staining Buffer Set (eBioscience,
Thermo Fisher Scientific) according to the manufacturer’s rec-
ommendations. For staining of pSTAT5, cell samples were fixed
for 30 min at 4°C with Fixation Buffer (BioLegend) and washed
with 200 µL Intracellular Staining Permeabilization Wash Buffer
(BioLegend). Subsequently, cells were incubated with anti-mouse
pSTAT5 Y694 (47; BD Biosciences) in wash buffer for 30 min at
4°C, washed with 200 µL Wash Buffer and finally resuspended in
PBS/2 mM EDTA prior to analysis. For LSC analyses, 7-AAD was
added 5 min prior to data acquisition. Samples were measured on
a LSRFortessa (Becton Dickinson) and analyzed with FlowJo 9/10
software (FlowJo, LLC) according to the “Guidelines for the use
of flow cytometry and cell sorting in immunological studies” [69].
Individual gating strategies are depicted in Supporting Informa-
tion Figs. 1, 2, and 4–6.

Reverse transcriptase PCR (RT-PCR) and real-time
quantitative PCR (RT-qPCR)

Colon samples were transferred into CK14 2 mL tubes
(Peqlab/VWR) containing 700 µL TRIzol reagent (Invitrogen)
and homogenized in a Precellys 24 homogenizer (Peqlab/VWR).
Peripheral LNs were transferred into CK14 0.5 mL tubes
(Peqlab/VWR) containing 200 µL TRIzol reagent and homoge-
nized. Sorted LSCs were re-suspended in 500 µL TRIzol reagent.
For RNA extraction, chloroform (Sigma–Aldrich) was added and
total RNA was isolated according to the manufacturer’s instruc-
tions.

Isolated RNA was quantified by photometric Nanodrop
(Thermo Fisher Scientific) measurement. RNA was reverse-

transcribed using random hexamer primers and the advantage
RT-for-PCR kit (Takara Clontech) according to the manufacturer’s
instructions.

For RT-PCR analyses of colon samples, the Taqman R© Gene
Expression Master Mix (Thermo Fisher Scientific) and the fol-
lowing TaqMan R© Gene Expression Assays (Thermo Fisher Scien-
tific) were used according to the manufacturer’s instructions: Il7
(FAM-MGB probe Mm01295804 m1) and Hprt (FAM-MGB probe
Mm00446968 m1). PCR products were analyzed by agarose gel
electrophoresis.

For RT-qPCR analyses of sorted LSCs and whole pLNs, the
Taqman R© Gene Expression Master Mix (Thermo Fisher Sci-
entific) and the following TaqMan R© Gene Expression Assays
(Thermo Fisher Scientific) were used according to the manufac-
turer’s instructions: Ccl19 (FAM-MGB probe Mm00839967 g1),
Ccl21 (FAM-MGB probe Mm03646971 gH), Cxcl9 (FAM-
MGB probe Mm000434946 m1), Cxcl10 (FAM-MGB probe
Mm00445235 m1), Cxcl13 (FAM-MGB probe Mm00444534 m1),
Il7 (FAM-MGB probe Mm01295805 m1), and Hprt (FAM-MGB
probe Mm00446968 m1). Samples were analyzed in triplicates
and CT values were exported from the ABI PRISM 7000 (Applied
Biosystems) sequence detection system. The relative quantifica-
tions were calculated according to the !CT method.

Automated multidimensional fluorescence
microscopy by multi-epitope-ligand cartography

Multi-epitope-ligand cartography (MELC) was performed as
described previously [70]. Briefly, pLNs were embedded into
Tissue-Tek R© O.C.T.TM compound (Sakura Finetek), frozen on dry
ice, and stored at –80°C. Ten micrometer cryo-sections adhered
to silane-coated cover slides (Thermo Fisher Scientific) were
fixed with PBS/2% (w/v) paraformaldehyde (Sigma–Aldrich),
permeabilized with PBS/0.2% (v/v) Triton-X-100 (Carl Roth)
and blocked with PBS/1 % (w/v) BSA (Sigma–Aldrich) + 30%
(v/v) normal goat serum (Invitrogen). Tissue samples were trans-
ferred to an inverted wide-field fluorescence microscope (Leica
DMi8, 20× air lens NA 0.80; Leica Microsystems). The auto-
mated cyclic robotic process started with the incubation of the
first fluorochrome-labeled antibody (tag). After a series of wash-
ing steps, the fluorescence signals and a corresponding phase con-
trast image were acquired by a cooled charge-coupled device cam-
era (Apogee KX4; Apogee Instruments). The specific signal of the
given tag was removed by bleaching the fluorescent dye followed
by recording of post-bleaching fluorescence signals and repetition
of incubation-imaging-bleaching-cycle. The appropriate working
dilutions, incubation times, and positions within the MELC exper-
iment of the used tags (anti-mouse CD3 (17A2), CD31 (390),
CD8a (53-6.7), gp38 (8.1.1), CD45 (30-F11), CD54 (YN1/1.7.4),
CD44 (IM7), and CD45R/B220 (RA3-6B2) were purchased from
BioLegend, anti-mouse CD4 (RM4-5) from BD Biosciences, PI from
Sigma–Aldrich) were validated systematically using conditions
suitable to MELC [70]. The series of fluorescence images produced
by each tag were aligned pixel-wise using the corresponding phase
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contrast images. The automated algorithm reaches an alignment
accuracy of 0.1 pixels. Illumination faults of the images were cor-
rected using flat-field correction. Post-bleaching images were sub-
tracted from the following fluorescence tag images. Section arti-
facts were excluded as invalid by a manual mask-setting process.
We developed pipelines for the Cell Profiler software package [71]
in order to detect (i) all cells within the tissue section using the
staining of PI, CD45, CD44, and CD54, and (ii) to create masks
for gp38 and CD31 positive signals. Using these masks of gp38
and CD31 the FRC region was defined as gp38+ and CD31−. For
each cell, the mean fluorescent intensity and the smallest distance
to the reference region FRC was calculated. The resulting matrix
of intensities and distances were exported into an FCS file and
uploaded to the online cytometry analysis platform “cytobank.org”
for multiparametric analysis.

Statistical analyses

Statistical analyses and graphical representations were per-
formed using Prism 5.0d/f (GraphPad Software Inc.). Statistical
significances were determined using non-parametric two-tailed
Mann–Whitney U tests; *p ! 0.05; **p ! 0.01; ***p ! 0.001;
****p ! 0.0001.
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Figure S1. Generation of conditional IL-7 knockout (IL-7fl/fl) mice. (A) Schematic 
representations of the wild type Il7 (Il7wt), the targeted “knockout-first” allele Il7tm1a(EUCOMM)Wtsi, 
the "floxed" Il7 (Il7fl) and the conditional Il7 knockout allele. The C57BL6/N (B6) embryonic 
stem (ES) cell line JM8A3.N1 harboring the “knockout-first” allele Il7tm1a(EUCOMM)Wtsi was 
provided by EUCOMM. Mice harboring the Il7tm1a(EUCOMM)Wtsi allele were crossed to transgenic 
mice ubiquitously expressing the recombinase Flpo [67] in order to remove the FRT-flanked 
sequences. The resulting "floxed" Il7 allele (Il7fl) carries loxP sites flanking exons 3 and 4 and 
can be inactivated by Cre-mediated recombination generating a conditional Il7 knockout 
allele. (B) RNA was isolated from the colon of the indicated mouse lines and analyzed for the 
relative abundance of Il7 and Hprt mRNA by RT-PCR. Each lane represents an individual 
mouse. In total 6-8 mice per group were analyzed in 2 independent experiments. (C, D) 
Representative gating strategies for flow cytometric analyses of splenic (C) CD3+CD4+ or 
CD3+CD8+ T cells and (D) B220+ B cells (Figure 1). Numbers indicate percentages. 
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Figure S2. FRC-derived IL-7 does not alter the spatial distribution of T and B cells or 
stromal cells in the pLNs. (A-C) Multi-epitope ligand cartography (MELC) was performed 
for pLNs from FRCwt (Prx1-Cre+IL-7wt/wt) and FRCΔIL-7 (Prx1-Cre+IL-7fl/fl) mice (resolution: 
0.45 μm per pixel; scale bars = 100 μm). (A, B) Shown are single and combined 
fluorescence signals for (A) CD3 (green) and B220 (red) and (B) for gp38 (green) and CD31 
(red). (C) Distances between CD3+CD4+, CD3+CD8+ or B220+ cells and next neighboring 
FRCs were calculated as described in Materials and Methods. Data represent pooled results 
(mean + SEM) from 6 mice per group analyzed in 3 independent experiments. (D) Relative 
Ccl19, Ccl21, Cxcl9, Cxcl10 or Cxcl13 mRNA amounts were determined in pLNs of FRCwt 
(Prx1-Cre+IL-7-/wt and Prx1-Cre+IL-7wt/wt) and FRCΔIL-7 (Prx1-Cre+IL-7-/fl and Prx1-Cre+IL-7fl/fl) 
mice by RT-qPCR in relation to Hprt. Data are representative of 7-8 mice per group analyzed 
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in four independent RT-qPCR experiments and show mean + SEM of triplicate averages. (E) 
Peripheral LNs of FRCwt (Prx1-Cre+IL-7wt/wt) and FRCΔIL-7 (Prx1-Cre+IL-7fl/fl) mice were 
analyzed by flow cytometry for frequencies and absolute cell numbers of RORγt+ ILC3s after 
gating on lineage- (negative for CD3, CD5, CD8, CD11c, CD19 and Gr1) CD45+ cells. Shown 
is the gating strategy, representative contour plots (numbers indicate percentages) and 
pooled results (mean + SEM) from 3 independent experiments with a total of 7-9 mice per 
group.  
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Figure S3. CD8+ TN utilize IL-7 more efficiently than CD8+ TM. (A, B) LN cells from IL-7-
competent mice (Prx1-Cre-IL-7wt/wt and Prx1-Cre-IL-7fl/fl) were incubated for 30 min with 
recombinant mouse IL-7 (1 ng/mL). Mean fluorescence intensities (MFIs) of (A) CD127 (IL-
7Rα) and (B) phospho-STAT5 (pSTAT5) were calculated in relation to MFIs measured 
before stimulation in CD3+CD8+ TN (CD44loCD122lo) and TM (CD44hiCD122hi). Data in bar 
diagrams represent pooled results (mean + SEM) from five data points measured in one 
experiment. For each data point the LNs of two mice were pooled.  
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Figure S4. Representative gating strategies for flow cytometry cell sorting and flow 
cytometric analyses of LSCs. (A, B) Shown are representative gating strategies for (A) 
Figure 2A and 3D and (B) for Figures 3A and B. (A, B) Numbers indicate percentages. 
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Figure S5. Representative gating strategies for flow cytometric analyses of T cells. (A, 
B) Shown are representative gating strategies for (A) Figures 2B-H; 3E, G, I, J and 4C-H and 
(B) for Figures 3F and H. (A, B) Numbers indicate percentages. 
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Figure S6. Representative gating strategies for flow cytometric analyses of Bcl-2, 
Eomes, CD127 and pSTAT5 expression in T cells and gating strategy of OT-I T cells. 
(A-D) Shown are representative gating strategies for Figures 4A and B, (B) Figures S3A and 
S3B, (C) the purification procedure of CD8+Thy1.1+ OT-I T cells and (D) for Figures I-K. (A-
D) Numbers indicate percentages. 
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Figure 5-1. Graphical representation of Knop et al., 202217. The pro-inflammatory cytokine IFN-I is released 
upon inflammation26 and acts on several immune cell types that modulate CD8+ T cell responses92–94. It was shown 
that LSCs, such as FRCs, express the IFNAR at high levels12,112,137. Whether, IFNAR signaling in FRCs regulates 
the differentiation of CD8+ TM remained an open question. We show in Knop et al., 2022, that memory fate decision 
of CD8+ T cells is regulated by IFNAR signaling in FRCs17. Interestingly, FRC-specific IFNAR signaling modulates 
TM differentiation in a context-dependent manner: during transfer of OT-I CD8+ T cells and vaccination with 
SIINFEKL-peptide and lipopolysaccharide (LPS) and during vesicular stomatitis virus (VSV) infection. This figure 
was created using illustrations from www.bioicons.com21. 
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Research Article

IFNAR signaling in !broblastic reticular cells can
modulate CD8+ memory fate decision

Laura Knop*1, Julia Spanier*2, Pia-Katharina Larsen2, Amelie Witte1,
Ute Bank1, Ildiko R. Dunay3, Ulrich Kalinke**2 and Thomas Schüler**1

1 Institute of Molecular and Clinical Immunology, Medical Faculty, Otto-von-Guericke
University, Magdeburg, Germany

2 Institute for Experimental Infection Research, TWINCORE, Centre for Experimental and
Clinical Infection Research, Helmholtz Centre for Infection Research and the Hannover
Medical School, Hannover, Germany

3 Institute of Inflammation and Neurodegeneration, Medical Faculty, Otto-von-Guericke
University, Magdeburg, Germany

CD8+ memory T cells (TM) are crucial for long-term protection from infections and cancer.
Multiple cell types and cytokines are involved in the regulation of CD8+ T cell responses
and subsequent TM formation. Besides their direct antiviral effects, type I interferons (IFN-
I) modulate CD8+ T cell immunity via their action on several immune cell subsets. How-
ever, it is largely unclear how nonimmune cells are involved in this multicellular network
modulating CD8+ TM formation. Fibroblastic reticular cells (FRCs) form the 3D scaffold
of secondary lymphoid organs, express the IFN-I receptor (IFNAR), and modulate adap-
tive immune responses. However, it is unclear whether and how early IFNAR signals in
lymph node (LN) FRCs affect CD8+ TM differentiation. Using peptide vaccination and viral
infection, we studied CD8+ TM differentiation in mice with an FRC-speci!c IFNAR dele-
tion (FRC!IFNAR). We show here that the differentiation of CD8+ TCR-transgenic T cells
into central memory cells (TCM) is enhanced in peptide-vaccinated FRC!IFNAR mice. Con-
versely, vesicular stomatitis virus infection of FRC!IFNAR mice is associated with impaired
TCM formation and the accumulation of vesicular stomatitis virus speci!c double-positive
CD127hiKLRG-1hi effector memory T cells. In summary, we provide evidence for a context-
dependent contribution of FRC-speci!c IFNAR signaling to CD8+ TM differentiation.

Keywords: FRCs ! IFNAR ! T cell memory

! Additional supporting information may be found online in the Supporting Information section
at the end of the article.

Introduction

Besides diverse subsets of immune cells, secondary lymphoid
organs (SLOs) harbor nonhematopoietic stromal cells that con-

Correspondence: Thomas Schüler
e-mail: thomas.schueler@med.ovgu.de

stitute the 3D scaffold of the respective organ [1]. The induction
of CD8+ T cell responses in SLOs relies on an intact fibroblastic
reticular cell (FRC) network [2]. For the initiation of CD8+ T cell
responses, FRC-derived chemokines, such as CCL19 and CCL21,
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are required to attract sufficient naïve CD8+ T cells to SLOs where
priming occurs [3]. Furthermore, CCL19 and CCL21 guide CD8+

T cells to areas, where survival factors, such as interleukin-7 (IL-
7), are available [4–6]. We have shown recently that FRCs are
the major source of IL-7 in lymph nodes (LNs). The FRC-specific
deletion of IL-7 caused the selective reduction of CD8+ central
memory T cells (TCM), whereas naïve T cells were unaffected
[7]. This implies an important contribution of FRCs to CD8+ TCM

differentiation and/or survival [8]. However, the up-stream sig-
naling events involved in the FRC-mediated modulation of IL-7-
dependent CD8+ memory T cell (TM) homeostasis are still unclear.

FRCs are equipped with various cytokine receptors includ-
ing those for type I interferons (IFN-I) [9–11]. IFN-I receptor
(IFNAR) signaling promotes Il7 gene activity [12] and modulates
effector CD8+ T cell (TEFF) responses at multiple levels [13]. For
example, it promotes the T cell priming capability of dendritic
cells [14], modulates CD8+ T cell homing to SLOs [15], amplifies
TCR signals [16], and protects CD8+ T cells from natural killer
cell-mediated killing [17]. A recent report demonstrated that
FRCs contribute to the IFNAR-dependent regulation of antiviral
CD8+ TEFF responses [18]. However, it remained unclear whether
IFNAR signaling in FRCs affects CD8+ TM formation and/or
maintenance.

Here, we analyzed CD8+ T cell responses in mice lacking
IFNAR signaling selectively in FRCs (FRC!IFNAR). We show that
the development of TCM is enhanced in FRC!IFNAR mice recon-
stituted with TCR-transgenic (TCRtg) CD8+ T cells and subse-
quent peptide vaccination. In response to vesicular stomatitis
virus (VSV) infection, however, CD127hiKLRG-1hi CD8+ effector
memory (TEM)-like cells accumulate in FRC!IFNAR mice indicat-
ing that the type of immunogen determines the impact of FRC-
specific IFNAR signals on CD8+ TM differentiation. In summary,
our data provide evidence for a context-dependent contribution
of IFNARsignaling in FRCs to CD8+ TM fate decision.

Results

IFNAR signaling in FRCs determines OT-I TM

differentiation

Prx1-Cre mice [19] allow selective gene targeting of LN FRCs
[7]. To assess whether IFNAR signaling in FRCs affects TM dif-
ferentiation, Prx1-Cre mice were intercrossed with conditional
IFNAR knockout (IFNARfl/fl) mice [15] to obtain FRC!IFNAR mice.
Prx1-Cre+ mice harboring intact Ifnar1 alleles served as controls
(FRCwt).

In a first approach, CD8+ TCRtg OT-I T cells, which are spe-
cific for the ovalbumin-derived peptide SIINFEKL, were adop-
tively transferred to FRC!IFNAR and FRCwt mice. The following
day, recipient mice were vaccinated intravenously with a mixture
of SIINFEKL and LPS, which activates IFNAR signaling within 12 h
[9]. The analysis of the spleen, peripheral LNs and bone marrow
(BM) on days 7, 14, and 30 post vaccination (dpv) revealed that

numbers of OT-I T cells were very similar in FRC!IFNAR and con-
trol mice at any given time point (Fig. 1A).

Notably, on day 30 the frequencies of CD44hiCD62Lhi OT-I TCM

were increased in the spleen of FRC!IFNAR mice (Fig. 1B and C).
Correspondingly, the abundance of CD44hiCD62Llo OT-I TEM was
reduced at this time point (Fig. 1B and C). In contrast, in LNs and
BM TCM/TEM ratios were overall similar in both mouse lines at all
time points analyzed, although LN TCM frequencies were reduced
at 14 dpv in FRC!IFNAR mice. On days 7 and 14, frequencies of
CD44hiCD62Lhi and CD44hiCD62Llo OT-I cells were indistinguish-
able in spleens of FRC!IFNAR mice and controls, similar to PD-1
and Ki-67 levels at 30 dpv (Fig. 1E and F). Interestingly, at this
timepoint, elevated frequencies of splenic CD127hiKLRG-1lo and
IFN-γ+TNF-α+ OT-I TM correlated with increased Bcl-2 expression
in FRC!IFNAR mice (Fig. 1D, G, and H). Thus, the lack of IFNAR
signaling in FRCs favors the generation of long-lived, polyfunc-
tional OT-I TCM.

Early IFNAR signals in FRCs modulate chemokine
levels in activated LNs

Within the first few hours after primary antigen contact, CD8+

TM development is programmed [20, 21]. Importantly, transient
IFNAR blockade in the early phase of antiviral immune responses
improves CD8+ TM formation [22]. To address whether FRC-
intrinsic IFNAR signals in the priming phase affect CD8+ TM for-
mation [9], we first analyzed the frequencies and phenotypes of
FRCs from OT-I-reconstituted FRC!IFNAR and FRCwt mice 24 h
after peptide vaccination (+OT-I). Untreated mice served as con-
trols (-OT-I). As shown in Fig. 2A, LN stroma composition and
FRC frequencies were comparable in vaccinated FRC!IFNAR and
FRCwt mice. Similar results were obtained with untreated mice.
Hence, altered TCM/TEM ratios in FRC!IFNAR mice at 30 dpv do
not result from early alterations in FRC frequencies.

Besides the production of CCL19 and CCL21 in the steadys-
tate [4, 23], LN stromal cells upregulate CXCL9 and CXCL10
in response to infection-induced IFNAR signaling [9, 24, 25].
Localization of CD8+ TEFF within LNs and subsequent memory
fate decision is regulated by the CXCL9/CXCL10-binding recep-
tor CXCR3 [26]. However, it was not clear to which extent IFNAR
signaling in FRCs contributes to the overall production of CCL19,
CCL21, CXCL9, and CXCL10 in LNs. To address this, chemokine
mRNA levels were determined in LNs of treated (+OT-I; 24 h
post vaccination) and untreated (-OT-I; - vaccination) FRC!IFNAR

and FRCwt mice (Fig. 2B). Ccl21 mRNA was most abundant in
untreated mice and declined in treated recipient mice, irrespective
of their genotype (Fig. 2B). In contrast, Cxcl9 and Cxcl10 expres-
sion increased after vaccination in OT-I-reconstituted FRC!IFNAR

and FRCwt mice, but to a lesser extent in FRC!IFNAR mice than
in controls. Hence, vaccination-induced Ccl21 downregulation is
independent of IFNAR signaling in FRCs, whereas the upregula-
tion of Cxcl9 and Cxcl10 is affected by IFNAR triggering. Corre-
spondingly, Il7 expression was slightly lower in LNs of vaccinated
FRC!IFNAR mice (Fig. 2C).

© 2022 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH

www.eji-journal.eu
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Figure 1. IFNAR signaling in FRCs determines OT-I TM differentiation. (A–H) Twenty-four hours after reconstitution with CD8+ Thy1.1+ OT-I T cells,
Thy1.1– FRCwt and FRC!IFNAR mice (all Thy1.1−) were immunized with amixture of SIINFEKL and LPS. 7, 14, and/or 30/31 days post vaccination (dpv)
OT-I T cells were isolated from lymph nodes (LN), spleen (Sp), or bone marrow (BM) and analyzed by !ow cytometry. (A) Numbers of CD8+ Thy1.1+

OT-I T cells in FRC!IFNAR and FRCwt mice are shown at 7, 14, and 30/31 dpv. (B, D) Representative contour plots are shown for the (B) CD44/CD62L
or (D) CD127/KLRG-1 expression pro"les after gating on CD8+ Thy1.1+ OT-I T cells at 30/31 dpv in the spleen. Numbers indicate percentages of the
respective population. (C) Frequencies of central memory (TCM; CD44hiCD62Lhi) and effector memory (TEM; CD44hiCD62Llo) after gating on CD8+

Thy1.1+ OT-I T cells are summarized in bar diagrams. (D) Frequencies of CD127hiKLRG-1lo after gating on CD8+ Thy1.1+ OT-I T cells are summarized
in bar diagrams. (E–G) The expression of (E) PD-1, (F) Ki-67, and (G) Bcl-2 was analyzed after gating on CD8+ Thy1.1+ CD44hi OT-I T cells at 30/31 dpv.
Shown are representative histograms (!uorescence minus one control in gray) and data for gMFIs are summarized in bar diagrams. (H) Splenocytes
were restimulated in vitro for 4 h with 1 µMSIINFEKL. Shown are representative contour plots for the IFN-γ/TNF-α expression pro"le after gating on
CD8+ Thy1.1+ OT-I T cells at 30/31 dpv. Numbers indicate percentages. Frequencies of IFN-γ+TNF-α+ cells after gating on CD8+ Thy1.1+ OT-I T cells
at 30/31 dpv are summarized in bar diagrams. (A–H) Data are representative of 4–10 mice analyzed in two independent experiments. Bar diagrams
represent mean ± SD. Statistical comparisons were made via Mann–Whitney U test and statistically signi"cant values are indicated (*p ≤ 0.05;
**p ≤ 0.01). FRCs, "broblastic reticular cells; IFNAR, IFN-I receptor.

© 2022 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH
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Figure 2. FRC functions are largely unaltered in FRC!IFNAR mice before and during adoptive T cell transfer. (A–D) Untreated (-OT-I, -vaccination)
FRC!IFNAR and FRCwt mice or FRC!IFNAR and FRCwt mice receiving OT-I and SIINFEKL/LPS were analyzed 1 dpv (+OT-I,+ vaccination; as described in
Fig. 1). (A) Frequencies of TER-119-CD45- LSC subsets were determined in LNs by !ow cytometry. Based on their differential expression of gp38 and
CD31, live TER-119−CD45− LN LSCs can be subdivided into gp38+CD31− FRCs, gp38+CD31+ lymphatic endothelial cells (LECs), gp38−CD31+ blood
endothelial cells (BECs), and gp38−CD31− DNs. LNs of three mice were pooled in each of three independent experiments. Bar diagrams show mean
± SD from three data points. (B, C) Relative (B) Ccl19,Ccl21,Cxcl9, and Cxcl10 or (C) Il7mRNA amounts were determined in LNs by RT-qPCR in relation
to Hprt. Data (mean ± SD) are representative of six mice per group analyzed in (B) three or (C) one RT-qPCR experiment(s). (D) Relative !uorescence
intensities for H-2kb, CD44, ICAM-1, VCAM-1, and PD-L1, analyzed by !ow cytometry on viable TER-119-CD45–gp38+CD31- FRCs isolated from LNs.
Gray curves indicate !uorescence minus one (FMO) control lacking the H-2kb, CD44, ICAM-1, VCAM-1, or PD-L1 antibody, respectively. Histograms
are representative of two independent experiments each with pooled LNs from two to three mice per group. (A–C) Statistical comparisons were
made via Mann–Whitney U test and statistically signi"cant values are indicated (*p ≤ 0.05). FRCs, "broblastic reticular cells; LN, lymph node; LSCs,
lymphoid stromal cells.

On the contrary, FRCs derived from untreated FRC!IFNAR and
FRCwt mice expressed similar levels of the cell surface molecules
H-2Kb, CD44, ICAM-1, VCAM-1, and PD-L1. Upon vaccina-
tion, FRCs similarly upregulated these molecules in FRC!IFNAR

and FRCwt mice (Fig. 2D). Comparable results were obtained
for lymphatic endothelial cells (LECs), blood endothelial cells
(BECs), and double-negative cells (DNs) (Supporting information
Fig. S1).
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Figure 3. IFNAR signaling in FRCs regulates CD8+ T cell memory differentiation during vesicular stomatitis virus (VSV) infection. (A–E) FRC!IFNAR

and FRCwt mice were infected i.v. with 2×106 plaque forming units of VSV.Mice were bled before and on days 5, 7, 9, and 30 post infection (dpi), and
blood was analyzed for CD3+CD8+ T cells (CTLs) by !ow cytometry. (A, C) Representative contour plots are shown for (A) CD44/CD62L expression
after gating on CD3+CD8+ CTLs or (C) CD127/KLRG-1 expression after gating on CD3+CD8+CD44hiCD62Llo CTLs. Numbers indicate percentages. (B)
Bar diagram (mean ± SD) represents frequency of CD44hiCD62Llo after gating on CD3+CD8+ CTLs measured before infection (0) or 5, 7, 9, and 30 dpi.
(D, E) Frequencies (mean ± SD) of (D) CD127hiKLRG-1lo and (E) CD127loKLRG-1hi were determined after gating on CD3+CD8+CD44hiCD62Llo CTLs at
5, 7, 9, and 30 dpi. (A–E) Data are from one to two independent experiments with six to nine mice per group. Statistical comparisons were made via
Mann–Whitney U test and statistically signi"cant values are indicated (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001). FRCs, "broblastic reticular
cell; IFNAR, IFN-I receptor.

In summary, the frequencies of lymphoid stromal cells (LSCs),
the expression of H-2Kb, CD44, ICAM-1, VCAM-1, and PD-L1 on
FRCs, and the abundance of Ccl19 and Ccl21 in LNs were very
similar in untreated FRC!IFNAR and FRCwt mice (Fig. 2A–D) argu-
ing for a rather selective contribution of IFNAR signaling to FRC
development and function during steady state. However, after
vaccination, Cxcl9, and to a lesser extent Cxcl10 and Il7, expres-
sion were reduced in FRC!IFNAR mice indicating early IFNAR sig-
naling in FRCs in our experimental system [9].

IFNAR signaling in FRCs affects the composition of the
antiviral CD8+ memory T cell pool

As mentioned above, early IFNAR blockade improves the forma-
tion of antiviral CD8+ TM [22]. Whether the lack of IFNAR sig-
naling in FRCs modulates the differentiation of polyclonal CD8+

T cells in response to VSV infection was tested next. For this pur-
pose, we first verified that the T cell pools of naïve FRC!IFNAR

and FRCwt mice were overall similar (Supporting information Fig.
S2). FRC!IFNAR and FRCwt mice survived VSV infection equally
well (Supporting information Fig. S3) arguing against major dif-
ferences in B-cell development (data not shown) and anti-VSV
antibody responses, which are vital for host survival [27]. How-
ever, CD8+ TM development was altered in FRC!IFNAR mice. As
depicted in Fig. 3A and B, frequencies of CD8+CD44hiCD62Llo T
cells in peripheral blood were comparable at days 5 and 7 post
infection (dpi). In contrast, their relative abundance was elevated
in FRC!IFNAR mice at 9 and 30 dpi (Fig. 3A and B).

To investigate the kinetics of TM differentiation in more
detail, we analyzed CD127 and KLRG-1 expression in
CD8+CD44hiCD62Llo T cells. In accordance with previous
reports [28, 29], frequencies of CD127hiKLRG-1lo cells increased
progressively in FRCwt mice from 5 to 30 dpi. In FRC!IFNAR mice,
however, elevated frequencies of CD127hiKLRG-1lo cells were
first observed at 9 dpi. Of note, in FRC!IFNAR mice the abundance
of CD127hiKLRG-1lo cells remained below that observed in FRCwt

mice at 7–30 dpi (Fig. 3C and D). The delayed formation of
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CD127hiKLRG-1lo cells in infected FRC!IFNAR mice was paralleled
by increased frequencies of CD127loKLRG-1hi cells throughout
the entire observation period (Fig. 3C and E). Importantly, the
CD127loKLRG-1hi T cell population declined from 7 to 30 dpi in
both mouse lines (Fig. 3E), suggesting a similar half-life of these
T cells. Hence, elevated frequencies of CD127loKLRG-1hi T cells
in FRC!IFNAR mice at day 30 appear to result from their more
efficient generation during the early phase of the response.

To analyze the VSV-specific CD8+ T cell response in more
detail, we monitored VSV nucleoprotein (NP)-specific CD8+ T
cells in peripheral blood of infected FRC!IFNAR and FRCwt mice
(Fig. 4). Frequencies of VSV NP-specific CD8+ T cells were com-
parable in FRC!IFNAR and FRCwt mice throughout the observation
period, arguing for similar numbers of VSV NP-specific clones
in the naïve CD8+ T cell compartment in mice of both geno-
types (Fig. 4A). At 5 dpi, most VSV NP-specific CD8+ T cells dis-
played a CD44hiCD62Llo phenotype, which was maintained until
the memory phase, irrespective of the genotype of the mice ana-
lyzed (Fig. 4B and C).

Despite the aforementioned similarities, we observed differ-
ences with respect to KLRG-1 expression. Already at 7 dpi, the fre-
quency of VSV NP-specific CD44hiCD62Llo CD8+ T cells express-
ing high levels of KLRG-1 was strongly elevated in FRC!IFNAR

mice (Fig. 4D and G). This effect was maintained at 9 dpi
and was most pronounced in the memory phase at 30 dpi
(Fig. 4D and G). Among the KLRG-1hi cells, a population of
double-positive CD127hiKLRG-1hi CD44hiCD62Llo CD8+ TM accu-
mulated in FRC!IFNAR mice, which was barely detectable in
FRCwt mice (Fig. 4D and F). Correspondingly, most NP-specific
CD44hiCD62Llo CD8+ TM in FRCwt mice were CD127hiKLRG-1lo,
while this population was significantly reduced in FRC!IFNAR mice
(Fig. 4D and E).

Thus, our data demonstrate that the absence of IFNAR signals
in FRCs is associated with the accumulation of KLRG-1hi anti-VSV
CD8+ TM. This process appears to be programmed in the early
phase of the response, as shown by the fact that the frequency of
VSV-specific CD8+ KLRG-1hi T cells was already elevated at 7 dpi
and further increased until 30 dpi.

Discussion

Based on their homing patterns, CD8+ TM can be divided into
different subsets. For example, CD8+ TCM and CD8+ TEM re-
circulate between SLOs and nonlymphoid tissues, respectively.
This functional diversity enables long-lived CD8+ TM to provide
systemic protection against recurrent infections, irrespective of
the pathogen entry site [30].

So far, most studies focused on the cell-intrinsic pathways
controlling CD8+ TM diversification and maintenance [30–32].
However, CD8+ TM are part of multicellular networks sensing
pathogen-associated tissue perturbations [33]. Various immune
and nonimmune cells contribute to these signaling hubs, which
can be found in most if not all tissues in the body [33]. In LNs,
chemokines and cytokines produced by FRCs regulate various

aspects of T cell responses including CD8+ TM differentiation and
survival [8]. For example, in the steady state, CCL19 and CCL21
attract naïve T cells into LNs to increase the likelihood of produc-
tive T-APC interactions in case of infection [34]. Furthermore, the
IL-7-dependent survival of CD8+ TCM in LNs relies on FRCs, which
contribute to CCL19/21 gradients guiding CD8+ TCM into niches
rich in IL-7 [4, 6, 7]. In case of viral infections, protective CD8+ T
cell responses rely on IFNAR signaling in multiple cell types [13],
which must be well balanced to provide optimal protection [35].
Suboptimal IFNAR signaling in particular cell types may affect the
entire network of IFNAR-dependent cellular interactions control-
ling CD8+ TM differentiation and/or maintenance.

Of note, IFN-I-dependent immunomodulation already occurs
before pathogen contact [36]. In the steady state, the commen-
sal microflora promotes low-level IFN-I production, which results
in tonic IFNAR signaling. This elevates the activation thresholds
of innate immune cells thereby increasing their responsiveness to
subsequent infections [14, 37]. As shown in Fig. 2B and C, nei-
ther chemokine nor IL-7 production differed significantly between
untreated FRCwt and FRC!IFNAR mice. Similarly, (1) the frequen-
cies of FRCs (Fig. 2A), (2) the composition of the T cell reper-
toire, and (3) the abundance of TCM/TEM were indistinguishable
between untreated FRCwt and FRC!IFNAR mice (Supporting infor-
mation Fig. S2). The same was true for FRC surface markers
(Fig. 2D) indicating that the steady state regulation of the afore-
mentioned parameters is independent of tonic IFNAR signaling in
FRCs.

As a result of infection, CCL21 expression is downregulated in
SLOs thereby restricting recruitment and further priming of naïve
T cells [38]. This mechanism is IFN-γ dependent and remained
unaffected in vaccinated FRC!IFNAR mice (Fig. 2B). In accor-
dance with previous reports [24, 25], we observed the early
upregulation of CXCL9 and CXCL10 in activated LNs, which was
less pronounced in FRC!IFNAR mice (Fig. 2B). Although we can-
not exclude a contribution of other immune and/or nonimmune
cells, IFNAR+ FRCs appear critical for chemokine induction in
the early phase of an immune response [26]. In activated LNs,
CXCL9/CXCL10 gradients guide primed CD8+ T cells to special-
ized niches where differentiation proceeds [26]. Consequently,
CD8+ TEFF migration and the subsequent generation of KLRG-
1hi cells are impaired in CXCL10- and IFNAR-deficient mice [26].
Similar findings were obtained in lymphocytic choriomeningitis
virus-infected FRC!IFNAR mice [18] as well as in our OT-I system,
though at later time points (at 30 dpv; Fig. 1D).

Besides tissue localization, the type of pathogen determines
the differentiation program of CD8+ TEFF [31]. For example, the
generation and subsequent accumulation of KLRG-1lo CD8+ T
cells in response to Listeria monocytogenes infection are strongly
delayed [39]. On the contrary, high frequencies of KLRG-1lo CD8+

T cells are generated early after VSV infection and are maintained
in long term [39]. CD8+ TEFF expressing low levels of KLRG-1 and
high levels of the IL-7 receptor α (IL-7Rα; CD127) typically give
rise to long-lived TM expressing high levels of the anti-apoptotic
molecule B-cell lymphoma 2 (Bcl-2) [28, 40]. However, cell-fate-
mapping experiments revealed that CD8+ TEFF expressing high
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Figure 4. IFNAR signaling in FRCs regulates the differentiation of nucleoprotein (NP)-speci!c CD8+ memory T cells. (A–G) FRC!IFNAR and FRCwt mice
were infected as described in Fig. 3 and blood was analyzed by "ow cytometry. (A, B) Bar diagrams show (A) frequencies of total VSV NP-speci!c
(CD3+CD8+) CTLs as well as (B) frequencies and total numbers of CD44hiCD62Llo NP-speci!c CTLs. (C, D) Representative contour plots are shown
for (C) CD44/CD62L expression on NP-speci!c CTLs or (D) CD127/KLRG-1 expression after gating on CD3+CD8+CD44hiCD62Llo NP-speci!c CTLs at 5,
7, 9, and 30 dpi. Numbers indicate percentages. (E–G) Frequencies of (E) CD127hiKLRG-1lo, (F) CD127hiKLRG-1hi, and (G) CD127loKLRG-1hi after gating
on CD44hiCD62Llo NP-speci!c CTLs are summarized in bar diagrams. (A, B, E–G) Bar diagrams show mean ± SD from !ve to six mice analyzed per
group in one experiment. Statistical comparisons were made via Mann–Whitney U test and statistically signi!cant values are indicated (*p ≤ 0.05;
**p ≤ 0.01). FRCs, !broblastic reticular cells; IFNAR, IFN-I receptor.
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levels of both KLRG-1 and CD127 are also a potent source of TM

[41]. As shown here, the formation of VSV NP-specific KLRG-1lo

CD8+ TM was strongly impaired in FRC!IFNAR mice. Instead, and
as opposed to FRCwt mice, CD127hi/loKLRG-1hi CD8+ TM accu-
mulated in FRC!IFNAR mice. Despite these phenotypic differences,
the VSV NP-specific CD8+ TM pool was similar in size in both
hosts. This suggests that IFNAR signaling in FRCs does not affect
the frequency but rather the phenotype of VSV NP-specific CD8+

TM precursors and their progeny, at least with respect to KLRG-1
and CD127. However, different patterns of CD8+ TM differentia-
tion were observed after peptide vaccination of OT-I-reconstituted
mice. This may be due to FRC-independent differences between
both experimental systems. For instance, CD8+ TM differentia-
tion correlates with the number of naïve CD8+ T cells activated
upon primary antigen contact [42, 43]. The precursor frequen-
cies generated by adoptive transfer of naïve CD8+ OT-I T cells
are much higher compared with those of VSV-specific cells in the
naïve polyclonal CD8+ T cell repertoire. Furthermore, the amount
of antigen affects TCM/TEM fate decision [44]. Given that IFNAR
signaling limits viral replication in FRCs [18] and mouse embry-
onic fibroblasts [45], we cannot fully exclude elevated levels of
viral replication and subsequent antigen accumulation in VSV-
infected FRC!IFNAR mice. Although this potential effect did not
impair the clearance of primary VSV infections (Supporting infor-
mation Fig. S3), we cannot exclude that altered dynamics of viral
replication and subsequent antigen availability affected CD8+ TM

differentiation in FRC!IFNAR mice. As opposed to viruses, peptide
vaccines do not replicate and are rapidly removed from the sys-
tem. Hence, a direct comparison of the data obtained with peptide
vaccination and VSV infection is of limited value. Nevertheless,
our results imply that the relative contribution of IFNAR+ FRCs
to CD8+ TM differentiation is context-dependent and thus varies
between experimental systems.

Our data strongly suggest that FRC-specific IFNAR signaling
modulates early FRC-CD8+ T cell interactions in LNs and helps
to adapt subsequent CD8+ TM differentiation to the inflammatory
context. This is in agreement with a recent report showing that
transient blockade of IFNAR signaling strongly increases CD8+

TM formation [22]. This could be determined by a combination
of pathogen-related parameters including the amount of IFN-I
induced in the priming phase of the response [46]. Using bone
marrow chimeras and FRC-specific IFN-β luciferase reporter
mice [47], we observed the induction of IFN-I responses in
radio-resistant stromal cells already 24 h after VSV infection
(Supporting information Fig. S5A). Among these stromal cells,
FRCs contributed to the IFN-I response in LNs (Supporting infor-
mation Fig. S5B and C), which are mandatory for the priming
of VSV-specific CD8+ T cells [3]. Whether the autocrine action
of FRC-derived IFN-I affects the immunomodulatory function
of FRCs remains to be elucidated. In FRC!IFNAR mice, the Cre
expression is not restricted to the LN but also active in BM stromal
cells [48]. Since naïve CD8+ T cells can be primed in the BM
[49], which also serves a survival niche for CD8+ TM [50, 51], we
cannot formally exclude a contribution of IFNAR signaling in BM
FRCs to our results. Nevertheless, our data suggest an important

contribution of early IFNAR signaling in FRCs programming
subsequent VSV-specific CD8+ TM differentiation, a process that
is mainly initiated in LNs [3].

In summary, we provide evidence for an early, context-
dependent contribution of FRC-specific IFNAR signals to CD8+

memory fate decision. Hence, efforts aiming at the optimization
of vaccination strategies should not only focus on CD8+ T cell
intrinsic pathways but also consider the multicellular interactions
involved in the early events of an immune response.

Materials and methods

Mice and viruses

B6.Cg-Tg(Prrx1-cre)1Cjt/J (Prx1-Cre) [19] (stock no. 005584)
mice were purchased from The Jackson Laboratory. C57BL/6J
mice were purchased from Envigo. Together with IFNARfl/fl

[15], Thy1.1+ Rag1−/− OT-I [52], B6.Bruce4-ifnb1tm2.2Lien
(short: IFN-β+/!β-luc; reporter expressed ubiquitously) [47], and
B6.Bruce4-ifnb1tm2.1Lien (short: IFN-βfloxβ-luc/floxβ-luc; conditional
reporter mice) [47] were maintained under specific pathogen-free
conditions at the central animal facility of the Medical Faculty
of the Otto-von-Guericke-University Magdeburg and the TWIN-
CORE, Centre for Experimental and Clinical Infection Research,
Hannover. Whenever possible, control littermates were used. VSV-
Indiana (Mudd-Summers isolate), originally obtained from D.
Kolakofsky (University of Geneva, Geneva, Switzerland), was
grown on BHK-21 cells. Virus was harvested from conditioned cul-
ture medium and titers were determined by plaque formation on
Vero cells as previously described [53]. Virus was injected intra-
venously.

Cell isolation

Single-cell suspensions from peripheral LNs and spleen were
obtained as previously described [7]. Organs were forced through
metal strainers in PBS/2 mM EDTA (Carl Roth) and erythro-
cytes were lysed in the spleen. BM was flushed out using PBS/2
mM EDTA (Carl Roth), 27G needles (B. Braun), and syringes
(BD Biosciences). For erythrocyte lysis, spleen and BM cells
were re-suspended in ammonium-chloride-potassium lysis buffer
for 90 s followed by the addition of RPMI 1640 (Biochrom)
containing 10% (v/v) FCS (PAN Biotech) and 1% (v/v) peni-
cillin/streptomycin (P/S; Gibco). After centrifugation, all organs
were re-suspended in PBS/2 mM EDTA and filtered through 40
µm cell strainers (Corning, Durham, NC).

For LSC isolation, peripheral LNs were digested as previously
described [7]. In brief, fat-free LNs were cut into small (1 × 1 mm)
pieces in RPMI 1640/10% FCS/1% P/S. LN fragments were vor-
texed and the supernatant was removed after the organ pieces
had settled. This process was repeated three times. LN fragments
were transferred into 12-well plates containing 1 mL digestion
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medium I (0.2 mg/mL Collagenase P [Roche], 0.2 mg/mL Dispase
II [Roche], 10 µg/mL DNase I [Sigma] and 5 µg/mL Latrunculin
B [Calbiochem] in RPMI 1640 supplemented with 10% FCS/1%
P/S). After incubation for 30 min at 37°C and 5% (v/v) CO2, 1
mL digestion medium II (0.4 mg/mL Collagenase P, 0.2 mg/mL
Dispase II, 10 µg/mL µDNase I, and 5 µg/mL Latrunculin B in
RPMI 1640/10% FCS/1 % P/S) was added and the samples were
re-suspended. After incubation for 30 min at 37°C and 5% CO2,
0.5 mL RPMI 1640/10% FCS/1% P/S/ 10 mM EDTA was added
to stop digestion. Cell suspensions were filtered through 70 µm
cell strainers and cells were washed with PBS/2 mM EDTA. Cells
were re-suspended in PBS/2 mM EDTA and filtered through 40
µm cell strainers.

Adoptive T cell transfer

OT-I T cells were prepared as previously described [7]. In brief,
naïve (CD44loCD62Lhi) CD8+ T cells expressing a transgenic
TCR (Vα2Vβ5) specific for the chicken OVA-derived, H-2Kb–
restricted peptide OVA257–264 (SIINFEKL), were isolated from LNs
and spleen of Rag1–/– Thy1.1+ OT-I mice using CD8a-specific
MicroBeads and AutoMACS (Miltenyi Biotec) according to the
manufacturer’s recommendations. Between 6.8 and 7.5×105 OT-
I T cells (purity > 90.7%) were injected i.v. into the tail vein of
Thy1.1– recipients. For peptide vaccination, a mixture of 50 µg
SIINFEKL (Biosyntan) and 50 µg lipopolysaccharide (Escherichia
coli O111:B4; Sigma-Aldrich) was injected i.v. into the tail vein of
OT-I-reconstituted recipients.

Flow cytometry

The following reagents were purchased from BioLegend: Bcl-2-
FITC (BCL/10C4), CD3-AF700 (17A2), CD3ε-BV421 (145-2C11),
CD4-BV510 (RM4-5), CD4-APC/Cy7 (GK1.5), CD8a-PE/Cy5 (53-
6.7), CD8a-PE/Cy7 (53-6.7), CD44-APC/Cy7 (IM7), CD44-FITC
(IM7), CD44-PE (IM7), CD45-APC/Cy7 (30-F11), CD54/ICAM-
1-PB (YN1/1.7.4), CD62L-FITC (MEL-14), CD90.1-PB (OX-
7), CD106/VCAM-1-AF647 (429 MVCAM.A), CD127/IL-7Rα-PE
(A7R34), CD274/PD-L1-biotin (10F.9G2), CD279/PD-1-BV605
(29F.1A12), gp38/Podoplanin-AF488 (8.1.1), H-2kb/MHC-I-PB
(AF6-88.5), IFN-γ-APC (XMG1.2), Ki-67-PB (16A8), KLRG-1-APC
(2F1/KLRG-1), KLRG-1-BV510 (2F1/KLRG-1), KLRG-1-BV605
(2F1/KLRG-1), TER-119-PE/Cy5 (TER-119), TNF-α-PE (MP6-
XT22), 7-AAD viability staining solution, and streptavidin-BV510.
CD127/IL-7Rα-PE/Cy5 (A7R34), CD31-PE/Cy7 (390), Ki-67-
PE/Cy7 (SolA15), and CD279/PD-1-PE (J43) were purchased
from eBioscience. CD8a-BUV395 (53-6.7), CD62L-APC (MEL-14),
and the anti-mouse TCR Vβ screening panel were purchased from
BD Biosciences. CD44-FITC (IM7) and CD127/IL-7Rα-PE-Cy5
were purchased from Invitrogen. The extent of expanding VSV-
specific nucleoprotein 52-59 (H-2Kb – RGYVYQGL)-positive T
lymphocytes was assessed by pentamer immunolabeling (ProIm-
mune). For analyses of blood lymphocytes, 25 µL blood (obtained

through retro-bulbar bleeding with microhematocrit capillaries
(Hirschmann)) was stained with VSV-pentamer for 10 min at 4°C.
Afterward, fluorochrome-labeled antibodies were added and the
samples were incubated for 15 min at 4°C. Blood cell lysis and
fixation were performed using 1 mL FACS lysing solution (BD Bio-
sciences) for 20 min at room temperature in the dark. Cells were
washed with staining buffer (2% BSA in DPBS, 20 mM EDTA,
0.2% natriumazid, 1×PBS in ddH2O).

Before staining with fluorochrome-labeled antibodies, single-
cell suspensions of LNs, spleens, and BM were incubated with 50
µL of anti-mouse CD16/32 (purified from 2.4G2 ATCC HB-197)
in staining buffer for 10 min at 4°C. Afterward, cells were incu-
bated with 50 µL of fluorochrome-labeled antibodies diluted in
anti-CD16/32 containing staining buffer. After incubation for 30
min at 4°C, cells were washed with 200 µL PBS/2 mM EDTA. For
LSC analyses, 7-AAD was added 5 min before data acquisition.
For intranuclear staining of Bcl-2, samples were processed using
the FoxP3/transcription factor staining buffer set (eBioscience,
Thermo Fisher Scientific) according to the manufacturer’s rec-
ommendations. For intracellular cytokine staining, cells were re-
stimulated for 4 h with 1 µM SIINFEKL (Biosyntan) in the pres-
ence of brefeldin A (BioLegend) and monensin A (BioLegend),
stained with surface antibodies as described above, fixed with
the intracellular staining kit (BioLegend) according to the man-
ufacturer’s instructions, and stained with anti–IFN-γ or anti-TNF-
α. Samples were measured on an LSRFortessa and LSRII flow
cytometer (Becton Dickinson) and analyzed with FlowJo 10 soft-
ware (FlowJo, LLC) according to the “Guidelines for the use of
flow cytometry and cell sorting in immunological studies (third
edition)” [54]. Individual gating strategies are depicted in Sup-
porting information Figs. S6–S8.

Reverse transcriptase PCR and real-time quantitative
PCR

Peripheral LNs were homogenized in CK14 0.5-mL tubes
(Peqlab/VWR) containing 200 µL TRIzol reagent (Invitrogen)
in a Precellys 24 homogenizer (Peqlab/VWR). Total RNA was
extracted using chloroform (Sigma-Aldrich) according to the
manufacturer’s instructions (Invitrogen). Isolated RNA was
quantified by photometric Nanodrop (Thermo Fisher Scientific)
measurement and reverse-transcribed using random hexamer
primers and the advantage RT-for-PCR kit (Takara Clontech)
according to the manufacturer’s instructions. For real-time
quantitative PCR (RT-qPCR) analyses, the Taqman gene expres-
sion master mix (Thermo Fisher Scientific) and the following
TaqMan gene expression assays (Thermo Fisher Scientific)
were used according to the manufacturer’s instructions: Ccl19
(FAM-MGB probe Mm00839967_g1), Ccl21 (FAM-MGB probe
Mm03646971_gH), Cxcl9 (FAM-MGB probe Mm000434946_m1),
Cxcl10 (FAM-MGB probe Mm00445235_m1), Il7 (FAM-
MGB probe Mm01295805_m1), and Hprt (FAM-MGB probe
Mm00446968_m1). Samples were analyzed in triplicates and
CT values were exported from the ABI PRISM 7000 (Applied
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Biosystems) sequence detection system. The relative quantifica-
tions were calculated according to the !CT method and data
points represent triplicate averages.

Generation of bone marrow chimeric mice

Mice were lethally irradiated with 9 Gy and the following day,
they were i.v. reconstituted with 1 × 107 BM cells in PBS of the
indicated genotype. BM cells were isolated by flushing femur and
tibia with RPMI 1640 medium supplemented with 10% FCS, 10
mM HEPES, 1 mM sodium pyruvate, 2 mM Glutamax, 100 U/mL
penicillin, 100 µg/mL streptomycin (all from Life Technologies),
and 0.1 mM β-mercaptoethanol. Cells were then treated with RBC
lysis buffer (Sigma-Aldrich) and washed with PBS. BM chimeric
mice were used for experiments after at least 8 weeks of recovery.

Detection of bioluminescence in vitro and by in vivo
imaging

One day before in vivo imaging, mice were shaved for better sig-
nal detection. Immediately after i.v. injection of 100 µL luciferin
(30 mg/mL in PBS/20 g mouse weight), mice were anesthetized
using isoflurane and analyzed in an IVIS live imaging instrument
(IVIS Spectrum CT) under transient isoflurane anesthesia. The
acquired images were analyzed using Living Image 4.3.1 software.

For the detection of luciferase activity in different organs in
vitro, the respective organs were prepared and weighed at the
indicated time points after infection and stored at −80°C until
analysis. The samples were thawed on ice and calculated amounts
of Glo Lysis buffer (Promega) in relation to the organ weight
was added to the samples. Tissues were homogenized in Lysing
Matrix A tubes for 60 s (4 m/s) in an organ homogenizer (MP
Biomedicals). Each homogenate (20 µL/well) was pipetted to a
96-well plate. For luciferase measurements, 20 µL/well of Bright
Glo Luciferin (Perkin Elmer) was added to determine biolumines-
cence activity using a plate reader (BioTek). Data were normal-
ized to background values obtained before adding luciferin. All
steps were prepared on ice. The luciferase activity was measured
with an integration time of 10 s.

Statistical analyses

Statistical analyses and graphical representations were performed
using Prism 8 (GraphPad Software Inc.). Statistical significances
were determined using nonparametric one-tailed (Supporting
information Fig. S5) or two-tailed Mann–Whitney U tests (Figs. 1–
4, Supporting information Figs. S2 and S4; *p ≤ 0.05; **p ≤ 0.01;
***p ≤ 0.001; ****p ≤ 0.0001).
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Supplementary Figure 1. MHC-I, CD44, ICAM-1, VCAM-1 and PD-L1 expression remain 
unaltered in non-FRC LN stromal subsets in FRCΔIFNAR mice. (A) Relative fluorescence 
intensities for H-2kb, CD44, ICAM-1, VCAM-1 and PD-L1 were analyzed by flow cytometry on 
viable TER-119-CD45- gp38+CD31+ LECs, gp38-CD31+ BECs and gp38-CD31- DNs isolated from 
LNs of FRCΔIFNAR and FRCwt mice under steady state conditions or after 1 day post vaccination 
and OT-I transfer (as described in Fig. 1). Grey curves indicate fluorescence minus one (FMO) 
controls lacking the H-2kb, CD44, ICAM-1, VCAM-1 or PD-L1 antibody, respectively. Histograms 
are representative for two independent experiments each with pooled LNs from 3 mice per group.    
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Supplementary Figure 2. Steady state T cell homeostasis is largely unaffected by IFNAR 
signaling in FRCs. (A) Frequencies and (B) absolute numbers of CD3+CD4+ and CD3+CD8+ T cells 
were determined in LNs of untreated FRCΔIFNAR and FRCwt mice by flow cytometry. (E, F) Frequencies 
or (G, H) cell numbers of naïve (TN; CD44loCD62Lhi), effector memory (TEM; CD44hiCD62Llo) and central 
memory (TCM; CD44hiCD62Lhi) T cells were determined after gating on (C, E, G) CD3+CD4+ and (D, F, 
H) CD3+CD8+ cells. (C, D) Shown are representative contour plots for CD44/CD62L expression after 
gating on (C) CD3+CD4+ and (D) CD3+CD8+ isolated from LNs and numbers indicate percentages. (I, 
J) Composition of the Vβ TCR repertoire was determined by flow cytometry after gating on (I) CD3+CD4+ 
and (J) CD3+CD8+ T cells in LNs. (A, B, E-J) Bar diagrams show mean + SD from 6-8 mice analyzed in 
two independent experiments. Statistical analyses were performed using a Mann-Whitney U test.   
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Supplementary Figure 3. Survival of FRCΔIFNAR and FRCwt mice during VSV-infection. FRCΔIFNAR 
and FRCwt mice were infected as described in Fig. 3. Survival was monitored on a daily basis. Data are 
representative for 6-9 mice per group analyzed in 1-2 independent experiments. 
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Supplementary Figure 4. IFNAR signaling in FRCs regulates PD-1 expression in 
NP-specific CTLs. (A, B) FRCΔIFNAR and FRCwt mice were infected as described in Fig. 3. The 
expression of (A) PD-1 and (B) Ki-67 was analyzed by flow cytometry after gating on KLRG-1hi or 
KLRG-1lo CD44hiCD62Llo NP-specific CTLs in the blood. Shown are representative histograms 
(fluorescence minus one controls in gray) and data for gMFIs are summarized in bar diagrams 
(mean + SD). Data are representative for 5-6 mice per group analyzed in one experiment. 
Statistical comparisons were made via Mann-Whitney U test and statistically significant values 
are indicated (*p ≤ 0.05; **p ≤ 0.01). 
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Supplementary Figure 5. FRCs mount IFN-β responses after VSV infection. (A) WT and IFN-β+/Δβ-luc mice 
were lethally irradiated with 9 Gray and 24 h later the mice were reconstituted by i.v. injection with IFN-β+/Δβ-luc or 
WT bone marrow. Eight weeks after reconstitution mice were infected i.v. with 2×10⁶ pfu VSV. One day prior to 
and 1 day post infection (dpi), luciferin was injected i.v. and luciferase activity was monitored by in vivo imaging. 
Shown are 3 mice/group from one representative experiment out of three (in total 12 mice). (B) IFN-β+/Δβ-luc and 
(C) Prx1-Cre+IFN-βwt/flox-β-luc reporter mice were infected i.v. with 2×10⁶ pfu VSV. At the indicated time points after 
infection cervical LNs (cLN), submandibular LNs (sLN) and inguinal LNs (iLN) were removed, organ homogenates 
were prepared, luciferin was added and the luminescence was quantified (RLU = relative light unit). Data are from 
three independently performed experiments and indicate mean + SD from 3-9 analyzed mice. (B, C) Statistical 
comparisons were made via one-tailed Mann-Whitney U test (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001). 
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Supplementary Figure 6. Representative gating strategies for flow cytometric analyses of 
OT-I T cells. (A-D) Shown are representative gating strategies for (A) Figure 1A-D, (B) Figure 
1E, (C) Figure 1F, G and (D) Figure 1H. Numbers indicate percentages. 
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Supplementary Figure 7. Representative gating strategies for flow cytometric analyses of 
LSCs and T cells in untreated FRCΔIFNAR and FRCwt mice. (A-D) Shown are representative gating 
strategies for (A) Figure 2A, D and SI Figure 1, (B) SI Figure 2A-H and (C) SI Figure 2I, J. Numbers 
indicate percentages. 
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6 Discussion  

To improve therapeutic approaches aiming at the induction of long-lasting TM responses, a 

better understanding of the factors regulating T(V)M differentiation is required1,192. T cells receive 

a multitude of signals from their microenvironment, which control T cell homeostasis, activation 

and differentiation7,62,193. For example, IFN-I and IFN-γ regulate T cell responses in a direct 

manner. In particular, IFN-I acts as a third signal during T cell activation65 and IFN-γR signaling 

in CD4+ and CD8+ T cells promotes TEFF expansion and memory differentiation during LCMV 

infection95–97. Likewise, under lymphopenic conditions, IFN-γR signaling in CD8+ T cells 

modulates TVM differentiation100. So far, research has focused on T cell-intrinsic factors 

regulating T(V)M formation7,193. However, T cells are part of a multicellular environment, 

including other immune cells and stromal cells. For example, LSCs in the LNs release the 

T cell survival factor IL-710. The LN-LSC compartment comprises different cell types 

contributing to the three-dimensional organ structure and closely interacting with many immune 

cells60. Similar to immune cells, IL-7-producing LSCs respond to inflammatory mediators such 

as IFN-I and IFN-γ12, enabling them to interpret the inflammatory context. Whether and how 

this affects T(V)M fate decision was studied in the three papers presented in this thesis. 

 

Trophic factors such as IL-7170–172 and self-peptide-MHC-complexes173–175 are crucial for T cell 

survival. However, only limited amounts of both factors are available in the body. Since T cells 

continuously utilize both factors, the peripheral T cell pool reaches its final size once the 

production and consumption of both factors reach an equilibrium166. Consequently, the 

availability of both factors correlates inversely with the size of the peripheral T cell pool. As a 

result, IL-7 and self-peptide-MHC complexes become more available in lymphopenic 

hosts4,5,176. This is sufficient to activate adoptively transferred TN, which undergo LIP and 

differentiate into IFN-γ-producing TVM
5,167. Of note, not all T cell clones are equally sensitive to 

lymphopenia184. When the experiments for Knop et al. 201915 were designed, it was assumed 

that T cell-intrinsic factors determine lymphopenia sensitivity. However, the contribution of the 

microenvironment to the regulation of LIP was largely unclear. To study this, we utilized 

CD4+ OT-II T cells, which hardly undergo LIP184. The major aim of this study was to define 

whether OT-II T cell-derived IFN-γ induces IFN-γR signaling in non-T cells, thus contributing 

to the suppression of OT-II LIP.  

In Knop et al. 2019, we describe that OT-II T cells undergo LIP in IFN-γR-deficient 

lymphopenic mice, which is accompanied by DC expansion and IL-6 accumulation in the 

presence of an intact microflora15. We suggest that OT-II LIP in IFN-γR-deficient lymphopenic 

mice is driven by the OT-II-dependent activation of immature DCs194, which up-regulate IL-6 in 

response to commensals195 finally promoting the IL-6-associated CD4+ T cell response195–197. 
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However, we could not exclude that other IL-6-producing cell types contribute to the enhanced 

IL-6 levels. LIP is induced in SLOs190 and FRCs are present in the T cell zone60. Interestingly, 

activated T cells induce IL-6 production in FRCs198. In turn, FRC-released IL-6 leads to 

epigenetic remodeling in activated T cells, induces the expression of pro-survival factors and 

affects TM formation198. Whether FRCs release IL-6 during LIP of OT-II T cells and whether 

FRC-derived IL-6 regulates OT-II TVM formation remain essential questions for the future.  

OT-II T cells undergoing LIP in RagγRko mice showed an up-regulation of CD127 (IL-7Rα), 

which suggests that IL-7 contributes to the survival of OT-II and their accumulation. We 

detected proliferating OT-II T cells in the LNs of RagγRko mice, where FRCs and LECs produce 

IL-710,16. Hence, FRC/LEC-released IL-7 might support LIP of OT-II T cells. However, various 

stromal cells in different organs produce IL-714,108–110,129. In the intestine, lymphocytes produce 

IFN-γ in response to the microbiota, which leads to IFN-γ-induced up-regulation of IL-7 in 

intestinal epithelial cells14. We observed that the microbiota was essential for OT-II LIP. Hence, 

microbiota-induced IL-7 secretion in the intestine might be essential for OT-II LIP. Which IL-7-

producing stromal cells/organs support LIP of OT-II T cells in RagγRko mice remains to be 

determined.  

In summary, in Knop et al., 2019, we provide evidence that the inability of OT-II cells to undergo 

LIP results from a complex interplay between IL-7-secreting stromal cells, the commensal 

microflora, OT-II-derived IFN-γ and IFN-γR signaling in DCs15. Hence, the degree of LIP is not 

only determined by the intrinsic properties of a particular CD4+ T cell clone but also by its 

microenvironment.  

 

Stromal cells are a part of the multicellular T cell microenvironment and secrete IL-714,108–110,129, 

which is crucial for TN survival in vivo127,191. Importantly, TN survival in vivo also requires LN 

accessibility189,190. Since IL-7 derived from LN-FRCs supports TN survival in vitro10, it was 

postulated that LN-FRCs-released IL-7 is also critical for maintaining TN homeostasis in vivo. 

Although this model had dominated the literature for many years, in vivo proof was still missing. 

Therefore, in Knop et al., 2020, we used cell type-specific IL-7 knockout mice to elucidate the 

relative importance of LN-FRC-derived IL-7 for the maintenance of TN homeostasis in vivo16.  

As opposed to the literature10, we observed that FRC-released IL-7 was not critical for the 

survival of LN TN in vivo. Likewise, LN-LEC-derived IL-7 was dispensable for TN maintenance. 

In contrast, LN-FRC-secreted IL-7 was crucial for the survival of TCM. In healthy mice, the 

memory T cell pool is generated via two processes: (1) activation of TN in response to foreign 

Ag (TM formation) and (2) LIP of TN in neonatal mice (TVM formation)1,185,186. All mice used in 

Knop et al., 2020 were maintained under specific pathogen-free (SPF) conditions. In SPF 

mice, CD49d- TVM represent the vast majority (~90%) of the memory T cell pool, while ~10% 

are CD49d+ foreign-Ag-induced TM
199. Hence, FRC-derived IL-7 may be essential for the 
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generation and/or maintenance of foreign-Ag-independent TVM. Additionally, we showed that 

the formation of foreign-Ag-induced CD8+ OT-I TCM also relies on LN-FRC-secreted IL-7, which 

is known to improve cell metabolism107,160,200. For example, IL-7R signaling induces STAT5 

phosphorylation and subsequent up-regulation of GLUT1, which enhances glucose up-take200. 

In TM, IL-7R signaling fuels fatty acid oxidation for ATP production, thereby enhancing TM 

longelivity107. Whether IL-7 induces similar metabolic changes in Ag-experienced 

and -unexperienced TM remains unclear.   

IL-7R+ TN and TM continuously consume IL-7, thereby removing it from the system and limiting 

its availability. The prolonged absence of IL-7R signals leads to T cell death201, suggesting that 

the competition for IL-7 serves as a major mechanism regulating T homeostasis166,201,202. In 

LNs of FRCΔIL-7 mice, Il7 mRNA levels were reduced by ~83%. The residual IL-7 levels in LNs 

of FRCΔIL-7 mice might be sufficient to maintain TN but not TCM. This indicates that TN and TM 

utilize IL-7 differently. Indeed, TN showed a superior utilization of IL-7, demonstrated by higher 

phosphorylation of STAT5 upon IL-7 stimulation in vitro. 

Overall, we describe in Knop et al., 2020 that LN-FRC-derived IL-7 is crucial for the survival of 

TCM but dispensable for the maintenance of TN
16. We suggest that TN and TCM colonize different 

ecological niches in vivo to circumvent competition for the FRC-derived survival factor IL-7. 

Hence, IL-7 produced by LN-FRCs represents a T cell-extrinsic factor mediating the survival 

of TCM. 

 

The expression of IL-7 in stromal cells is up-regulated by IFN-I13. This suggested that the IL-7-

dependent maintenance of TM is supported by IFNAR signaling in IL-7+ in stromal cells. 

Furthermore, TM fate decision is programmed early during immune responses, and FRCs 

expressing the IFNAR12,203 are part of the T cell microenvironment in the LN. Therefore, we 

asked in Knop et al., 2022 whether IFNAR signaling in FRCs affects TM differentiation17. 

In activated LNs, the chemokines CXCL9/CXCL10 guide CXCR3+ TEFF to specialized niches 

modulating TM fate decision. In particular, CXCR3 is expressed by TSLEC that reside in the LN 

periphery204. TMP likewise express CXCR3, but are preferentially located in the inner region of 

the LN due to higher expression of CCR7204 that binds CCL19 produced by FRCs in the inner 

paracortex12. Importantly, the retention of T cells in the T cell zone preferentially induces the 

differentiation of TMP
204. We observed that the up-regulation of CXCL9/CXCL10 24 h after OT-I 

transfer and vaccination was impaired in LNs of FRCΔIFNAR mice. Therefore, IFN-I-induced 

CXCL9/CXCL10 up-regulation in FRCs might modulate spatial positioning of OT-I, impacting 

on early OT-I activation and subsequent TM fate decision. 

IFN-I is a pro-inflammatory cytokine that is released upon infection24,25. However, it is becoming 

increasingly clear that the constitutive production of IFN-I in the steady state leads to tonic 

IFNAR signaling, thereby elevating the activation state of immune responses. 
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For example, microbiota-induced tonic IFNAR signaling in lung epithelial cells enhances their 

resistance to subsequent influenza A infection205. In healthy FRCΔIFNAR mice, we did not detect 

changes in (1) FRC frequencies, (2) chemokine/IL-7 mRNA levels in the LNs, (3) expression 

of H-2kb (MHC-I), CD44, intercellular adhesion molecule 1 (ICAM-1), VCAM-1 and PD-L1 on 

LSCs, (4) T cell homeostasis and (5) the TCR repertoire. This suggests that these parameters 

are regulated independently of tonic IFNAR signaling in FRCs. However, we cannot exclude 

that tonic IFNAR signaling in FRCs alters so far unidentified factors that impinge on TM fate 

decision. For example, constitutive levels of IFN-I support the association of a complex formed 

by IFNAR1 and IFN-γR2 in mouse embryonic fibroblasts206. This complex is required for the 

IFN-γ-induced activation of STAT1206. Hence, IFNAR signaling in FRCs could maintain their 

IFN-γ-responsiveness, thereby facilitating the IFN-γ-induced suppression of T cell responses, 

such as the induction of iNOS expression and NO release146,147.  

We also analyzed whether IFNAR signaling in FRCs modulated polyclonal TM differentiation. 

In vesicular stomatitis virus (VSV)-infected FRCΔIFNAR mice, polyclonal 

CD8+ CD44hiCD62Llo TEM accumulated 30 dpi. Additionally, we observed that in the 

nucleoprotein (NP)-specific CD8+ CD44hiCD62Llo TEM population, the CD127hiKLRG-1lo subset 

was decreased in FRCΔIFNAR mice, whereas the CD127loKLRG-1hi population was strongly 

increased. Interestingly, NP-specific CD8+ CD127hiKLRG-1hi TEM appeared specifically in 

FRCΔIFNAR mice. This suggests that the phenotype of NP-specific CD8+ TEM is regulated by 

IFNAR signaling in FRCs. Although KLRG-1lo are well known to differentiate into TM
73, 

KLRG-1hi cells give rise to protective TM populations as well207. Whether KLRG-1lo or 

KLRG-1hi TM are protective during secondary challenges in FRCΔIFNAR mice needs to be 

addressed.  

A recent publication demonstrated that IFN-I-induced expression of PD-L1 on FRCs prevents 

the exhaustive activation of TEFF during LCMV infection203. However, whether IFNAR signaling 

in FRCs modulates TM differentiation remained an open question. We showed in 

Knop et al., 2022, that IFN-I-responsive FRCs modulate foreign-Ag-dependent CD8+ TM 

differentiation in a context-dependent fashion17. This suggests that FRCs interpret the 

inflammatory environment to adapt CD8+ TM differentiation to the kind of infecting pathogen.  

 

As summarized in Figure 6.1, the three publications presented in this thesis highlight the 

importance of stromal cells in the regulation of T cell responses. 
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Figure 6-1. Graphical representation and interrelation of the three research articles presented in this thesis. 
FRCs express the IFNAR and regulate IL-7-dependent T cell responses. In Knop et al., 2019  we studied 
CD4+ OT-II T cells, which hardly undergo LIP under normal circumstances15. However, if lymphopenic mice are 
devoid of the IFN-γR, CD4+ OT-II T cells expand massively due to autocrine IFN-γ action and DC-dependent 
overabundance of growth-promoting IL-6. Importantly, this type of OT-II LIP relies on an intact commensal 
microflora. In Knop et al., 2020, we confirm FRCs as a vital source of IL-7 in the LN16, which had been proposed 
to be essential for the survival of TN and TM in vivo10. However, in FRC-specific IL-7 knockout mice, numbers of 
CD8+ TN were normal, but those of CD8+ TCM were reduced. Hence, we provide evidence for a selective contribution 
of FRC-derived IL-7 to CD8+ TCM survival. In Knop et al., 2022, we show that IFNAR signaling in FRCs modulates 
CD8+ TM fate decision in a context-dependent fashion17. After reconstitution with naive CD8+ TCR-transgenic 
OT-I T cells (OT-IN) and vaccination with their cognate peptide SIINFEKL in combination with 
lipopolysaccharide (LPS), we observed altered TM differentiation in FRCΔIFNAR mice (bottom left). However, the 
phenotype of OT-I TM cells differed from VSV-specific CD8+ TM cells, which were generated from the naive 
polyclonal CD8+ T cell pool of FRCΔIFNAR mice (bottom right). This figure was created using illustrations from 
www.bioicons.com21. 
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6.1 Implications 

Our understanding of the factors that drive TM differentiation is of major interest for therapeutic 

treatments, such as adoptive T cell therapies (ATTs) and vaccinations. 

During ATTs, patient-derived, tumor-specific T cells are expanded ex vivo and are reinfused208. 

Lymphodepletion is a standard pre-treatment to increase the efficacy of ATTs and self-Ags 

often represent the targets of tumor-reactive T cells209. Consequently, ex vivo expanded tumor-

reactive T cells undergo LIP in lymphopenic patients. Knop et al., 2019 underlines the role of 

T cell-extrinsic, host-derived factors during LIP and TVM formation15. Hence, the modulation of 

IFN-γ-associated T cell responses by host cells should be considered in ATT approaches.  

TM present in the host synergize with transferred tumor-specific T cells during ATTs210. In 

particular, pre-existing TM prevent the development of Ag-loss tumor variants after ATT and 

support long-term survival211. In Knop et al., 2020, we describe that the survival of TCM depends 

on LN-FRC-derived IL-716. It remains to be shown in the future whether TCM responding to 

LN-FRC-released IL-7 contribute to the success of ATTs. 

Upon vaccination, pro-inflammatory cytokines, such as IFN-I, are released, Ag is transported 

into the draining LNs and T cell responses are initiated. Suboptimal IFNAR signaling in 

particular cell types may affect the entire network of IFNAR-dependent cellular interactions 

controlling CD8+ TM differentiation and/or maintenance. For example, IFNAR signaling in 

LN-FRCs promotes effective primary anti-viral CD8+ T cell responses203. Furthermore, 

pulmonary fibroblasts promote the accumulation of vaccination-induced CD8+ TM in the lung212. 

Hence, the targeted manipulation of IFNAR signaling in FRCs may be a novel therapeutic 

option to further optimize vaccination strategies aiming at the efficient generation of CD8+ TM. 
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8 Appendix 

8.1 List of abbreviations 

Ag   antigen 

APC   professional Ag-presenting cell 

ATP   adenosine 5′-triphosphate 

ATT   adoptive T cell therapy 

AQP9   aquaporin 9 

Bax   Bcl 2-like protein 4 

Bcl-2   B-cell lymphoma 2 

BCR   B cell receptor 

BEC   blood endothelial cell 

Bim   Bcl-2-like protein 11 

BM   bone marrow 

CCL   chemokine C-C motif ligand 

CCR   C-C chemokine receptor type 

CD   cluster of differentiation 

CLEC-2  C-type lectin-like receptor 2 

CTL   cytotoxic CD8+ T cell 

CXCL   chemokine C-X-C motif ligand 

CXCR   C-X-C chemokine receptor 

DC   dendritic cell 

DN   double negative gp38- CD31- 

Foxo1   forkhead box O1 

FRC   fibroblastic reticular cell 

FRCΔIFNAR  mice with a FRC-specific deletion of the IFNAR 

FRCΔIL-7  mice with a FRC-specific deletion of IL-7 production 

GLUT-1  glucose transporter 1 

gp38   podoplanin 

HEV   high endothelial venule 

HIV   human immunodeficiency virus 

ICAM-1  intercellular adhesion molecule 1 

IDO-1   indoleamine 2,3 dioxygenase 1 

IFN   interferon 

IFN-I   interferon type I 

IFNAR   interferon α/β receptor 
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IFNARfl/fl  conditional IFNAR knockout mice 

IFN-γR   interferon γ receptor 

Ig   Immunoglobulin 

IL   interleukin 

IL-7fl/fl   conditional IL-7 knockout mice 

IL-7Rα   interleukin 7 receptor α chain; CD127 

ILC   innate lymphoid cell 

IRF   interferon regulatory factor 

ISG   interferon-stimulated gene 

ISGF   interferon-stimulated gene factor 

iNOS   inducible nitric oxide synthase 2 

JAK   Janus kinase 

KLRG-1  killer-cell lectin-like receptor G1 

LCMV   lymphocytic choriomeningitis virus 

LEC   lymphatic endothelial cell 

LECΔIL-7  mice with a LEC-specific deletion of IL-7 production 

LEC/FRCΔIL-7  mice with a FRC/LEC-specific deletion of IL-7 production 

LIP   lymphopenia-induced proliferation 

LN   lymph node 

LPS   lipopolysaccharide 

LSC   lymphoid stromal cell 

MAPK/Erk  mitogen-activated protein kinase/ extracellular signal-regulated kinase 

Mcl-1   myeloid cell leukemia-1 

MHC-I   major histocompatibility complex class I 

MHC-II   major histocompatibility complex class II 

mTOR   kinase mammalian target of rapamycin 

NFκΒ   nuclear factor kappa-light-chain-enhancer of activated B cells 

NK   natural killer 

NO   nitric oxide 

NP   nucleoprotein of VSV 

OT-I   CD8+ T cell recognizing ovalbumin257-264-peptide presented on H-2b 

OT-II   CD4+ T cell recognizing ovalbumin323-339-peptide presented on I-A2 

ova   ovalbumin 

PAMP   pathogen-associated molecular pattern 

PD-L1   programmed cell death protein 1 ligand 

PECAM-1  platelet endothelial cell adhesion molecule; CD31 

PI3K   phosphoinositide 3−kinase 
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PRR   pattern recognition receptor 

Rag   recombination-activating gene 

RagγRko  IFN-γR-/- x Rag1-/- mice 

RORγt   retinoid orphan receptor gamma t 

SARS-CoV2  severe acute respiratory syndrome coronavirus type 2 

SCID   severe combined immunodeficiency 

SCS   subcapsular sinus 

SLO   secondary lymphoid organ 

SOCS-1  suppressor of cytokine signaling protein 1 

SPF   specific pathogen-free 

STAT   signal transducer and activator of transcription 

TAG   triacylglyceride 

TCM   central memory T cell 

TEFF   effector T cell 

TEM   effector memory T cell 

TH   CD4+ helper T cells 

TM   memory T cell 

TMP   memory precursor T cell 

TN   naive T cell 

TSCM   stem cell memory T cell 

TSLEC   short-lived/terminal effector T cell 

TVM   virtual memory T cell 

T(V)M   (virtual) memory T cell 

Treg   regulatory T cell 

TRM   tissue-resident memory T cell 

TCR   T cell receptor 

TNF-α   tumor necrosis factor α 

TYK2   tyrosine kinase 2 

VCAM-1  vascular cell adhesion molecule 1 

VSV   vesicular stomatitis virus 
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