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1. Abstract  

Xenotropic and polytropic retrovirus receptor 1 (XPR1) is the only known phosphate exporter 

in mammalian cells, whose abrogation leads to embryonic lethality in mice. Recent findings 

suggest that XPR1 has a role in signal transduction, complex formation, and protein trafficking 

extending its function beyond phosphate homeostasis and indicating a potential function of 

XPR1 in immunoregulation. This work therefore investigates XPR1 in CD4+ T cells to unveil 

novel therapeutic approaches to modulate immune responses. 

We found that conditional Xpr1 knockout in T cells led to altered development and selection 

in the thymus. Mature XPR1 deficient CD4+ T cells showed hyperactivation and increased 

expression of Il2, as well as increased effector functions in response to antibody-mediated 

stimulation. In particular, XPR1 deficiency increased proliferation, cytokine expression, and 

induced a moderate shift towards a glycolytic metabolic phenotype in CD4+ T cells without 

changes in phosphate homeostasis. In vitro differentiation assays revealed increased 

expression of the proinflammatory cytokines TNF-Ŭ and IFN-ɔ, and IL-22, under Th1- and 

Th17-skewing conditions in XPR1 deficient T cells, respectively. Likewise, human Jurkat cells 

showed increased expression of TNFA, IFNG, and IL22 upon siRNA-mediated XPR1 

knockdown in qPCR analyses. Moreover, antigen-specific stimulation of Marilyn CD4+ T cells 

by intravenous injection of the cognate H-Y antigen resulted in hyperactivation, increased 

expression of the immune checkpoint molecules CTLA-4 and PD-1, and increased expression 

of the proinflammatory cytokines IL-17a and IL-22 in XPR1 deficient T cells in vivo. T-cell 

receptor (TCR) downstream signalling was altered in XPR1 deficient CD4+ T cells, 

demonstrated by impaired Ca2+ influx, ERK1/2 phosphorylation, and nuclear NFAT 

translocation, as well as increased AKT and S6 phosphorylation, indicating a hyperactivation 

of PI3K-AKT-mTOR signalling. Homeostatic expansion experiments revealed a proliferation 

disadvantage of XPR1 deficient CD4+ T cells, while Ŭ-CD28 stimulation elicited a proliferative 

response in XPR1 deficient, but not control CD4+ T cells, even in the absence of Ŭ-CD3 in 

vitro. This portrays XPR1 as a negative regulator of CD4+ T-cell responses that restricts 

CD28-dependent co-stimulation during T-cell hyperactivation. Mechanistically, we report the 

interaction of XPR1 with the scaffolding protein Kidins220, which has been previously 

associated with TCR downstream signalling and immune synapse formation. To disrupt the 

interaction of XPR1 with Kidins220, we devised the cell-penetrating peptide Tat-X featuring 

the last 25 amino acids of XPR1ôs C-terminal loop, which promoted T-cell proliferation, thereby 

phenocopying hyperactivated XPR1 deficient CD4+ T cells. Thus, XPR1 targeting may 

provide a potential tool for immunotherapy to invigorate insufficient T-cell responses. 
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2. Zusammenfassung  

Xenotropic and polytropic retrovirus receptor 1 (XPR1) ist der bisher einzig bekannte 

Phosphat-Exporter in Säugetieren, dessen Knockout im Embryo-Stadium von Mäusen lethal 

ist. Obwohl die XPR1-vermittelte Regulation von Phosphat-Homöostase ein zentraler Aspekt 

der XPR1 Forschung ist, legt die Interaktion von XPR1 mit verschiedenen Proteinen, die an 

Immun-Zell-Signalwegen, Komplexbildung und Trafficking beteiligt sind, eine Relevanz von 

XPR1 für die Immunmodulation nahe. Daher befasst sich diese Arbeit mit der Rolle von XPR1 

in T-Zellen, um neuartige Ansätze für Immun-Modulations-Therapeutika zu eröffnen. 

Ein konditioneller Knockout von XPR1 in CD4+ T-Zellen führte zu Veränderungen in 

Entwicklung und Selektionsprozessen im Thymus. XPR1-defiziente T-Zellen aus der Milz 

zeigten eine Hyperaktivierung und erhöhte Il2-Expression sowie gesteigerte Effektor-

Funktionen in Antwort auf Antikörper-vermittelte T-Zell-Rezeptor (TZR)-Stimulation. 

Insbesondere erhöhte die Abwesenheit von XPR1 in CD4+ T-Zellen deren Proliferation und 

Zytokin-Expression und bewirkte eine Verschiebung in Richtung eines glykolytischen 

metabolischen Phänotyps, ohne die Phosphathomöostase zu verändern. In vitro-

Differenzierungs-Assays zeigten eine erhöhte Expression der proinflammatorischen Zytokine 

TNF-Ŭ und IFN-ɔ sowie IL-22, unter Th1- beziehungsweise Th17-induzierenden Bedingungen 

in XPR1 defizienten T-Zellen. Ebenso zeigten humane Jurkat-Zellen nach siRNA-vermitteltem 

XPR1-Knockdown in qPCR-Analysen eine erhöhte Expression von TNF-Ŭ, IFN-ɔ und IL-22. 

Des Weiteren resultierte eine antigen-spezifische Aktivierung von Marilyn-CD4+ T-Zellen 

mittels intravenöser Injektion von H-Y-Peptid in erhöhter Aktivierung und erhöhter Expression 

der Immun-Checkpoint-Moleküle CLTA-4 und PD-1 sowieso der proinflammatorischen 

Zytokine IL-17a und IL-22 in XPR1-defizienten T-Zellen. TZR-vermittelte Signalwege zeigten 

Veränderungen in XPR1-defizienten T-Zellen, was durch verringerten Ca2+-Influx, ERK1/2-

Phosphorylierung und nukleäre NFAT-Translokation, sowie erhöhte AKT- und S6-

Phosphorylierung deutlich gemacht wurde. Dies deutet auf eine Hyperaktivierung des PI3K-

AKT-mTOR-Signalwegs hin. Homöostatische Expansions-Experimente ergaben, dass XPR1-

defiziente T-Zellen einen Nachteil gegenüber Kontrollzellen bezüglich der Proliferation in vivo 

aufweisen, während eine Stimulation allein mit Ŭ-CD28 ohne Ŭ-CD3 in vitro ausreichte, um 

eine Proliferation in XPR1-defizienten, nicht aber in Kontroll-CD4+ T-Zellen hervorzurufen. 

Dies zeigt, dass XPR1 als negativer Regulator von CD4+ T-Zell-Antworten fungiert und die 

CD28-abhängige Kostimulation einschränkt, um eine T-Zell-Hyperaktivierung zu verhindern. 

Auf mechanistischer Ebene konnten wir die Interaktion von XPR1 und Kidins220 zeigen, 

einem Adaptor-Protein, das bereits zuvor mit TZR-Signalwegen und der Bildung der Immun-

Synapse in Verbindung gebracht wurde. Um die Interaktion von XPR1 mit Kidins220 zu 

blockieren, wurde das neuartige, zellpenetrierende Peptid Tat-X aus den letzten 25 
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Aminosäuren der C-terminalen Schleife von XPR1 entwickelt. Tat-X-Behandlung inhibierte die 

Interaktion von XPR1 und Kidins220, und förderte darüber hinaus die T-Zell-Proliferation, 

analog zur Hyperaktivierung XPR1-defizienter CD4+ T-Zellen. Zusammenfassend stellt XPR1 

daher ein potentielles Ziel für die Immuntherapie dar, um unzureichende T-Zell-Antworten zu 

verstärken. 

 

3. Introduction  

3.1. Immune system  

The immune system is the defence of our body against harmful pathogens and against 

malignant tumour cells that threaten to damage our own body. The main challenge for the 

immune system is regulating immune homeostasis and tolerance ï if the immune system is 

tolerant towards malignant tumour cells or pathogens, cancer progression or severe infections 

are imminent, whereas an immune system too responsive might attack body-own tissue and 

cause inflammation or autoimmune diseases (1). The immune systemôs regulation and the 

underlying mechanisms to control the plethora of its functions are complex and still not fully 

understood. Thorough understanding of immune system homeostasis is indispensable for 

modern medicine and the development of novel therapeutics. 

 

3.1.1. Innate and adaptive immune system  

The human bodyôs immune system can be differentiated into the innate immune system, which 

is ready at birth and acts immediately upon pathogen contact, and the adaptive immune 

system, which can adjust its responses by genetic recombination to generate antibodies and 

cells that are specialised for combating distinct pathogens by recognising antigens in a highly 

specific manner. Innate and adaptive immune system show a complex interplay of regulation 

and communication, which is indispensable for an effective immune response (2). 

The first line of defence of the innate immune system is presented by physical, chemical, and 

microbial barriers to the outer world. Physical barriers are skin or mucosa that prevent 

pathogens from crossing surfaces to enter the body or invade tissues. Chemical barriers refer 

to secretions from skin or mucosa, e.g. tears or saliva that contain lysozyme to destroy 

invading bacteria. Microbial barriers are presented by commensal microorganisms that inhabit 

surfaces of the body, e.g. the skin or the intestines (2).  

If pathogens manage to pass these primary barriers, they are confronted with cellular and 

humoral components of the innate immune system. The innate immune system is specialised 
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on more unspecific responses mediated by pattern recognition. Pattern-recognition molecules 

(PRMs) like Toll-like receptors (TLRs) or NOD-like receptors (NLRs) are expressed on innate 

immune cells like monocytes, dendritic cells, or granulocytes. PRMs recognise pathogen-

associated molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPs) 

(2, 3). PAMPs are highly conversed, distinctively non-human structures like lipopolysaccharide 

(LPS), components of bacterial or fungal cell walls, flagellin, viral RNA, or others (3). DAMPs 

are molecules that are accessible to their respective receptors only when they are released 

from damaged cells. Examples for these are heat shock proteins, nucleic acids, and 

extracellular matrix (ECM) components (3). PAMP or DAMP recognition by PRMs leads to 

clearance of pathogens, e.g. by secretion of antimicrobial peptides (AMPs), phagocytosis or 

induction of apoptosis, and activation of the immune system, e.g. by opsonisation or antigen 

presentation to activate the complement system or the adaptive immune system, respectively 

(2ï4).  

The adaptive immune system is characterised by slower, but highly specific immune 

responses. B and T lymphocytes are the key players of the adaptive immune system. Both 

B cells and T cells recognise antigen via their B and T cell receptor (BCR and TCR), 

respectively. Through genetic rearrangement of their respective receptors during their 

development, mature B and T cells can develop a wide variety of receptor specificities, 

enabling them to recognise a plethora of antigens (5ï7).  

At first, naïve B and T cells scour the lymph system until they encounter antigen, leading to 

activation, proliferation, differentiation, and eventually migration into the inflamed tissue. Both 

types of lymphocytes can act using a wide range of effector mechanisms that depend on 

differentiation into specialised lymphocyte subsets. Lastly, lymphocytes that were activated by 

recognition of their cognate antigen remain as memory cells in the system, leading to a quicker 

response of the adaptive immune system upon re-encounter with the antigen (5ï7). 

B cells can differentiate into plasma cells, which specialise on antibody production. Secretion 

of antibodies facilitates clearing of bound pathogens or complement activation. Moreover, 

B cells can act as antigen-presenting cells (APC), or differentiate into memory cells to induce 

a quicker immune response upon reencountering the antigen they recognise (5, 6).  

T cells carry out a large spectrum of effector functions. Depending on the composition of their 

TCR chains, one can differentiate between Ŭ/ɓ T cells and ɔ/ŭ T cells. The latter are 

unconventional T cells which carry out innate-like functions (8). Ŭ/ɓ T cells can be classified 

by expression of their TCR-co-receptors cluster of differentiation (CD)4 or CD8 into T-helper 

cells (CD4+ T cells) or cytotoxic T cells (CD8+ T cells). CD8+ T cells are mainly responsible 

for eliminating tumour cells or cells that are infected by viruses through recognition of cytosolic 
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antigens. CD4+ T cells are specialised on orchestrating the immune response by regulating 

other immune cells or tissue cells via cytokine secretion in immune responses against endo-

lysosomal antigens (7). In the following, we focused on CD4+ T cells. 

 

3.1.2. Development of CD4+ T lymphocytes  

T cells are derived from lymphopoietic stem cells. T-cell progenitors are produced in the bone 

marrow and mature in the thymus. During this maturation process, they undergo different 

selection processes which serve as checkpoints that prevent dysfunctional cells from maturing 

and emerging into the periphery (9, 10).  

After commitment of common lymphoid progenitor cells to the T-cell lineage, early T-cell 

progenitors (ETPs) that are double negative (DN) for the expression of CD4 and CD8 migrate 

to the distal cortex of the thymus. DN thymocytes can be differentiated into four stages of 

development, depending on their expression of CD44 and CD25: DN1/ETPs (CD44+CD25-), 

DN2 (CD44+CD25+), DN3 (CD44-CD25+), and DN4 (CD44-CD25-) (9, 10). Ŭ/ɓ T cells are 

characterised by expression of a TCR that is comprised of a TCR-Ŭ and a TCR-ɓ chain. Both 

chains feature a variable region which is responsible for antigen recognition, and a constant 

region, which features interaction sites with other proteins that are important for signal 

transduction of TCR downstream signalling (11). During the DN2 and DN3 stages, T-cell 

progenitors rearrange the genes encoding for TCR chains by undergoing recombination, 

which is facilitated by recombination activating gene (RAG) 1 and RAG2. This process 

involves rearrangement of the variable (V), diverse (D), and joining (J) region of the receptor 

chain genes, known as V(D)J recombination. On top of the recombination, random nucleotides 

are added or deleted at the junction sites. Through these mechanisms, a wide variety of 

specificities is achieved (9, 10, 12).  

Cells that successfully recombined Tcrd and Tcrg chains commit to the ɔ/ŭ T-cell lineage, 

whereas cells that successfully recombined a Tcrb chain commit to the Ŭ/ɓ lineage. After 

recombination in the DN3 stage, DN Ŭ/ɓ thymocytes undergo a process called ɓ-selection: 

they assemble a pre-TCR complex comprised of the rearranged TCR-ɓ chain, a pre-TŬ chain, 

and CD3. If a pre-TCR signals sufficiently, cells receive survival and proliferation signals and 

progress to the double positive (DP) stage, which is characterised by expression of both CD4 

and CD8 (13ï20, 9, 10).  

DP thymocytes undergo another round of V(D)J recombination for the rearrangement of the 

Tcra gene. Thymocytes with a functional TCR comprised of rearranged TCR-ɓ and TCR-Ŭ 

chains undergo positive and negative selection in the cortex. For this, self-antigen is presented 
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by cortical thymic epithelial cells (cTECs) in the context of major histocompability complexes 

(MHCs). During this process, the avidity of the TCR as a measurement for self-reactivity is 

crucial for selection processes (9, 10, 21, 22).  

CD5 is a crucial player for functional tuning during selection processes, and correlates with 

the degree of TCR self-reactivity (Figure 1A). Recognition of peptide-MHC (pMHC) complexes 

is required to convey survival signals and thereby allow cells to pass positive selection. 

However, cells that bind pMHC with a level of self-reactivity too high get negatively selected, 

whereas cells that do not bind the pMHC die by neglect (Figure 1B). Functional tuning is 

mediated by CD5-mediated negative regulation of TCR signalling (Figure 1C): cells with a 

higher self-reactivity express higher levels of CD5, which dampens their TCR response and 

prevents negative selection. On the other hand, cell with a lower self-reactivity express lower 

levels of CD5, which enhances their TCR response and prevents death by neglect. Depending 

on their affinity for MHC class II or I during selection in the cortex, DP thymocytes commit to 

differentiation into CD4+ or CD8+ T cells, respectively (9, 10, 21, 22). 

Cells single positive for expression of CD4 (SP4) or CD8 (SP8) undergo another round of 

selection in the medulla where they encounter a wide variety of tissue-restricted antigens 

presented by medullary TECs (mTECs) (Figure 1D). Cells recognising self-antigen either 

undergo negative selection, or ï if the cell is CD4+ ï have the potential to develop as a thymic-

derived regulatory T cell (tTreg). This choice is dependent on the cellôs ability to access niches 

with antigen-bearing APCs, on the cytokine environment, and on the strength of their self-

reactivity, which is again affected by functional tuning (9, 10). 
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Figure 1: TCR self -reactivity is functionally tuned by CD5  during  selection processes in  T-cell development.  

A: Schematic view of gradient of self-reactivity that correlates with CD5 expression on DP thymocytes during 

selection in the cortex. Strong self-reactivity leads to negative selection (purple), whereas weak self-reactivity leads 

to death by neglect (grey). Cells with an intermediate self-reactivity (yellow) pass positive selection. Expression of 

CD5 functionally tunes TCR signalling strength and therefore, the degree of self-reactivity. High CD5 expression 

in thymocytes with high self-reactivity dampens the TCR signalling strength, whereas low CD5 expression in 

thymocytes with low self-reactivity increases the TCR signalling strength. B: Selection processes in the cortex 

depend on interaction of thymocytes (purple) with cortical thymic epithelial cells (cTECs, grey). The degree of TCR 

avidity to self-antigen determines the strength of TCR signalling upon contact (depicted in red). C: T-cell fate 

depends on accumulated TCR signal strength during positive selection. Schematic plot of accumulated TCR signal 

over time. CD5-mediated functional tuning is indicated at the top. D: Tolerance screening in the medulla is mediated 

by interaction of TCR with tissue restricted antigen (TRA) presented by medullary thymic epithelial cells (mTECs). 

Depending on the reactivity towards TRA, on the ability to reach limiting niches, and on the cytokine environment, 

self-reactive CD4+ T cells undergo negative selection or develop into thymic regulatory T cell (tTreg). Figure from 

(10). 
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3.1.3. CD4+ T-cell activation  

Naïve CD4+ T cells that passed all selection stages in the thymus and matured successfully 

patrol the blood and lymph nodes until they encounter antigen that is presented by an APC 

via MHC-II. A typical example for antigen-dependent stimulation is the interaction of a CD4+ 

T cell with a dendritic cell in the lymph node, as shown in Figure 2 (11). 

 

 

Figure 2: T-cell activation by APCs requires three signals.  A: Interaction of the T-cell receptor (TCR) with a 

major histocompability complex class II (MHC-II) presenting an antigen peptide corresponds to signal 1. B: 

Interaction of the co-stimulatory molecule CD28 with B7 molecules presents signal 2. C: The third signal 

contributing to CD4+ T-cell activation is the cytokine environment. Figure created with BioRender.com. 

A classic model of T-cell activation states that T-cell activation is dependent on three signals 

(23, 24). Signal 1 is presented by interactions of the TCR with pMHCs on the surface of an 

APC. Depending on the TCR co-receptor expressed by the T cell (CD8 or CD4), the TCR 

recognises MHC-I or -II.  

Signal 2 is provided by interactions of the co-stimulatory molecule CD28 with B7 ligands (also 

known as CD80/86) expressed by the APC (23). Engagement of the TCR without synergistic 

co-stimulation results in anergy, therefore co-stimulation is required for successful T-cell 

activation. Apart from CD28, other co-stimulatory molecules like CD226, tumour necrosis 

factor receptor superfamily member 4 (OX40), inducible T-cell co-stimulator (ICOS), or 4-1BB, 

or co-inhibitory molecules like cytotoxic T-lymphocyte associated protein 4 (CTLA-4), 

programmed cell death protein 1 (PD-1), or T-cell immunoreceptor with Ig and ITIM domains 

(TIGIT) can regulate downstream T-cell signalling and enhance or dampen the relayed signals 

(23, 25, 26). CTLA-4 binds B7 with a higher affinity and avidity than CD28, leading to a strong 

inhibitory effect which is not only based on inhibitory downstream signalling, but also 

competition with CD28 for their shared ligand (27ï29). PD-1 has been shown to suppress 

T-cell functions primarily by targeting CD28-mediated co-stimulatory downstream signalling 
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(30, 31). Both CTLA-4 and PD-1 are common targets for immune checkpoint therapy (ICT) 

which aims to enhance T-cell mediated anti-tumour immune responses (31). 

Signal 3 is presented by the cytokine environment. Via various cytokine receptors, T cells 

receive signals impacting their differentiation (23, 24).  

 

3.1.4. CD4+ T-cell effector mechanisms and T -helper subsets  

Sufficient activation of CD4+ T cells by engagement of the TCR complex as well as co-

stimulation lead to proliferation and differentiation of effector CD4+ T cells. Depending on the 

cytokine environment, distinct CD4+ T-cell subsets arise, which carry out different effector 

functions. Secretion of cytokines is the main mode of action by which CD4+ T cells 

communicate with immune and non-immune cells to regulate the immune response and 

inflammation. If the complex network of CD4+ T-cell effector functions is dysregulated, 

consequences can be chronic inflammation, autoimmunity, immune deficiency, or tumour 

progression (7, 32). 

The cytokine environment plays the key role in facilitating differentiation into different CD4+ 

T-cell subsets. Some of them are T-helper (Th) 1, Th2, Th17, Th22, and regulatory T cells 

(Tregs) (7, 33). Subsets are characterised by expression of a set of signature cytokines and 

key transcription factors. 

Th1-cell differentiation is mainly mediated by interleukin (IL-)12 and IFN-ɔ. Expression of the 

key transcription factor T-bet induces the expression of interferon (IFN)-ɔ, which leads to an 

IFN-ɔ-mediated positive feedback loop of Th1-cell differentiation. Further, expression of the 

proinflammatory cytokine tumour necrosis factor Ŭ (TNF-Ŭ) is characteristic for the Th1 

subpopulation. TNF-Ŭ promotes inflammation by activating nuclear factor ə-light chain 

enhancer of activated B cells (NF-əB) and RAS-mitogen-activated protein kinase (MAPK) 

signalling pathways, which induce gene expression of proinflammatory chemokines and 

cytokines (34). Th1 cells are essential for mediating defence against intracellular pathogens 

like bacteria or viruses. Moreover, Th1 cells are important for anti-tumour responses (7, 35, 

36). However, due to their expression of proinflammatory cytokines, Th1 cells can contribute 

to inflammation and autoimmunity. This has for example been shown in inflammatory bowel 

disease (IBD), graft-versus-host disease, type-1 diabetes, and rheumatoid arthritis (RA) (7, 

36ï42). 

Th2 cells are characterised by expression of the cytokines IL-4, IL-5, and IL-13, and the key 

transcription factor GATA-3. Th2-skewing conditions include IL-2 and IL-4. Th2 cells play a 
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role in host defence against extracellular pathogens like helminths and nematodes, tissue 

repair, asthma, allergies, and regulating B-cell mediated antibody production (7, 36, 43).  

Th17 cells are characterised by the expression of the cytokines IL-17, IL-21, IL-22, and IL-23, 

and the key transcription factor Ror-ɔt. Ror-ɔt controls the expression of IL-17, the main 

cytokine expressed by Th17 cells (7, 36, 44ï46). Differentiation into Th17 cells is driven by 

transforming growth factor ɓ (TGF-ɓ), IL-6, IL-1ɓ, and IL-23. Th17 cells show a plasticity 

depending on present cytokines during differentiation: The ñclassicalò Th17 cells are induced 

by IL-6 and TGF-ɓ, whereas ñalternativeò Th17 cells are induced by IL-6, IL-1ɓ, and IL-23 (47ï

49). The ñalternativeò Th17 cells show a more pathogenic phenotype, characterised by 

increased expression of IFN-ɔ, granulocyte-macrophage colony-stimulating factor (GM-CSF), 

and IL-22 (7, 48ï51). Th17 cells are involved in immunity at mucosal surfaces and epithelial 

barriers. Further, they have been implicated in chronic inflammation, anti-tumour responses, 

and autoimmune diseases, e.g., multiple sclerosis (MS), RA, psoriasis, and IBD (7, 35, 36, 45, 

52, 53). 

Th22 cells are a T-helper cell subpopulation that was named accordingly due to their high 

expression of IL-22. IL-22 has been found to contribute to proinflammatory as well as 

antiinflammatory mechanisms (54ï57). Apart from IL-22, Th22 cells also express IL-26, IL-13, 

TNF-Ŭ, and granzyme B. Th22 differentiation is driven by IL-6, TNF-Ŭ, IL-23, and IL-1ɓ (33, 

58). Expression of the transcription factors Ror-ɔt and aryl hydrocarbon receptor (AhR) 

indicates similarities to Th17 cells, however Th22 cells do not express IL-17, and TGF-ɓ 

impairs differentiation into Th22 cells (33, 58, 59). Th22 cells are involved in mucosal 

homeostasis, host defence, barrier repair and homeostasis of the intestine, but have also been 

found to be involved in cancer and autoimmune diseases like RA, systemic lupus 

erythematosus (SLE), IBD or atopic dermatitis (59ï61, 55, 56). 

In striking difference to Th1, Th2, Th17, and Th22 subsets who express proinflammatory 

cytokines, Tregs play an important antiinflammatory role by downregulating immune 

responses to control immune homeostasis and tolerance. They either arise from the thymus 

as tTregs as described in section 3.1.2, or differentiate in the periphery (pTregs). Tregs are 

characterised by expression of IL-2 receptor (IL-2R)-Ŭ/CD25, and Foxp3. Foxp3 is the key 

transcription factor of Tregs, and crucial for development, maintenance, and the suppressive 

functions of Tregs, since mutations or deletion of Foxp3 result in severe dysregulation of 

immune responses (7, 32, 62ï67). Treg-mediated immunosuppression is further achieved by 

expression of the immunosuppressive cytokine IL-10, by cytolysis, by metabolic disruption via 

IL-2RŬ/CD25, cAMP, or CD39, or by CTLA-4-mediated modulation of dendritic cells (DCs) 
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(68). Peripheral differentiation into pTregs is driven predominantly by IL-2 and TGF-ɓ, with 

TGF-ɓ being the driver of Foxp3 transcription (7, 32, 62ï64). 

The cytokine IL-2 is crucial for CD4+ T-cell functions and differentiation, and it affects all 

T-helper cell subsets. Activation of CD4+ T cells leads to expression of IL-2, which renders 

IL-2 expression suited as an early CD4+ T-cell activation marker. IL-2 is required for the initial 

proliferation of conventional CD4+ and CD8+ T cells (69). The response to IL-2 is controlled 

by the expression of IL-2R chains. IL-2 binds with low to moderate affinity to the dimeric IL-2R 

comprised of IL-2Rɓ and IL-2Rɔ, whereas it binds with high affinity to the trimeric IL-2R 

comprised of IL-2RŬ/CD25, IL-2Rɓ, and IL-2Rɔ (69ï73). Conventional T cells express the 

dimeric IL-2R, which is why a high concentration of IL-2 is required for a proliferative response 

of CD4+ T cells after activation (69ï73). After activation, conventional T cells upregulate 

CD25, which facilitates differentiation into T-helper subsets. IL-2 induces signal transducer 

and activator of transcription (STAT)-5 signalling, which promotes differentiation into Th1- and 

Th2 cells while it suppresses differentiation into Th17 cells (69, 73, 74). Tregs do not express 

IL-2 themselves, but require IL-2 for survival. This leads to a decrease of Treg numbers in the 

absence of IL-2 on the one hand, while on the other hand expression of CD25 by Tregs results 

in preferred consumption of IL-2 by Tregs when conventional T cells do not express CD25 

(68). Both these mechanisms contribute to balancing immune homeostasis.  

Taken together, CD4+ T-cell differentiation into subsets finetunes responses of the immune 

system. Dysregulation of differentiation and the interplay of proinflammatory and 

antiinflammatory mechanisms can lead to a detrimental outcome of cancer, severe infections, 

autoimmunity, tissue damage, or chronic inflammation (7, 33). 

 

3.1.5. TCR downstream signalling  

TCR engagement activates downstream signalling cascades which eventually result in 

expression of target genes that define T-cell responses. Signalling cascades of co-stimulatory 

and co-inhibitory molecules are intertwined with TCR downstream signalling, forming a 

complex network of cumulating signals eventually promoting T-cell survival, metabolism, 

proliferation, and differentiation (75).  

In general, signalling cascades rely on phosphorylation of target molecules by phosphate 

kinases, which leads to activation of another kinase which further transduces the signal 

downstream, and so forth. Adaptor proteins play an important role in this network, as they 

ensure co-localisation of kinases and their targets, and stabilise interaction networks. 
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Therefore, the formation of signalling complexes is a common mechanism for TCR 

downstream signalling (7, 76). 

The TCR complex is subject to constant endocytosis and re-expression at the cell surface in 

resting T-cells (77). Activation of CD4+ T cells by APCs, as described in section 3.1.3, leads 

to the formation of an immunological synapse (IS), which is characterised by membrane 

rearrangements leading to focused localisation of signalling complexes and adhesion 

molecules at three distinctive supramolecular activation cluster (SMAC) (78ï80). The central 

SMAC is predominantly comprised of the TCR complex and its ligands (78, 81). The peripheral 

SMAC is localised in a ring-like structure around the central SMAC, and features expression 

of adhesion molecules like lymphocyte function-associated antigen-1 (78, 81), which  interacts 

with its ligand intercellular adhesion molecule-1 (ICAM-1) on APCs. The IS further features a 

distal SMAC, that is comprised of F-actin-rich structures that stabilise the IS (78, 81). 

Engagement of the TCR by pMHC leads to TCR-pMHC complexes forming microclusters in 

the distal SMAC, which are transported through the peripheral to the central SMAC (81, 82). 

The IS represents a focal point of adhesion between T cells and APCs which has been 

proposed to control signalling by boosting TCR triggering or facilitating TCR downregulation 

to adjust to the presented pMHC concentration (82ï84). TCR-pMHC complexes are 

internalised by the T cell after activation, which is proposed to either arrest TCR signalling, or 

to facilitate endosomal TCR signalling (77, 81, 83, 85ï87). However, the role of TCR 

internalisation for TCR signalling is not fully understood yet. 

 

Figure 3: Overview of TCR downstream signalling  and CD28-mediated co -stimulatory signalling . 

Engagement of the TCR-CD3-complex leads to downstream signalling, resulting in AKT/mTOR activation, the 

assembly of a multiprotein complexes containing LAT, and Ca2+-dependent NFAT translocalisation. Arrows 
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correspond to activation, and transcription factors are depicted in dark blue. MHC: major histocompability complex, 

LCK: Lymphocyte-specific cytoplasmic kinase, ZAP-70: Zeta-chain-associated protein kinase 70, LAT: Linker for 

activation of T cells, PLCɔ1: Phospholipase C-ɔ1, GRB2: Growth factor receptor-bound protein 2, SOS: Son of 

Sevenless, GADS: GRB2-related adaptor downstream of Shc, SLP-76: SH2 domain-containing leukocyte protein 

of 76 kDa, ADAP: Adhesion and degranulation promoting adaptor protein, SKAP-55: SRC kinase-associated 

phosphoprotein of 55 kDa, VAV1: Vav guanine nucleotide exchange factor 1, Cdc42: Cell division cycle 42, WASP: 

Wiskott-Aldrich syndrome protein, ITK: IL-2 inducible T-cell kinase, PIP2: Phosphatidylinositol 4,5-bisphosphate, 

IP3: Inositol-3-phosphate, DAG: Diacylglycerol, NFAT: Nuclear factor of activated T cells, PKCɗ: Protein kinase 

Cɗ, CBM: CARMA1-BCL10-MALT1, IKK: IəB kinases, RasGRP1: RAS guanyl releasing protein 1, MEK1/2: 

Mitogen-activated protein kinase kinase, ERK1/2: Extracellular signal-regulated kinase, AP-1: activator protein-1, 

PI3K: Phosphatidylinositol 3-kinase, PIP3: Phosphatidylinositol (3,4,5)-triphosphate, PDK1: Phosphoinositide-

dependent kinase-1, AKT: Protein kinase B, mTOR: Mechanistic target of rapamycin, GEF: Guanine nucleotide 

exchange factor. Figure from (75). 

A simplified overview of the most important signalling pathways downstream of the TCR is 

shown in Figure 3. The TCR exists in a complex with the ŭ, ɔ, Ů and ɕ chains of CD3. The CD3 

invariant chains are indispensable for localisation of the TCR on the cell surface, as well as 

downstream signalling (75). Further, the co-receptors CD4 or CD8 are associated with the 

TCR complex and facilitate binding to MHC-II or -I. They also bind to the tyrosine kinase 

lymphocyte-specific cytoplasmic kinase (LCK) intracellularly (75). Upon engagement of the 

TCR complex with pMHC, the TCR complex undergoes conformal changes, which is proposed 

to result in release of CD3 from the inner membrane (75, 88, 89). LCK phosphorylates 

immunoreceptor tyrosine-based activation motifs (ITAMs) on the CD3 chains. Zeta-chain-

associated protein kinase 70 (ZAP-70) is recruited to phosphorylated ITAM motifs, resulting 

in ZAP-70 phosphorylation by LCK (75, 90). ZAP-70 activates the adaptor proteins linker for 

activation of T cells (LAT) and SH2 domain-containing leukocyte protein of 76 kDa (SLP-76) 

(75, 91ï94).  

The importance of adaptor proteins for signalling is demonstrated by LAT and SLP-76. Both 

LAT and SLP-76 recruit several other proteins to proximal TCR signalling complexes, which 

lead to signal transduction via various pathways. For example, growth factor receptor-bound 

protein 2 (GRB2) and the guanine exchange factor son of sevenless (SOS) associate with 

LAT (94). The GRB2-SOS complex then phosphorylates Ras upon TCR stimulation (75, 95ï

97). GRB2 is also associated with the E3 ubiquitin ligase CBL which negatively regulates TCR 

signalling (75, 98). Further, the GRB2-related adaptor downstream of Shc (GADS) binds 

phosphorylated LAT and supports the association between LAT and SLP-76 (75, 99, 100).  

SLP-76 is crucial for the formation and stability of the LAT-GADS-SLP-76- phospholipase C-ɔ1 

(PLCɔ1) complex, thereby playing an important role as an adaptor protein (75, 76). Moreover, 

it associates with various signalling complexes involved in actin polymerisation and 

cytoskeletal reorganisation ï processes required for T-cell adhesion and migration ï, such as 
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adhesion and degranulation promoting adaptor protein-SRC kinase-associated 

phosphoprotein of 55 kDa and Vav guanine nucleotide exchange factor 1 (VAV1)-Nck-Rac-

Cell division cycle 42-Wiskott-Aldrich syndrome protein (75, 101ï106). 

Further, SLP-76 associates with IL-2 inducible T cell kinase (ITK) (75). ITK is crucial for 

downstream signalling pathways leading to gene expression affecting cell proliferation. ITK 

gets activated by LCK or SLP-76, associates with PLCɔ1, and activates it by phosphorylation 

at multiple residues (107ï110). This results in PLCɔ1-mediated hydrolysis of membrane-

bound phosphatidylinositol 4,5-bisphosphate (PIP2) into diacylglycerol (DAG) and inositol-3-

phosphate (IP3) (111, 112). IP3 induces the Ca2+-calcineurin-Nuclear factor of activated 

T-cells (NFAT) signalling pathway, while DAG fuels the PKCɗ-IKK-NF-əB-pathway and the 

RASGRP1-RAS-ERK1/2-pathway (75). 

IP3 engages IP3 receptors (IP3Rs) on the surface of the endoplasmic reticulum (ER), which 

leads to Ca2+ release into the cytosol from ER stores (112, 113). Calcineurin gets activated by 

cytosolic Ca2+, which in turn leads to dephosphorylation of NFAT, which translocates into the 

nucleus to act as a transcription factor, most prominently for the expression of Il2 (114). 

DAG regulates protein kinase Cɗ (PKCɗ) activation (115, 116). Active PKCɗ triggers the 

formation of the so-called CBM-complex, comprised of caspase recruitment domain-

containing membrane-associated guanylate kinase protein-1 (CARMA1), B cell 

lymphoma/leukemia 10 (BCL10), and mucosa-associated lymphoid tissue translocation 

protein-1 (MALT1). Once assembled, the CBM-complex recruits tumour necrosis factor 

receptor-associated factor 6 (TRAF6). TRAF6 acts on IKKɔ or NF-əB essential modifier 

(NEMO). This leads to activation of the IəB kinases (IKK) complex, resulting in 

phosphorylation, ubiquitinylation, and degradation of IəB. IəB is an inhibitor of NF-əB, therefore 

degradation of IəB enables NF-əB translocation to the nucleus, where it can act as a 

transcription factor. The PKCɗ-IKK-NF-əB signalling pathway impacts T-cell survival and 

differentiation (117ï120). 

DAG can further activate RAS guanyl nucleotide-releasing protein (RasGRP1), which in turn 

activates RAS (121ï123). RAS activation can also be facilitated by GRB2-SOS, as mentioned 

earlier. RAS activation initiates the RAS (MAPK) cascade by activation of RAF1, which in turn 

activates mitogen-activated protein kinase kinase-1/2 (MEK1/2). MEK1/2 then activates 

extracellular signal-regulated kinase-1/2 (ERK1/2). ERK1/2 phosphorylates Elk1, which leads 

to expression of c-Fos (75, 124, 125). c-Fos forms the activator protein-1 (AP-1) complex with 

c-Jun. c-Jun in turn stems from the VAV1-Rac1 pathway or from the JNK/p38 pathway (126ï

129). AP-1 acts as a transcription factor in the nucleus and associates with NFAT (126, 129, 
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130). The NFAT-AP-1 complex is central in controlling T-cell proliferation, survival, and 

proliferation (75, 114, 122, 131ï135). 

T-cell activation mediated only by TCR-dependent downstream signals results in anergy (75). 

Co-stimulatory signals are essential for sufficient stimulation of T cells. Engagement of CD28 

leads to the recruitment and activation of phosphatidylinositol 3-kinase (PI3K) (75, 136, 137). 

PI3K catalyses the reaction of PIP2 to phosphatidylinositol (3,4,5)-triphosphate (PIP3) (75, 

136, 137). This leads to the activation of phosphoinositide-dependent kinase-1 (PDK1), which 

acts on several downstream targets (75). On the one hand, PDK1 binds PKCɗ and CARMA, 

thereby enhancing NF-əB signalling (138, 139). One the other hand, Protein kinase B (AKT) 

gets recruited to PIP3 together with PDK1 (140, 141). PDK1 phosphorylates AKT at Thr308, 

whereas AKT phosphorylation at Ser473 is mediated by mechanistic target of rapamycin 

(mTOR) complex (mTORC) 2 (142ï147). Activated AKT inactivates GSK-3, which leads to 

prolonged NFAT translocation to the nucleus, and therefore, prolonged Il2 expression (75, 

148ï150). 

Further, AKT activation is tightly intertwined with mTOR signalling, since AKT is involved in 

mTORC1 activation, and is in turn activated by mTORC2 (140ï146, 75). mTOR signalling can 

also be affected by other signalling pathways. For example, mTORC1 can be activated by the 

Ras-MAPK signalling pathway, facilitated by ERK1/2 or RSK (151, 152). mTORC1 and 

mTORC2 also show a complex interplay of activation and/or inhibiting each other via upstream 

or downstream effectors. (153ï155). mTORC1 and mTORC2 control several cellular 

processes, among which are cell proliferation, metabolism, autophagy, cell survival, or 

cytoskeletal organisation (153ï155). mTOR also presents an important link of the environment 

and metabolism, since mTOR signalling integrates environmental inputs by nutrient sensing 

or sensing of growth factors, and translating this into regulation of metabolism downstream of 

mTOR. Moreover, mTORC1 promotes differentiation into Th1 and Th17 cells, and inhibits 

differentiation into Th2 and Treg cells, whereas mTORC2 promotes differentiation into Th1 

cells and Th2 cells, and inhibits differentiation into Treg cells (153, 154). 

PI3K-AKT-mTOR signalling affects production of cytokines upon T-cell activation, e.g. IL-2, 

IFN-ɔ, TNF-Ŭ, IL-4, IL-5, IL-17, and IL-10 (156ï159). AKT mediates PI3K-dependent effects 

on cytokine production, e.g. expression of IL-17, IFN-ɔ, and IL-5 (156). mTOR has shown to 

control translation of IL-2, TNF-Ŭ, and IFN-ɔ via AU-rich elements in cytokine 3ô-UTRs (159). 

Taken together, PI3K-AKT-mTOR signalling can be affected by several regulators, and is 

contributing to several cellular functions of CD4+ T cells upon activation, prominently 

proliferation, survival, cytokine production, and differentiation. 
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Metabolism in T cells is tightly intertwined with their effector functions. Quiescent T cells, which 

are naïve T cells or memory T cells, use the TCA cycle and oxidative phosphorylation 

(OXPHOS) for a more catabolic leaning metabolic profile, whereas activated effector T cells 

have an increased energetic demand to fuel the cell for an increase of biomass and 

proliferation (160). This is facilitated by an increase of glycolysis, the pentose phosphate 

pathway, glutaminolysis, or lipid synthesis (160). A prominent observation regarding 

metabolism of activated effector T cells is presented by the Warburg effect (160). Under 

normal conditions, glycolysis is performed predominantly under anaerobic conditions. 

However, the Warburg effect describes increased fermentation of glucose under aerobic 

conditions, which results in the production of lactate (161). Metabolic profiles are not only 

distinct between quiescent and effector T cells, but also between different T-helper subsets 

(160). Tregs rely predominantly on OXPHOS and fatty acid oxidisation, whereas Th1, Th2, 

and Th17 cells predominantly perform aerobic glycolysis to meet their metabolic demands 

(160). In summary, metabolic profiles of T cells are coupled to their activation and 

differentiation status. 

TCR downstream signalling as well as co-stimulatory and co-inhibitory signalling pathways 

form a complex network, which can be affect by a plethora of adaptor proteins, phosphate 

kinases, and other mediators. Understanding the signalling processes that orchestrate T-cell 

functions and unravelling the role of insufficiently characterised players enables identification 

of potential targets for treatment of immune deficiencies, cancer, autoimmunity, or chronic 

inflammation. 

 

3.2. Xenotropic and polytropic retrovirus receptor 1 (XPR1)  

Xenotropic and polytropic retrovirus receptor 1 (XPR1) is the only known inorganic phosphate 

exporter in metazoans. The protein sequence of XPR1 consists of 696 and 695 amino acids 

long, in human and mouse, respectively. The structure of human XPR1 is depicted in Figure 4. 

XPR1 is comprised of a N-terminal SYG/PHO/XPR1 (SPX) domain, a transmembrane core 

domain featuring ten transmembrane domains, an ERD1/XPR1/SYG1 (EXS) domain, and a 

C-terminal loop (Figure 4A). Several cryo-electron microscopy (EM) studies in the last two 

years revealed that XPR1 forms homodimers (Figure 4B), and different models for XPR1-

mediated phosphate export have been proposed and discussed (162ï166). Independently of 

the proposed mechanism, binding of an inositol pyrophosphate entity (e.g. IP6, IP7, or IP8) to 

the SPX domain has been found to regulate phosphate export (Figure 4B) (162ï166).  
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Figure 4: Structure of human XPR1.  A: Schematic representation of XPR1 domain structure. SPX: 

SYG/PHO/XPR1 domain, TM-core: transmembrane core domain, EXS: ERD1/XPR1/SYG1 domain, C-loop: C-

terminal loop. B: Structure of XPR1 homodimer in interaction with 1,5-InsP8 (IP8), showed from side view in two 

different conformations. Figure modified from (165).  

In humans, XPR1 dysfunction is associated with different pathologies. Autosomal-dominant 

missense mutations in the SPX domain of XPR1 have been identified as a driver for primary 

familiar brain calcification (PFBC) (167ï171). PFBC is a neurodegenerative disease 

characterised by calcium phosphate deposits in the basal ganglia, subcortical white matter, 

thalamus, and cerebellum of the brain, leading to neuropsychiatric and motor symptoms (167, 

169, 171ï173). XPR1 mutants identified in PFBC are found to cause accumulation of 

intracellular phosphate, which leads to development of the calcium phosphate deposits (169, 

171, 172, 174).  

Elevated expression of XPR1 has been found in ovarian and uterine cancer, and has been 

identified as a therapeutic vulnerability for cancer progression (175, 176). XPR1 is suspected 

to suppress autophagy in cancer cells via affecting the PI3K-AKT-mTOR-pathway, thereby 

controlling the presentation of MHC-I on the surface of tumour cells (175). Inhibition of XPR1, 

phosphate efflux, or autophagy has been shown to reduce tumour cell viability (175, 176). 

A global homozygous knockout of Xpr1 in mice is lethal. Studies of heterozygous Xpr1 

knockout in mice showed developmental defects as well as calcifications in the placenta and 

in brain vasculature (177, 178). The is accompanied by microgliosis which is not restricted to 

the sites of calcification, indicating a role of XPR1 for inflammation (178). 

Conditional knockout of Xpr1 in renal tubule of mice resulted in dysregulated phosphate 

homeostasis by proximal tubular dysfunction (179). Further, pharmacological inhibition or 

deficiency of XPR1 in platelets has been shown to dysregulate phosphate homeostasis due 

to impaired phosphate export, leading to polyphosphate (polyP) accumulation. PolyP is an 

inorganic molecule made up of tens to hundreds of phosphate molecules, which are linked by 

energy-rich phosphoanhydride bonds. Activated platelets release and expose membrane-

bound polyP to activate coagulation factor XII in blood plasma, which results in contact 
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activation and thrombosis (180ï182). Therefore, impaired phosphate export and elevated 

polyP levels by platelet-specific XPR1 deficiency increase thrombus formation in vitro and in 

vivo (180). Recently, our working group found that CD4+ T cells accumulate polyP upon 

activation, and that modulation of intracellular polyP affects CD4+ T-cell functions (Kröger et 

al., manuscript in preparation). 

While current studies on XPR1 mainly address XPR1 as a regulator of phosphate homeostasis 

via its phosphate export function, there is also evidence of XPR1 regulating trafficking of other 

proteins. This has been shown for the phosphate importer phosphate transporter 1 (PiT1) in 

human cell lines. XPR1 and PiT1 interact and co-localise in a vesicular compartment positive 

for the lysosomal marker lysosomal-associated membrane protein (LAMP)1 (183, 184). 

During XPR1 deficiency or pharmacological inhibition of the XPR1-mediated phosphate 

export, PiT1 is degraded (184), indicating a role of XPR1 for regulating function of other 

proteins by controlling their localisation, trafficking, and/or degradation. Notably, although 

XPR1 is the only known mammalian phosphate exporter so far, genetic deletion of XPR1 in 

these studies decreased, but did not completely abrogate phosphate efflux in cell culture 

experiments, indicating functional redundancy and possible compensation for XPR1 loss 

regarding phosphate export. 

Another example for XPR1 being potentially involved with trafficking is XPR1ôs interaction with 

the cargo transporting protein sorting nexin 27 (SNX27) (185, 186). Interestingly, the 

C-terminal end of XPR1 appears to regulate phosphate channelling as well as XPR1 

localisation to intracellular organelles (184), which led to the assumption that XPR1 may act 

via dynamic non-export mechanisms that depend on biological context (187). 

Interaction networks of XPR1 that contribute to its function in specific cell types are not fully 

understood yet. However, a recently identified protein interaction partner of XPR1 is kinase D 

interacting substrate 220 (Kidins220), also known as ankyrin repeat-rich membrane spanning 

(ARMS). Kidins220 is a multi-transmembrane protein that has 93 % protein sequence 

homology consisting of 1771 and 1793 amino acids in humans (NP_065789.1) and mice 

(NP_001074847.1), respectively. By its multiple interaction sites, such as 11 ankyrin repeats, 

a proline-rich binding site for the CrkL adaptor protein at the C-terminal region, a kinesin light 

chain interacting motif, and a PDZ binding motif, Kidins220 has been shown to interact with 

various other proteins, e.g. Rho guanine nucleotide exchange factor (RhoGEF), SNX27, 

kinesin light chain 1/2, protein kinase D, Ŭ-syntrophin, CD3-ɕ, and B-Raf. Moreover, Kidins220 

emerged as an adaptor protein that is involved in protein trafficking of interaction partners, 

thereby contributing to various cellular functions, e.g., neuronal differentiation and 

development, neuroprotection, cancer pathogenesis, and regulation of immune responses 
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(188ï197, 185). Importantly, Kidins220 deficiency in T cells leads to impairment of sustained 

ERK signalling and consequently, decreased expression of IL-2 and CD69 as well as 

decreased Ca2+ responses (197). 

XPR1 and Kidins220 expression in different tissues appears to be correlated (165, 176). In 

2025, two different groups published cryo EM analysis of XPR1ôs phosphate export 

mechanism, and validated that Kidins220 interacts with XPR1 (165, 166). Dysregulated 

phosphate homeostasis mediated by the XPR1-Kidins220 complex has been shown to be a 

therapeutic vulnerability in ovarian cancer (176). Thus, it has been proposed that interaction 

of Kidins220 and XPR1 plays an important role in regulating XPR1-mediated phosphate 

export, however the impact of a disrupted Kidins220-XPR1 interaction on signalling, 

trafficking, and its consequences in vivo remain elusive (165, 166). 

Particularly, interactions of both Kidins220 and XPR1 with other proteins in the context of 

immune cell signalling and complex formation, like the IS, the TCR or BCR, the SNX27-

retromer, endosomes, or lysosomal complexes (185, 186, 195, 197ï206) suggest a role of 

XPR1 in immunoregulation. Investigating XPR1 in T cells may therefore help to reveal novel 

therapeutic approaches to modulate immune responses. 

 

3.3. Aim of the study  

This work aims to define the role of XPR1 for CD4+ T-cell functions. We used a mouse model 

with a conditional knockout of Xpr1 in CD4+ T cells to characterise T-cell development in the 

thymus, and to analyse activation status, proliferation, differentiation, and cytokine production 

of CD4+ T cells ex vivo. Moreover, we investigated TCR downstream signalling pathways to 

unravel altered CD4+ T-cell functions due to XPR1 deficiency. Further, we crossed the 

conditional Xpr1 knockout mice with Marilyn mice featuring a transgenic TCR, enabling us to 

elicit antigen-specific responses by stimulation with the cognate H-Y antigen. With this, we 

could validate our results in a model of physiological antigen-specific CD4+ T-cell activation 

and clonal expansion. Moreover, we performed siRNA-mediated knockdown of XPR1 in 

human Jurkat cells to confirm XPR1-dependent immune functions in a translational approach. 

To unravel the molecular mechanism by which XPR1 regulates CD4+ T-cell functions, we 

analysed interaction of XPR1 with putative interaction partners, and addressed previous 

strategies to modulate XPR1 functions with viral ligands or small molecule inhibitor UNC7467. 

As a novel approach, we devised a membrane-permeable peptide (Tat-X) featuring the last 

25 amino acids of XPR1ôs C-terminal loop to interfere with XPR1-mediated complex formation 

in a competitive manner, especially to test the hypothesis that targeting the interaction of XPR1 

and Kidins220 is a potential tool to modulate CD4+ T-cell responses. 
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Taken together, this work aims to identify XPR1-dependent mechanisms that regulate 

signalling and molecular interactions in CD4+ T cells with implications for immune responses 

in vivo, and to reveal XPR1 as therapeutical target for immunomodulation in the future. 

 

4. Results  

4.1. Characterisation  of mice  with T -cell specific XPR1 

deficiency  

4.1.1. XPR1 is conditionally deleted in CD4+ T cells of cKO mice  

XPR1 is a transmembrane protein and phosphate exporter that has been shown to affect 

protein trafficking and complex formation of adapter proteins that influences T-cell stimulation 

(185, 176, 197). Further, XPR1 impacts on intracellular concentrations of polyP which 

mediates immune activation (Kröger et al., manuscript in preparation). Hence, XPR1 may 

represent a suitable target for modulation T-cell responses. 

In order to address XPR1ôs role for CD4+ T-cell functions, we generated Xpr1 knockout mice 

with conditional deletion in T cells (Figure 5A): mice with a floxed Xpr1 sequence were cross-

bred with mice expressing the Cre recombinase under the control of the Cd4 promoter. Control 

Cd4-Cre-Xpr1fl/fl mice (ñCTLò), heterozygous Cd4-Cre+Xpr1+/fl mice (ñcHETò), and conditional 

Xpr1 knockout Cd4-Cre+Xpr1fl/fl mice (ñcKOò) were analysed. In early experiments, we also 

analysed Cd4-Cre+ Xpr1+/+ (ñCTL*ò) instead of Cd4-Cre-Xpr1fl/fl mice as the CTL genotype, as 

indicated in the figure legends. We found no differences between CTL and CTL* mice. While 

Xpr1 deficiency causes embryonic lethality (179), mortality rate and health burden was 

unaffected in cKO mice compared to the Cd4-Cre+ reporter line, cHET, and cKO groups. 

To confirm genetic ablation of Xpr1, CD4+ T cells were analysed by qPCR (Figure 5B) and 

immunoblots (Figure 5C). Xpr1 expression was significantly decreased in cHET and cKO 

CD4+ T cells compared to CTL CD4+ T cells with a fold change of 0.47 ± 0.04 and 0.18 ± 0.07, 

respectively (Figure 5B). Similarly, when using rabbit-derived polyclonal Ŭ-XPR1 antibodies 

(14174-1-AP, Proteintech), the intensity of the XPR1 double band at around 82 kDa in 

immunoblot analyses was markedly decreased in the cKO sample compared to CTL and cHET 

samples (Figure 5C). In additional immunoblots utilising mouse-derived monoclonal Ŭ-XPR1 

antibodies (2G8, Sigma-Aldrich), unspecific bands at several molecular weights were 

detected, however the putative specific double band at the expected molecular weight of XPR1 

(82 kDa) displayed a decreased intensity in the cKO sample as well. 



 

29 
 

Taken together, a CD4+ T-cell specific Xpr1 knockout mouse was successfully generated, 

allowing for the analysis of XPR1 functions in CD4+ T-cell responses. 

 

Figure 5: Conditional knockout of Xpr1 in CD4+ T cells.  A: Schematic overview of the analysed genotypes, 

depicted as ñCTLò (Cd4-Cre- Xpr1fl/fl), ñcHETò (Cd4-Cre+ Xpr1+/fl), and ñcKOò (Cd4-Cre+ Xpr1fl/fl). B, C: CD4+ T cells 

isolated by positive selection from mice with indicated genotype were analysed by qPCR (B) and immunoblotting 

(C) to validate reduced Xpr1 transcription and XPR1 protein expression, respectively. CTL* corresponds to 

Cd4-Cre+ Xpr1+/+. Detection of XPR1 was performed with two different primary antibodies as indicated in (C). Data 

is presented as mean ± SEM. Statistical analysis: One sample t test (B), n = 4. 

 

4.1.2. XPR1 deficien cy impairs the development of thymocytes  

To investigate the potential role of XPR1 for CD4+ T cells, lymphoid organs of XPR1 deficient 

mice were phenotypically characterised. First, T-cell development was addressed by flow 

cytometry analysis of thymocytes. Different developmental stages of T-cell progenitors in the 

thymus can be assessed by expression of the surface molecules CD4 and CD8. CD4 and 

CD8 surface levels were analysed by flow cytometry, and used to distinguish thymocytes at 

CD4-CD8- (double negative, ñDNò), CD4+CD8+ (double positive, ñDPò), CD4+CD8- (single 

positive CD4, ñSP4ò) and CD4-CD8+ (single positive CD8, ñSP8ò) stages, as shown in 

representative dot plots (Figure 6A, left). Quantification of SP4, SP8 and DP frequencies are 

shown in Figure 6A, right. 

The frequency of SP4 cells was significantly lower in cKO thymus samples than in CTL and 

cHET samples. Similarly, cKO samples showed a significantly lower frequency of SP8 cells 

compared to CTL samples. Between CTL and cHET thymocytes, there was a tendency for a 

lower SP8 frequency in cKO cells. In contrast to this, the frequency of DP cells was significantly 
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increased in cKO thymocytes compared to CTL thymocytes, while the frequency of DP cells 

showed a slight increase in cHET thymocytes compared to CTL cells. 

To ensure that the decrease of SP4 and SP8 proportions in cKO thymi also translates to 

absolute cells numbers, CTL and cKO SP4 and SP8 cells were counted (Figure 6B). Indeed, 

cKO samples showed reduced absolute numbers of SP4 and SP8 cells compared to CTL 

samples. 

Since differential frequencies of DP as well as SP4/SP8 populations were observed between 

cKO and CTL thymi, we next analysed DN and DP progressive stages. 

DN populations were assessed for their expression of CD44 and CD25 in order to analyse the 

frequencies of the developmental stages DN1-DN4 (Figure 6C). The frequency of 

CD44-CD25+ (DN3) cells was significantly increased in cKO DN thymocytes compared to CTL 

DN thymocytes. Compared to cHET DN thymocytes, cKO DN thymocytes showed a tendency 

for an increased DN3 proportion. Increased levels of DN3 cells indicate a developmental 

blockade at the DN3 stage and therefore, hint at an altered thymic development in the absence 

of XPR1 (207). 

Further, DP populations were analysed in regard to their expression of CD69, TCR-ɓ and 

CD5. CD69+TCR-ɓ+ cells, which represent cells recently gone through positive selection 

(208, 209), were present at a significantly lower frequency in the DP population of cKO 

thymocytes compared to the CTL and cHET DP thymocyte populations (Figure 6D).  

Additionally, the frequency of CD5+ cells was significantly decreased in cKO DP thymocytes 

compared to CTL or cHET DP thymocytes (Figure 6E). CD5 is a negative regulator of TCR 

signalling in the context of thymic development, and has a key role for functional tuning in 

selection processes (9, 22, 210). Low CD5 expression in DP thymocytes has been shown to 

be associated with enhanced positive and negative selection (22, 210, 211). Therefore, the 

observed decreased CD5 expression in cKO thymocytes compared to the control indicates 

altered selection processes. 

In summary, thymic development and selection processes in cKO mice were altered compared 

to the control, resulting in decreased SP4 and SP8 frequencies, as well as differences of key 

markers in the DN and DP populations between CTL and cKO thymocytes.  
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Figure 6: XPR1 deficiency alters the development of thymocytes. Thymi of CTL, cHET and cKO mice were 

dissected and analysed by flow cytometry. A: Representative dot plots and quantification of living single cell 

thymocytes, gated on single positive CD4 (SP4): CD4+CD8-, single positive CD8 (SP8): CD4-CD8+ and double 

positive (DP): CD4+CD8+ populations. B: Absolute counts of SP4 and SP8 thymocytes. C: Representative dot 

plots with indicated gating, and quantification of DN3 (CD44-CD25+) cells of the DN (CD4-CD8-) population. D, E: 

Representative dot plots with indicated gating, and quantification of CD69+TCR-ɓ+ cells (D) and CD5+ cells (E) of 

the DP population. Data is presented as mean ± SEM. Statistical analysis: Ordinary one-way ANOVA followed by 

Tukeyôs multiple comparisons test (A for SP4, D, E); Kruskal-Wallis test followed by Dunnôs multiple comparisons 

test (A for SP8 and DP, C); Welchôs t test (B for SP4); Unpaired t test (B for SP8). n = 9, 4, 13 (CTL, cHET, cKO) 

for A, C, and D; n = 4 for B; n = 3, 3, 5 (CTL, cHET, cKO) for E. 

 

4.1.3. CD4+ T-cell proportions  in the periphery of cKO mice are decreased  

To test if reduced levels of thymic SP4 and SP8 cell numbers in cKO mice translate to mature 

T-cell proportions in the periphery, T-cell populations in spleen and mesenteric lymph nodes 

(mLNs) from CTL*, cHET, and cKO mice were analysed (Figure 7). 

In line with decreased SP4 proportions in the thymus, the frequency of CD4+ T cells was 

significantly decreased in spleens and mLNs from cKO mice compared to CTL* and cHET 

littermates: only about half of the size of CD4+ T-cell populations in spleens and mLNs 

ofcontrols was present in the respective lymphoid organs of cKO mice (spleen: 15.96 ± 0.50 % 

(CTL*), 14.91 ± 0.49 % (cHET), 9.38 ± 0.43 % (cKO). mLNs: 29.07 ± 2.05 % (CTL*), 

27.49 ± 1.51 % (cHET), 18.57 ± 1.53 %). CD8+ T-cell proportions were similarly decreased 

(data not shown), and subsequent analyses focused on CD4+ T-cell phenotype and function. 
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Figure 7: Proportions of CD4+ and CD8+ T cells in the periphery.  Spleens and mesenteric lymph nodes (mLNs) 

of CTL, cHET and cKO mice were dissected and analysed by flow cytometry. A: Representative flow cytometry 

plots. B: Quantification of CD4+ T-cell proportions of indicated organs are shown. CTL* corresponds to 

Cd4-Cre+ Xpr1+/+ in this figure. Data is presented as mean ± SEM. Statistical analysis: Ordinary one-way ANOVA 

followed by Tukeyôs multiple comparisons test. n = 12, 11, 11 (CTL*, cHET, cKO) for spleen; n = 11, 11, 10 (CTL*, 

cHET, cKO) for mLNs. 

 

4.1.4. Poly P levels are not altered in XPR1 deficient  CD4+ T cells  

XPR1 has been shown to facilitate phosphate export, which restricts polyP generation and 

pro-thrombotic activity in platelets (180). To address a potential role of XPR1 for the regulation 

of phosphate/polyP homeostasis in T cells, we analysed polyP levels of CD4+ T cells from 

CTL, cHET and cKO mice (Figure 8). 

PolyP was isolated from unstimulated CD4+ T cells ex vivo using phenol-chloroform extraction 

to compare polyP levels and chain length distribution by urea PAGE and negative DAPI 

staining. To ensure comparable cell numbers were processed, equivalent aliquots of each 

sample were taken for lysis, and subsequent detection of ɓ-actin via immunoblots prior to 

polyP isolation by phenol-chloroform extraction. In PAGE, polyP molecules are separated 

according to their chain length. To visualise polyP, negative DAPI staining was performed: 

while repeated UV light exposure does not disintegrate DAPI in proximity to DNA or RNA, 

polyP bound to DAPI facilitates its disintegration and polyP can be observed as black signal. 

DNA or RNA contaminations result in bright white signals. 

In Figure 8A, isolated polyP from lysed CD4+ T cells was analysed by urea PAGE. Three 

samples per genotype and one control sample from a CTL* mouse were analysed. A synthetic 

polyP molecule ñ383-merò was used as a polymer length reference. DNA/RNA contaminations 

were visible at the top of the gel, apparent by the white signal. In all lanes, polyP was detected 

by a black smear across the upper half of the gel. The intensity of the black smear did not 

differ between the three genotypes, as also indicated by densitometric quantification of the 

urea gel (Figure 8B). The immunoblot loading controls detecting ɓ-actin showed comparable 
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intensities for each sample, with a slight decrease in intensity in the first CTL sample 

(Figure 8A). 

For a more reliable quantification of polyP levels, Malachite Green Assays of unstimulated 

CD4+ T cells were performed after polyP extraction (Figure 8C). Between CTL, cHET and 

cKO CD4+ T cells, no significant differences in polyP levels were observed. 

Taken together, these findings show that XPR1 deficiency does not alter polyP content or 

length distribution in CD4+ T cells, suggesting XPR1 is dispensable for polyP homeostasis in 

CD4+ T cells. 

 

Figure 8: PolyP levels in XPR1 deficient CD4+ T cells are unchanged.  PolyP was extracted from CD4+ T cells 

ex vivo. A: Top: Urea PAGE of polyP from 1x106 CD4+ T cells per lane. Bottom: As a loading control aliquots of 

lysates were analysed by ɓ-actin immunoblotting before polyP extraction; CTL* corresponds to Cd4-Cre+ Xpr1+/+. 

B: Densitometric analysis of the urea PAGE gel shown in (A). C: PolyP content per 1x106 CD4+ T cells determined 

by Malchite Green Assays. Data is presented as mean ± SEM. Statistical analysis: Ordinary one-way ANOVA 

followed by Tukeyôs multiple comparisons test (B); Kruskal-Wallis test followed by Dunnôs multiple comparisons 

test (C). n = 3 for B; n = 16, 16, 17 (CTL, cHET, cKO) for C. 

 

4.1.5. XPR1 deficient  CD4+ T cells display a hyperactivated phenotype 

upon stimulation  

Since cKO mice possess a decreased frequency of circulating CD4+ T cells, we next 

investigated a potentially altered immune stimulation of these cells. For this, flow cytometry 

analysis of ex vivo isolated or in vitro stimulated CD4+ T cells was performed. PD-1, CD44, 

CD62L, CD25, and CD69 were included in the staining panel. PD-1 is an immune checkpoint 

molecule responsible for co-inhibitory signalling, and further an exhaustion marker (212). 

CD69 and CD25 are widely accepted to be early and late markers of T-cell activation, 

respectively, with an increased expression corresponding to higher activation (213). While 

CD44lowCD62Lhigh T cells have been identified as naïve, CD44highCD62Llow T cells are 
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recognised as effector memory cells (214ï217). Therefore, high CD44 expression and low 

CD62L expression correspond to an activated phenotype. Representative histograms with 

indicated gating as well as quantifications are shown in Figure 9. We found significantly 

increased proportions of CD69 on the surface of unstimulated cKO T cells ex vivo compared 

to the control (Figure 9A). For CD44, CD25, and PD-1, a tendency towards increased 

expression in unstimulated cKO T cells in comparison to CTL CD4+ T cells was apparent. For 

CD62L expression, no significant difference between CTL and cKO cells was observed. After 

72 h of Ŭ-CD3/Ŭ-CD28 stimulation (Figure 9B), cKO CD4+ T cells showed significantly 

increased proportions of both CD44 and CD69 compared to CTL CD4+ T cells. For the other 

markers, no significant differences or trends were observed. 

In summary, XPR1 deficient CD4+ T cells showed a tendency or a significant upregulation of 

CD44 and CD25 surface levels in naïve and stimulated CD4+ T cells. CD69 and PD-1 showed 

a tendency or a significant upregulation on unstimulated cKO cells, while there were no 

differences observed between stimulated CTL and cKO cells. This indicates that XPR1 

deficiency results in an exhausted CD4+ T-cell phenotype. Further, a higher activation status 

without or with antibody-mediated stimulation was observed in XPR1 deficient CD4+ T cells.  
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Figure 9: Activation marker panel of CD4+ T  cells  ex vivo  or  stimulated with Ŭ-CD3/Ŭ-CD28. Representative 

flow cytometry histograms and quantification of surface expression of CD44, CD62L, CD25, CD69, and PD-1. 

Unstained samples are labelled as ñw/oò. A: Analysis of CD4+ T cells ex vivo. B: Naïve CD4+ T cells were 

stimulated for 72 h with 5 ɛg/mL Ŭ-CD3 and 1 ɛg/mL Ŭ-CD28 before analysis. Data is presented as mean ± SEM. 

Statistical analysis: Unpaired t test (A, B for CD44, CD62L, CD69, and PD-1); Mann-Whitney test (B for CD25). n 

= 4 for B (CD44, CD62L, CD25, CD69), n = 3 for A (CD44, CD62L, CD69) and B (PD-1), n = 2 for A (CD25, PD-1). 

Since overall these results of naïve and Ŭ-CD3/Ŭ-CD28 stimulated CD4+ T cells indicate a 

hyperactivated phenotype of cKO samples compared to the control, gene expression was 

analysed next. We performed an RNA microarray of naïve CD4+ T cells that were stimulated 

with Ŭ-CD3/Ŭ-CD28 for 6 h in collaboration with Dr. Timur Alexander Yorgan (Institute for 

Osteology and Biomechanics, University Medical Centre Hamburg-Eppendorf).  

Results were filtered by removing hits for non-coding regions and hits that correspond to 

pseudogenes. Significant hits (P < 0.05) of differentially expressed genes with a fold change 

>|2| between CTL and cKO are presented in a volcano plot (Figure 10A) and listed in the 

appendix (Table 23). Overall, 60 genes showed significant up- or downregulation by >|2| fold. 
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Nine hits corresponded to TCR chains, with the fold change depicted in Figure 10B. Five of 

these hits corresponded to genes encoding for TCR-Ŭ J or V chains (Traj57, Traj46, Traj59, 

Trav19, Trav2), two genes encoded TCR-ɔ constant chains (Tcrg-C4; Trgj4 and Tcrg-C3), and 

two genes encoded TCR-ŭ J or V chains (Trdj1; Trdj2; Trdc and Trdv1). This differential gene 

expression of TCR chains demonstrates an altered TCR repertoire under conditional knockout 

of Xpr1, further highlighting developmental differences as already shown in thymus analyses 

in section 4.1.2. 

Figure 10C shows a heat map of the fold change for the remaining 51 differentially expressed 

genes, with 31 being upregulated and 20 being downregulated in stimulated cKO CD4+ 

T cells. The most prominent hit was Il2 with a 23.2-fold higher expression in XPR1 deficient 

CD4+ T cells compared to the control. Il2 encodes for the cytokine IL-2 which is a central 

player for CD4+ T-cell activation (73, 218, 219). Similarly, transcription of CD44 (Cd44), which 

is frequently used as a marker for CD4+ T-cell activation, was upregulated as well (215, 217). 

Further, the gene Inpp4b, which encodes for inositol polyphosphate-4-phosphatase, type II, 

105kDa (INPP4B), a negative regulator of T-cell activation (220), was downregulated in this 

experiment. These hits indicate a hyperactivation of CD4+ T cells. 

BHLHE40, also known as Dec1, is a transcription factor that is upregulated in a CD28 

co-stimulation-dependent mechanism upon TCR stimulation (221ï223). Bhlhe40 was 

upregulated in stimulated cKO CD4+ T cells by 10.99-fold, indicating an important role of 

CD28 co-stimulation in the activation of cKO CD4+ T cells. 

Interestingly, the gene Tigit was upregulated by 2.73-fold in cKO CD4+ T cells compared to 

the control. TIGIT is an inhibitory receptor, downregulating T-cell functions upon engagement 

by its ligand CD155 (26, 224). 

Moreover, signalling via ERK or the Ca2+/NFAT pathway was affected, apparent by 

upregulation of Map3k8 and Jun and Fos (225ï232, 126ï129). Further, signalling via the 

PI3K/AKT/mTOR pathway appeared to be differentially regulated in cKO CD4+ T cells 

compared to the control as well, pointed out by upregulation of Lif, Tspan31, and Tpi1, as well 

as downregulation of Itga6 and Pdk1 (233ï245, 138, 145). Most of these hits also have been 

shown to affect T-cell effector mechanisms, metabolism, or differentiation. Metabolism and 

differentiation of CD4+ T cells have also been shown to be linked to micro-RNA (miR)-155, 

Thioredoxin-1 (TXN1), and Selenoprotein 1 (SEPP1) (246ï256). Differential gene expression 

of Mir155, Txn1, and Sepp1 therefore indicated an effect on T-cell effector functions as well. 

A presumed hyperactivation and altered signalling upon XPR1 abrogation in stimulated CD4+ 

T cells was further validated by pathway analysis of the differentially expressed genes using 

the publicly available software program Panther (www.pantherdb.org), which revealed a 27.7-
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fold enrichment in interleukin signalling pathway and 10.0-fold enrichment in inflammation 

mediated by chemokine and cytokine signalling pathway (Figure 10D). 

 

Figure 10: Differential gene expression of stimulated cKO vs CTL CD4+ T  cells.  Naïve CD4+ T cells were 

isolated from CTL and cKO mice and stimulated for 6 h with 5 ɛg/mL Ŭ-CD3 and 1 ɛg/mL Ŭ-CD28. RNA was 

isolated and transcriptome analysis was done using the Clariom D mouse microarray. A: Differential gene 

expression between cKO and CTL samples shown in a volcano plot. Significant (P < 0.05) hits with a fold change 

>|2| are coloured in blue (higher expression in CTL cells) or red (higher expression in cKO cells). B: Heatmap 

showing the fold change of filtered TCR chain genes. C: Heatmap showing the fold change of remaining, filtered 

hits. D: Results of pathway analysis using gene ontology program Panther for GO: 0005125 cytokine activity. Data 

is from n = 3 independent experiments. 

Taken together, RNA microarray data showed that XPR1 deficiency induces a hyperactivated 

expression profile in stimulated CD4+ T cells, especially pronounced by the elevated IL-2 

expression. Effects on metabolism, differentiation, cytokine production, and TCR downstream 
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signalling are apparent. This is in line with the expression pattern of ex vivo isolated and in 

vitro stimulated CD4+ T cells lacking XPR1, confirming that XPR1 plays a role as negative 

regulator of T-cell hyperactivation. 

 

4.2. Effector mechanisms of XPR1 deficient CD4+ T cells  

Since section 4.1.5 shows a hyperactivated phenotype of XPR1 deficient CD4+ T cells in 

response to Ŭ-CD3/Ŭ-CD28 stimulation, we next addressed XPR1-dependent effector T-cell 

functions. For this, proliferation, differentiation into T-helper cell subtypes, cytokine production, 

and metabolism were analysed. Further, serum IgG and IgM levels were measured to identify 

potential autoimmunity in mice with XPR1 deficient CD4+ T cells. 

 

4.2.1. XPR1 deficient  CD4+ T cells are hyperproliferative  

CD4+ T cells isolated from CTL and cKO mice were stained with a proliferation dye and 

stimulated with Ŭ-CD3/Ŭ-CD28, phorbol 12-myristate 13-acetate (PMA)/ionomycin, or 

staphylococcal enterotoxin B (SEB) for 72 h (Figure 11). While Ŭ-CD3/Ŭ-CD28 engages the 

TCR-CD3 complex and CD28 for T-cell stimulation, PMA activates protein kinase C (PKC), 

whereas ionomycin induces Ca2+ influx via its function as an ionophore (257ï259). SEB is a 

superantigen and a potent activator of T cells by binding polyclonally to TCR-Vɓ, MHC-II, 

CD28, and B7, leading to toxic shock, sepsis, and cytokine storm (260ï264). 

For the analysis, the intensity of the proliferation dye was compared between samples by flow 

cytometry. With each cell division, the intensity of the dye is diluted by half, leading to another 

population with lower fluorescence intensity. The lower the intensity of the proliferation dye is, 

the higher was the proliferation activity of analysed cells. T cells that underwent three division 

cycles or more were defined as populations with high proliferative capacity. The resulting gate 

is indicated in the representative histograms (Figure 11A).  

Compared to CD4+ T cells from CTL mice, XPR1 deficiency significantly increased the 

proportion of cells with high proliferative capacity when stimulated with Ŭ-CD3/Ŭ-CD28 

(Figure 11B). In contrast, stimulation with PMA/ionomycin (Figure 11C) and SEB (Figure 11D) 

did not lead to differences in proliferative capacity between CTL and cKO CD4+ T cells. 

In summary, XPR1 deficiency increased proliferation of CD4+ T cells upon antibody-mediated 

stimulation in vitro, whereas overstimulation of TCR-mediated signalling pathways abrogated 

the proliferative advantage of cKO T cells. 



 

39 
 

 

Figure 11: Antibody -mediated p roliferation is increased in XPR1 deficient CD4+ T  cells.  CD4+ T cells were 

isolated from CTL and cKO mice, stained with eFluor450 cell proliferation dye, and stimulated for 72 h. A: 

Representative flow cytometry histograms of stimulation with Ŭ-CD3/Ŭ-CD28. B, C, D: Quantification of populations 

with high proliferative capacity. Stimulation was done with 5 ɛg/mL Ŭ-CD3 and 1 ɛg/mL Ŭ-CD28 (B), 50 ɛg/mL 

PMA and 1 ɛg/mL ionomycin (C), or 1 ɛg/mL SEB (D). Data are presented as mean ± SEM. Statistical analysis: 

Unpaired t test. n = 4, 3 (CTL, cKO) for B, n = 7 for C and D. 

 

4.2.2. Cytokine expression levels are increased in CD4+ T  cells  

During stimulation of CD4+ T cells, the cytokine environment is affecting the differentiation 

into different T-helper cell subtypes like Th1-, Th2-, Th17 or iTreg cells. These subpopulations 

differ in their immunological functions (7, 36): Th1 and Th17 cells protect from bacterial and 

fungal infections, respectively. Th2 cells promote humoral immunity and drive allergic 

reactions. Regulatory T cells on the other hand are pivotal for antiinflammatory mechanisms 

that suppress hyperreactive immune responses that would otherwise cause detrimental tissue 

damage. 

In order to address XPR1ôs role for regulation of T-helper cell differentiation, in vitro 

differentiation assays were performed. For this, CTL and cKO CD4+ T cells were isolated and 

stimulated with Ŭ-CD3/Ŭ-CD28. During stimulation and 72-120 h of cultivation, specific 

combinations of cytokines and antibodies were added to allow optimal skewing conditions for 

Th1-, Th2-, Th17-, or iTreg-cell differentiation. Characteristic transcription factors and 

cytokines were subsequently stained and analysed using flow cytometry. 

As shown in Figure 12, expression levels of the proinflammatory cytokines TNF-Ŭ and IFN-ɔ 

were significantly increased upon Th1-cell differentiation of CD4+ T cells from cKO mice 

compared to CTL mice. In contrast, T-bet expression indicating bona fide Th1 cells was 

significantly decreased in CD4+ T cells lacking XPR1 compared to the control group. 
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Figure 12: XPR1 deficiency increases TNF -Ŭ- and IFN-ɔ expression under Th1-skewing conditions. CD4+ 

T cells isolated from CTL and cKO mice were stimulated in vitro in the presence of Th1-skewing conditions. After 

72 h, CD4+ T cells were restimulated and secretion of cytokines was blocked for four hours prior flow cytometric 

analysis. A: Representative dot plots and histograms with indicated gating of living CD4+ T cells expressing TNF-Ŭ 

and IFN-ɔ (left) and T-bet (right). Unstained samples are labelled as ñw/oò. B: Quantification of respective T-cell 

populations. Data are presented as mean ± SEM. Statistical analysis: Mann-Whitney test (TNF-Ŭ, T-bet); Unpaired 

t test (IFN-ɔ). n = 12 from four independent experiments. 

For analysis of Th2-cell differentiation, the expression of IL-4, IL-5, and GATA-3 was assessed 

by flow cytometry, as shown in representative histograms (Figure 13A) and quantifications 

(Figure 13B). CD4+ T cells from cKO mice showed a tendency, albeit statistically not 

significant, towards reduced IL-4 expression upon Th2-cell differentiation, whereas IL-5 

expression did not differ between cKO and CTL groups. Also, GATA-3 expression under Th2-

skewing conditions was comparable in CD4+ T cells between cKO and CTL mice, suggesting 

that XPR1 deficiency does not have an impact on the differentiation of Th2 cells in vitro. 
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Figure 13: Th2-cell differentiation is not affected by XPR1 deficiency . CD4+ T cells isolated from CTL and 

cKO mice were stimulated in vitro in the presence of Th2-skewing conditions. After 72 h, CD4+ T cells were 

restimulated and secretion of cytokines was blocked for four hours prior flow cytometric analysis. A: Representative 

histograms with indicated gating of living CD4+ T cells expressing IL-4, IL-5, or GATA-3. Unstained samples are 

labelled as ñw/oò. B: Quantification of respective T-cell populations. Data are presented as mean ± SEM. Statistical 

analysis: Mann-Whitney test (IL-4); Unpaired t test (IL-5, GATA-3). n = 10 for IL-4; n = 12 for IL-5, GATA-3; from 

four independent experiments. 

To investigate XPR1-dependent effects for Th17-cell differentiation, the proinflammatory 

cytokines IL-17a and IL-22, and the Th17-specific key transcription factor Ror-ɔt were 

analysed (Figure 14). Differentiation into Th17 cells in vitro was done with two different 

methods: using a ready-made and now discontinued kit by R&D systems that contained 

differentiation medium with unknown additives (Figure 14B), or using a differentiation protocol 

based on a mix of cytokines and antibodies in known concentrations in complete RPMI T cell 

medium similar to differentiation protocols used for Th1, Th2, and iTreg cells (Figure 14C). 

The former protocol resulted in slightly decreased IL-17a expression in XPR1 deficient CD4+ 

T cells in comparison to controls (Figure 14B). However, expression of IL-22 was significantly 

increased by almost 2-fold in CD4+ T cells from cKO mice compared to CTL mice. In contrast, 

Ror-ɔt showed a significantly decreased expression in CD4+ T cells lacking XPR1 compared 

to controls when using this kit for Th17-cell differentiation. 

Paradoxically, the latter differentiation protocol led to a significantly higher IL-17a expression 

in CD4+ T cells from cKO mice than in CD4+ T cells from CTL littermates (Figure 14C). The 

proportion of T cells expressing IL-22 tended to be increased in the cKO group compared to 

the CTL group. Notably, the overall frequency of IL-22+ T cells was lower using this 

differentiation protocol compared to the kit, irrespective of the genotype. Induction of Ror-ɔt 

was comparable between protocols but did not differ in CD4+ T cells from CTL and cKO mice 

under Th17-skewing conditions with defined antibody/cytokine supplementation. 

Summarised, differential IL-17a and Ror-ɔt expression in CD4+ T cells with or without XPR1 

deficiency was dependent on the in vitro differentiation method. However, both Th17-cell 

differentiation protocols revealed an increased expression of IL-22 in CD4+ T cells from cKO 

mice compared to CTL mice. 
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Figure 14: XPR1 deficiency increases IL-22 under Th1 7-skewing conditions . CD4+ T cells isolated from CTL 

and cKO mice were stimulated in vitro in the presence of Th17-skewing conditions. After 120 h, CD4+ T cells were 

restimulated and secretion of cytokines was blocked for four hours prior flow cytometric analysis. A: Representative 

dot plots or histograms with indicated gating of living CD4+ T cells expressing IL-17a, IL-22, or Ror-ɔt, after using 

the Mouse Th17 Cell Differentiation Kit for differentiation. Unstained samples are labelled as ñw/oò. B, C: 

Quantification of respective T-cell populations, either differentiated by using the Mouse Th17 Cell Differentiation 

Kit (B) or the differentiation protocol (C). Data are presented as mean ± SEM. Statistical analysis: Unpaired t test: 

B (IL-17a, IL-22), C; Welchôs t test: B (Ror-ɔt). n = 12 for B from four independent experiments; n = 6 for C from 

three independent experiments. 

In addition to differentiation into proinflammatory T-cell subsets, the impact of XPR1 deficiency 

on differentiation into antiinflammatory iTreg cells was investigated. Representative 

histograms and respective quantification of CD4+ T cells expressing CD25, IL-10 and Foxp3 

after in vitro differentiation into iTreg cells are shown in Figure 15. While CD25 expression did 

not differ between CTL and cKO groups, the frequency of T cells from cKO mice that express 

IL-10 tended to be slightly increased in compared to T cells from CTL mice, but not 

significantly. In contrast, iTreg-skewing conditions induced significantly lower frequencies of 

Foxp3 expressing T cells from cKO mice than from CTL littermates. 
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Figure 15: Differentiation into Foxp3+ iTreg cells is decreased in XPR1 deficient CD4+ T  cells . CD4+ T cells 

isolated from CTL and cKO mice were stimulated in vitro in the presence of iTreg-skewing conditions. After 72 h, 

CD4+ T cells were restimulated and secretion of cytokines was blocked for four hours prior flow cytometric analysis. 

A: Representative histograms with indicated gating of living CD4+ T cells expressing CD25, IL-10, or Foxp3. 

Unstained samples are labelled as ñw/oò. B: Quantification of respective T-cell populations. Data are presented as 

mean ± SEM. Statistical analysis: Mann-Whitney test (CD25); Welchôs t test (IL-10); Unpaired t test (Foxp3). n = 

12. 

Reduced transcription factor expression and concomitantly elevated cytokine production in 

vitro indicates a dysregulation of T-cell differentiation through Xpr1 gene deletion. Since the 

gene expression array in section 4.1.5 showed that XPR1 deficiency significantly upregulated 

IL-2, a cytokine pivotal for T-cell activation and with a complex role in regulating T-cell 

differentiation programs, e.g. by priming and/or maintaining Th1- and Th2-differentiation (73), 

supernatants from in vitro differentiation experiments were analysed by IL-2 ELISA. IL-2 

concentrations were determined in cell culture supernatants of CD4+ T cells from CTL or cKO 

mice collected after 72-120 h in respective skewing conditions (Figure 16).  

In all differentiation conditions, IL-2 concentrations were significantly higher in supernatants of 

CD4+ T cells from cKO mice compared to those from CTL mice. This difference was most 

striking for the Th1- and Th17-cell differentiation, with about 5-fold increased IL-2 production 

in XPR1 deficient T cells compared to controls.  
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Figure 16: IL -2 concentration is increased in cKO CD4+ T -cell supernatants after differentiation.  CD4+ 

T cells were isolated from CTL and cKO mice and treated with Th0, Th1, Th2, iTreg-, or Th17-skewing conditions 

for in vitro differentiation assays. Th17 differentiation was done using the Mouse Th17 Cell Differentiation Kit. After 

72 h or 120 h, supernatants were collected and IL-2 concentration was determined by ELISA. Data are presented 

as mean ± SEM. Statistical analysis: Unpaired t test. n = 3. 

Taken together, expression of characteristic cytokines of Th1 and Th17 subpopulations was 

significantly increased in XPR1 deficient CD4+ T cells under respective skewing conditions, 

namely IFN-ɔ, TNF-Ŭ, and IL-22. Characteristic cytokines of iTreg cells and Th2 cells were 

unaltered, while key transcription factor expression was slightly decreased in cKO cells 

compared to CTL cells. Additionally, XPR1 deficient CD4+ T cells released significantly more 

IL-2 compared to the control, which may delay their terminal differentiation or interfere with 

bona fide Th17 differentiation (265). 

 

4.2.3. XPR1 knockdown in Jurkat  cells validated increased cytokine 

expression  

Between mouse (NP_035403.1) and human (NP_004727.2) XPR1, there is a protein 

sequence homology of 95.3 %, making XPR1 a highly conserved protein. To address whether 

XPR1 deficiency promotes cytokine expression in human T cells as well, expression of XPR1 

was knocked down in Jurkat cells, an immortalised cell line derived from human T-cell 

leukaemia. Jurkat cells were treated with siRNA targeting XPR1 transcripts (siXPR1) or 

scrambled control siRNA (siCtrl). Validation of a successful knockdown of XPR1 in siXPR1-

treated Jurkat cells compared to siCtrl treatment is shown in Figure 17A and 17B: analysis of 

XPR1 expression via qPCR 48 h after the transfection with siXPR1 revealed a reduction to 

29.6 ± 3.8 % of the expression level in siCtrl treated Jurkat cells. Additionally, immunoblot 

analysis showed a reduced intensity of the XPR1 band at a height of 82 kDa 72 h after cells 

were transfected with siXPR1 compared to siCtrl treatment. 

Establishing a knockdown of XPR1/XPR1 on gene and protein expression levels allowed for 

the subsequent investigation of cytokine gene expression in response to XPR1 reduction in 

Jurkat cells by qPCR (Figure 17C). 48 h after transfection, Jurkat cells treated with siXPR1 

showed significantly increased expression of TNFA, IFNG, and IL22 compared to cells treated 

with siCtrl. The highest increase was detected for IFNG, which displayed an about 2.75-fold 

elevated gene expression following XPR1 knockdown in Jurkat cells.  

In summary, a siRNA-mediated knockdown of XPR1 in Jurkat cells led to increased 

expression of TNFA, IFNG, and IL22, matching the results of in vitro differentiation assays 

performed on XPR1 deficient CD4+ T cells from cKO mice. 
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Figure 17: Knockdown of XPR1 in Jurkat cells promotes cytokine transcription . Knockdown of XPR1 in Jurkat 

cells was analysed. A: qPCR of XPR1 transcription levels. B: Detection of XPR1 protein by immunoblotting with 

Ŭ-XPR1 polyclonal antibodies (14174-1-AP) 48 h and 72 h after transfection with indicated siRNAs, respectively. 

C: mRNA transcription levels of TNFA, IFNG, and IL22 after siRNA transfection as in (A), analysed by qPCR. Data 

are presented as mean ± SEM. Statistical analysis: One sample t test. n = 7. 

 

4.2.4. XPR1 deficient CD4+ T  cells show  increased glycolysis  

CD4+ T-cell activation and differentiation are tightly linked with their metabolic activity. 

Changes in metabolism can either cause or be a result of specific differentiation and activation 

of CD4+ T cells, and affect their pro- or anti-inflammatory function (154). In order to address 

the impact of XPR1 deficiency on the metabolism of CD4+ T cells, Seahorse metabolic flux 

analysis was performed using the T cell metabolic profiling kit by Agilent. During this, the 

oxygen consumption rate (OCR) and the extracellular acidification rate (ECAR) are measured 

over time. OCR is mainly affected by oxygen consumption of the oxidative phosphorylation, 

while ECAR gets affected by acidification of the medium due to free protons arising from 

conversion of glucose to lactate in glycolysis. This allows for the distinct measurement of ATP 

production originating either from glycolysis or oxidative phosphorylation, hence referred to as 

glycoATP production and mitoATP production, respectively. 

For the assay, three injections affect cell metabolism over time: oligomycin, BAM15, and 

rotenone/antimycin A. After measurement of the basal ATP production, addition of oligomycin 

inhibits the ATP synthase, and consequently, the production of ATP derived from oxidative 

phosphorylation (266). BAM15 is injected next, uncoupling the respiratory ATP production 



 

46 
 

(267). To match their energy demand, cells will then maximise the oxygen uptake. The 

resulting maximal respiratory capacity of OCR can be compared to the basal levels of OCR, 

with the increase from basal to maximal OCR quantified as the spare respiratory capacity. 

Rotenone/antimycin A get injected last, blocking complexes I and III of the respiratory chain 

(268, 269). This leads to the remaining respiration activity being only due to non-mitochondrial 

respiration (270ï272). 

Figure 19A and 19B depicts the kinetics of OCR and ECAR in response to indicated injections 

of reagents. For both genotypes, oligomycin injection caused a drop of OCR, which rose to a 

maximal respiration after BAM15 injection. Rotenone/antimycin A treatment reduced the OCR 

level to a minimum again. ECAR increased only slightly after oligomycin treatment. It further 

increased to a maximum after uncoupling due to BAM15, and decreased to the minimum due 

to rotenone/antimycin A treatment, similarly to the OCR measurements.  

For OCR (Figure 19A), naïve cKO T cells showed a slightly higher basal and maximal OCR 

than naive CTL CD4+ T cells. Additionally, ECAR levels were slightly higher in the cKO group 

compared to the CTL group during the kinetic assay (Figure 19B).  

A computational analysis of the OCR and ECAR was performed with the software provided by 

the manufacturer. This analysis revealed no significant difference between naïve CTL and 

cKO CD4+ T cells in their basal mitoATP production rate (Figure 19C), maximal respiration 

(Figure 19D), or spare respiratory capacity (Figure 19E). However, a significantly increased 

basal glycoATP production rate was found in cKO compared to CTL CD4+ T cells 

(Figure 19F). Further, the overall percentage of ATP production from glycolysis was 

significantly increased in naïve CD4+ T cells lacking XPR1 compared to the control 

(Figure 19G). 

Taken together, a moderate shift towards increased glycolytic activity was detected in XPR1 

deficient naïve CD4+ T cells in comparison to the control. 
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Figure 18: XPR1 deficiency moderately promotes glycolysis in CD4+ T cells . Naïve CD4+ T cells were isolated 

from CTL and cKO mice and analysed with Seahorse metabolic flux analysis using the Seahorse T Cell Persistence 

Assay of the T-cell metabolic profiling kit. A, B: Mean OCR (A) and ECAR (B) of all experiments over time. 

Injections of oligomycin, BAM15, and rotenone/antimycin A are indicated. C-G: Based on the measured OCR and 

ECAR kinetic, metabolic properties were determined using Agilentôs analysis software: basal mitoATP production 

(C), maximal respiration (D), spare respiratory capacity (E), basal glycoATP production (F), and proportion of ATP 

from glycolysis (G). Data are presented as mean ± SEM. Statistical analysis: Paired t test (C, D, F, G); Wilcoxon 

matched-pairs signed rank test (E). n = 5. 

 

4.2.5. Serum IgG and IgM levels are not altered in cKO mice  

Antibody concentrations in serum increase during or after infections, or in the context of 

autoimmune diseases (273). IgM is the antibody isotype initially released in response to B-cell 

activation, with important functions for the complement system. IgG antibodies, the most 

common antibody isotype circulating in blood, are involved in pathogen clearing as well as 

immune system modulation, e.g. contributing to complement system activation (274). Since 
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CD4+ T cells from cKO mice display an hyperactivated phenotype, humoral immunity may be 

enhanced by increased T-cell responses. Furthermore, elevated T-cell activation can result in 

autoimmunity, which may be accompanied by increased production of autoantibodies.  

To test this, serum of CTL and cKO mice was analysed by ELISA to determine IgM 

(Figure 19A) and IgG concentrations (Figure 19B). No significant differences for both IgM and 

IgG levels were detected in serum samples from CTL and cKO mice. 

Taken together, these data argue against the development of autoimmunity in mice with XPR1 

deficient CD4+ T cells, and corroborate the notion that Th2-related cytokines were unchanged 

in in vitro differentiation assays (Figure 13). 

 

 

Figure 19: Serum IgG and IgM levels do not differ between CTL and cKO mice.  Blood from CTL and cKO mice 

was collected by cardiac punction to obtain serum. Concentrations of IgM (A) and IgG (B) were determined using 

ELISAs. Data is presented as mean ± SEM. Statistical analysis: Mann-Whitney test. n = 7, 5 (CTL, cKO). 

 

4.3. Signalling in XPR1 deficient CD4+ T cells  

XPR1 deficient CD4+ T cells displayed increased proliferation, cytokine production, and 

glycolytic activity, which is in line with an overall hyperactivated phenotype in gene expression 

analysis. These data strongly suggest that signalling in response to TCR stimulation is altered 

in CD4+ T cells lacking XPR1 expression. In the following section, some of the central 

signalling pathways downstream of the TCR are analysed. 

 

4.3.1. ERK signalling downstream of the TCR is impaired in XPR1 

deficient  CD4+ T cells  

Following TCR stimulation, signalling pathways are activated by a cascade of kinases that 

phosphorylate target proteins. ERK1/2 is activated by phosphorylation and mediates the signal 
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transduction that controls T-cell activation, differentiation, and IL-2 expression (75, 275ï277). 

To investigate changes in ERK1/2-mediated signalling by XPR1 deficiency, naïve CD4+ 

T cells from CTL, cHET and cKO mice were stimulated with Ŭ-CD3 antibodies for 0-60 min, 

and cell lysates were probed for differences in phosphorylated and total protein levels by 

immunoblotting. Representative immunoblots depicting the differential kinetics of ERK1/2 

phosphorylation between genotypes are shown in Figure 20A.  

Total protein levels and phosphorylated protein levels of ERK1/2 were detected as a double 

band at the height of 44 and 42 kDa for ERK1 and ERK2, respectively. In CTL samples of the 

representative blot, the intensity of the phospho(p)-ERK2 band increased strongly after 5 min, 

to an intensity maximum at 30 min. After that, the intensity decreased again. In contrast, the 

ERK2 phosphorylation in cHET CD4+ T-cell lysates was impaired, since an increased intensity 

of the p-p42 band in cHET CD4+ T-cell lysates appeared only after 30 min, and reached its 

intensity maximum after 60 min. In cKO CD4+ T cells, ERK2 phosphorylation was even more 

impaired, since the intensity of the p-ERK2 band only increased slightly after 60 min. Notably, 

the intensity after 60 min in cKO samples was strikingly lower than in CTL cells after 5 min. 

The p-ERK1 band intensity showed comparable levels over time in CTL cells, whereas a slight 

increase in cHET samples after 60 min was detected. In cKO cells, the p-ERK1 band intensity 

increased slightly after 5 min of stimulation.  

As expected, the total protein levels for both ERK1 and ERK2 were unchanged irrespective of 

the stimulation time and the genotype. 

For densitometric quantification after 5 min of stimulation, signals for each target protein were 

divided by the ɓ-actin signal of the respective blot to compensate for variations in protein 

loading. p-ERK1/2 was divided by total ERK1/2, and relative intensity was normalised to 

values of CTL samples from each independent experiment. Quantification showed a 

significantly decreased ERK1/2 phosphorylation in cHET and cKO CD4+ T cells compared to 

CTL CD4+ T cells (Figure 20B). Notably, the fold change of p-ERK1/2/ERK1/2 ratios was 

comparable between cHET and cKO samples. 

LAT is a membrane-associated adaptor protein that gets phosphorylated by ZAP-70 in one of 

the first steps of TCR-dependent CD4+ T-cell activation, and activated p-LAT then 

phosphorylates different adaptor proteins or enzymes, functioning as a signalling hub affecting 

different routes of TCR downstream signalling, one of which leads to ERK1/2 phosphorylation 

(278ï280). To test whether impaired ERK1/2 phosphorylation in XPR1 deficient CD4+ T cells 

corresponds with changes in LAT phosphorylation, also LAT and p-LAT levels were analysed 

after TCR stimulation. Representative immunoblots are shown in Figure 20A. 



 

50 
 

LAT and its phosphorylated form p-LAT were detected as double bands at the height of 36 and 

38 kDa. As expected, total LAT levels were comparable between all samples and genotypes. 

LAT phosphorylation in CTL samples increased slightly after 5 min compared to unstimulated 

samples; after that the p-LAT intensity remained constant. In cHET and cKO samples, p-LAT 

levels increased after 5 min as well, however with a slightly higher intensity compared to CTL 

samples. In cHET samples the p-LAT intensity was stable for 60 min, whereas in cKO 

samples, p-LAT intensity decreased after 5 min of stimulation. 

Normalisation and data quantification of LAT activation after 5 min of TCR stimulation was 

done as described above. The pLAT/LAT ratio displayed a tendency towards increased LAT 

activation in cHET and cKO samples compared to CTL samples (Figure 20C). However, the 

data showed a high interexperimental variation, ranging from 0.5 to 2.5 for the p-LAT/LAT fold 

change in cHET and cKO samples.  

Taken together, phosphorylation of ERK1/2 was strikingly reduced in cHET and cKO samples 

after 5 min of Ŭ-CD3 stimulation compared to control samples. In contrast, LAT 

phosphorylation was not significantly changed in TCR-stimulated naïve CD4+ T cells from 

cHET and cKO mice. 

 

Figure 20: XPR1 deficient CD4+ T cells  lack ERK p hosphorylation  after TCR stimulation.  Naïve CD4+ T cells 

were isolated from CTL, cHET and cKO mice and stimulated with 5 ɛg/mL Ŭ-CD3 for 5, 30 or 60 min, or left 

unstimulated. A: Representative blots of phosphorylated and total protein levels of ERK1/2 and LAT from lysates 

analysed by immunoblotting. B, C: The ratio of phosphorylated protein by total protein for ERK1/2 (B) and LAT (C) 
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after 5 min of stimulation was determined using densitometric analysis of immunoblots. Intensities were adjusted 

by using the ɓ-actin signal for each individual blot as a loading control. Data from three independent experiments 

were normalised to respective CTL values, presented as mean ± SEM. Statistical analysis: One sample t test. n = 5 

(B); n = 7 (C); both from three independent experiments. 

 

4.3.2. XPR1 deficient CD4+ T cells show an impaired Ca2+ response  

In response to TCR stimulation, Ca2+ is rapidly released from intracellular stores into the 

cytosol of CD4+ T cells, which activates Ca2+-dependent receptors that promote Ca2+ influx 

and regulate ERK1/2 phosphorylation (281). As ERK1/2 phosphorylation in response to Ŭ-CD3 

stimulation is impaired in cKO CD4+ T cells, Ca2+ levels in CD4+ T cells were addressed next. 

For this, live cell imaging using the ratiometric Ca2+ dye Fura-2 was performed in collaboration 

with Dr. Björn Diercks and Anette Rosche (Institute of Biochemistry and Molecular Cell 

Biology, UKE). Intracellular Ca2+ levels were quantified over time on a single-cell basis. The 

Ca2+ concentration in CTL or cKO naïve CD4+ T cells was calculated for 1 min before and 

10 min after Ŭ-CD3 treatment. After subsequent treatment with the Sarcoplasmic/Endoplasmic 

Reticulum Calcium ATPase (SERCA) inhibitor thapsigargin, which blocks Ca2+ reuptake into 

intracellular stores (282), measurement was prolonged for another 4 min.  

In Figure 21A, representative live cell imaging of Fura-2 stained CD4+ T cells with or without 

XPR1 expression is shown. Notably, intracellular Ca2+ levels increased more rapidly in the 

CTL CD4+ T cell, with a concentration peak already after 4 min, compared to 5.5 min for the 

cKO CD4+ T cell. Additionally, the maximum Ca2+ concentration during Ŭ-CD3 stimulation was 

higher in the CTL CD4+ T cell compared to the cKO cell. The Ca2+ concentration decreased 

again in both genotypes after 10 min. The time point at 13 min corresponded to the 

accumulation of Ca2+ into the cytosol in response to thapsigargin-mediated SERCA inhibition. 

The Ca2+ concentration was strikingly higher in the CTL CD4+ T cell after thapsigargin 

treatment compared to the cKO CD4+ T cell. 

For each CD4+ T cell, the Fura-2 ratio was plotted over time, as shown for one representative 

experiment in Figure 21B. In total, 998 CTL and 794 cKO CD4+ T cells were analysed in three 

independent experiments. Mean Ca2+ concentrations over time as well as the area under the 

curve (AUC) per genotype were calculated for each sample. Data quantification for Ca2+ 

concentrations over time and the AUCs from three independent experiments in response to 

Ŭ-CD3 and thapsigargin treatment are shown in Figures 21C and 21D. 

The Ca2+ response to Ŭ-CD3 stimulation (Figure 21C) was decreased in cKO CD4+ T cells 

compared to CTL CD4+ T cells. This is apparent by a lower maximum of mean Ca2+ 
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concentration. Additionally, the AUC was significantly lower in XPR1 deficient CD4+ T cells 

compared to controls with a decrease of about 2-fold. 

When treated with thapsigargin (Figure 21D), Ca2+ levels in CTL cells peaked at a significantly 

higher Ca2+ concentration than cKO CD4+ T cells after 13.5 min of measurement. In line with 

this, the thapsigargin treatment led to a significant reduction of the AUC in cKO CD4+ T cells 

compared to CTL CD4+ T cells. Interestingly, the Ca2+ concentration still slowly increased in 

cKO CD4+ T cells until the end of the measurement at 15 min, whereas it reached a plateau 

in controls. 

Taken together, XPR1 deficient CD4+ T cells displayed an impaired Ca2+ response compared 

to control CD4+ T cells. Further, they appeared to release less Ca2+ from intracellular stores 

upon thapsigargin treatment. 

 

Figure 21: Ca2+ response s are impaired in XPR1 deficient CD4+ T  cells.  Naïve CD4+ T cells were isolated 

from CTL and cKO mice and stained with the Ca2+ sensor Fura2-AM for live cell imaging. Stimulation was done 

with 10 ɛg/mL Ŭ-CD3 after 1 min, and after 11 min of measurement, 1.67 ɛM thapsigargin were added. A: 

Representative single cells images of the measurement over time, with indication of cytosolic Ca2+ concentrations 
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using a heatmap (right). B: All single cell signals for CTL (left) and cKO T cells (right) from one representative 

experiment are shown, Fura2-AM ratio (340 nm/380 nm) is plotted against time. The application of Ŭ-CD3 and 

thapsigargin is indicated. C, D: Mean Ca2+ concentration over time (left) and AUC (right) after application of Ŭ-CD3 

(C) or thapsigargin (D). Data are presented as mean ± SEM. Statistical analysis: Unpaired t test. Data were 

generated from n = 3 independent experiments with 998 (CTL) and 794 (cKO) single T cells analysed in total.  

 

4.3.3. NFAT trans localisation to the nucleus is decreased in  cKO CD4+ 

T cells  

Ca2+ influx into a CD4+ T cell results in activation of calcineurin, which dephosphorylates NFAT 

and leads to translocation of NFAT to the nucleus. Inside the nucleus, NFAT controls the gene 

expression of transcription factors crucial for T-helper cell differentiation, or cytokines like IL-2 

(219, 130, 283, 284). The decreased Ca2+ signalling in XPR1 deficient CD4+ T cells would 

also imply a reduced Il2 gene expression, however RNA microarray analysis shown earlier 

(Figure 10) demonstrated markedly increased Il2 expression. Therefore, we further addressed 

implications of XPR1 loss for downstream signalling of the Ca2+-dependent pathway by 

investigating NFAT translocation to the nucleus using imaging flow cytometry. 

For this, CD4+ T cells were stimulated for 10 min with or without Ŭ-CD3 or ionomycin, with the 

latter being used as a positive control for Ca2+ influx and NFAT translocalisation. After fixation, 

CD4+ T cells were stained with fluorophore-coupled antibodies detecting NFAT and CD4, as 

well as DAPI to visualise the nucleus. Fluorescence intensities as well as 60x magnified 

images of every event passing the laser were measured.  

Representative images are shown in Figure 22A. The NFAT signal (green) in unstimulated 

cells was diffuse and not co-localised with DAPI (blue) or CD4 (red). When stimulated with 

Ŭ-CD3 or ionomycin, NFAT intensity increased, and the signal co-localised with the DAPI 

signal, observable by a cyan colour at sites of co-localisation in the overlay of all fluorescence 

channels.  

To quantify the co-localisation between NFAT and DAPI, the Similarity Score was calculated 

using IDEASô built-in analysis feature. Positive values of the Similarity Score indicate co-

localisation, negative values indicate distinctive localisation of two compared channels. 

Representative histograms of the Similarity Score distribution are shown in Figure 22B. The 

used gate to quantify the frequency of cells with co-localisation between NFAT and DAPI is 

indicated in cyan. Unstimulated CTL or cKO CD4+ T cells displayed a low proportion of events 

with co-localisation between NFAT and DAPI, which increased after stimulation with Ŭ-CD3, 

and reached its maximum by ionomycin treatment.  
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Quantification of the frequency of cells with co-localisation between NFAT and DAPI is shown 

in Figure 22C. Unstimulated cells showed low co-localisation that did not differ between CTL 

and cKO CD4+ T cells. XPR1 deficient CD4+ T cells displayed a significantly lower proportion 

of cells with NFAT trans-localisation to the nucleus compared to CTL CD4+ T cells after 

stimulation with Ŭ-CD3. Notably, this frequency was also significantly decreased after 

treatment with the Ca2+ ionophore ionomycin, indicating not only a possibly impaired Ca2+ 

influx after TCR-dependent stimulation, but also an impaired signalling in response to 

artificially increased intracellular Ca2+ levels. 

Taken together, NFAT trans-localisation to the nucleus in response to TCR-dependent 

or -independent Ca2+ influx is impaired in XPR1 deficient CD4+ T cells. 

 

Figure 22: NFAT translocation to the nucleus is impaired in XPR1 deficient CD4+ T  cells.  CD4+ T cells were 

isolated from CTL and cKO mice with Ŭ-CD4-PE, and stimulated for 10 min with 5 ɛg/mL Ŭ-CD3, 1 ɛg/mL 

ionomycin, or left unstimulated. Cells were fixed, permeabilised, and stained with Ŭ-NFAT1-FITC and DAPI before 

subsequent analysis by imaging flow microscopy using the Amnis ImageStreamX MkII Imaging flow cytometer 

system. A: Representative image gallery with three CTL (upper panel) and cKO (lower panel) T cells left untreated 

(w/o, left), treated with Ŭ-CD3 (middle), and with ionomycin (right). Brightfield (BF), single fluorescence signals and 

merged images for NFAT, CD4, and DAPI stainings are shown in each gallery. Size bar corresponds to 7 ɛm. B, 

C: Using IDEAS analysis software, the Similarity Score feature of CD4+NFAT+DAPI+ single cells between NFAT 

and DAPI signals of the combined Intensity(Morphology(DAPI)) mask was calculated. Percentage of co-localisation 

between NFAT and DAPI was assessed by indicated gates in Similarity Score analyses. Representative histograms 

(B) and frequency of cells with co-localisation between NFAT and DAPI from n = 5 independent experiments are 

depicted (C). Data is presented as mean ± SEM. Statistical analysis: Unpaired t test. 
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4.3.4. mTOR signalling downstream of the TCR is increased in XPR1 

deficient CD4+ T cells  

ERK and Ca2+/NFAT signalling only account for some of the signalling pathways activated by 

CD4+ T-cell stimulation. Another key regulator of cell homeostasis are the mTOR signalling 

complexes mTORC1 and mTORC2 (154, 285). AKT is a kinase upstream of mTORC1 and 

downstream of mTORC2, and important for linking co-stimulation to the TCR downstream 

signalling (285, 286). S6 is a ribosomal protein that gets phosphorylated by S6 kinase (S6K) 

downstream of the mTORC1 (285). Since AKT/mTOR activation can induce IL-2 expression 

independently of ERK or Ca2+ signalling (287), both AKT and S6 phosphorylation in the context 

of mTOR signalling were assessed in the following by immunoblotting. For this, CTL, cHET, 

and cKO naµve CD4+ T cells were stimulated with Ŭ-CD3 for 0-60 min, and ratios of 

phosphorylated to total protein levels for AKT and S6 were assessed.  

Phosphorylated and total protein levels of AKT were detected as a band at the height of 

approximately 60 kDa (Figure 23A). In CTL samples, AKT phosphorylation increased slightly 

after 5 min, and more after 60 min. In the unstimulated cHET sample, p-AKT intensity was 

already comparable to the p-AKT intensity after 60 min of stimulation in the CTL sample. This 

effect was even more pronounced in the cKO samples, with an intensity peak after 5 min of 

stimulation. As expected, total AKT protein levels were constant for all genotypes and 

stimulation times.  

Normalised to CTL samples, data quantification of p-AKT/AKT ratios after 5 min of stimulation 

showed significantly increased AKT phosphorylation in cHET and cKO CD4+ T cells compared 

to CTL samples (Figure 23B). Notably, the ratio in cKO samples increased by 1.8 ± 0.2-fold 

while the ratio in cHET samples increased only by 1.2 ± 0.1-fold. 

Phosphorylated and total protein levels of S6 were detected as a band at the height of 

approximately 32 kDa (Figure 23A). S6 phosphorylation increased 5 min after start of the 

stimulation in CTL CD4+ T cells. In line with the results for AKT phosphorylation, the intensity 

of p-S6 in 5 min stimulated cHET and cKO CD4+ T cells was already markedly higher than 

the maximal p-S6 intensity detected across all time points in CTL samples. In cKO samples, 

the intensity of p-S6 was higher than in cHET samples at all four timepoints, with a pronounced 

sustained phosphorylation at 30 min and 60 min. In comparison, S6 phosphorylation in cHET 

and CTL CD4+ T cells decreased after the intensity peak at 5 min. In the representative blot, 

total S6 protein levels were lower in CTL cells with a stimulation time of 0, 5 and 30 min than 

in all other samples that showed a constant total S6 protein band intensity. 

Normalised to CTL samples, data quantification of p-S6/S6 ratios after 5 min of stimulation 

revealed a significantly increased phosphorylation of S6 in cKO lysates by 2.2 ± 0.4 compared 
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to CTL lysates (Figure 23C). cHET cells displayed a fold change ratio comparable to the 

control. 

In summary, increased AKT and S6 phosphorylation levels after 5 min of stimulation, but also 

in naïve CD4+ T cells, hint towards hyperactivation of the mTOR signalling complexes in XPR1 

deficient CD4+ T cells in response to stimulation, but also in the naïve state. 

 

Figure 23: AKT and S6 phosphorylation is  increased in XPR1 deficient CD4+ T  cells. Naïve CD4+ T cells 

were isolated from CTL, cHET and cKO mice and stimulated with 5 ɛg/mL Ŭ-CD3 for 5, 30 or 60 min, or left 

unstimulated. A: Representative blots of phosphorylated and total protein levels of AKT and S6 from lysates 

analysed by immunoblotting. B, C: The ratio of phosphorylated protein by total protein for AKT (B) and S6 (C) after 

5 min of stimulation was determined using densitometric analysis of immunoblots. Intensities were adjusted by 

using the ɓ-actin signal for each individual blot as a loading control. Data from three independent experiments were 

normalised to respective CTL values, presented as mean ± SEM. Statistical analysis: One sample t test. n = 13 (B) 

pAKT/AKT; n = 6 (C); both from three independent experiments. 

 

4.3.5. TCR-ɓ surface expression decreases faster  in XPR1 deficient CD4+ 

T cells after stimulation  

Stimulation of the TCR results in internalisation of the TCR-CD3 complex (77, 83, 85, 86). 

Because XPR1 has been shown to be involved in endocytic trafficking of membrane-bound 

interaction partners (183, 184), we investigated internalisation of the TCR-CD3 complex.  
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For this, CTL and cKO CD4+ T cells were stimulated with Ŭ-CD3 or left untreated for 16 h. 

Surface levels of the TCR-ɓ chain were analysed using flow cytometry. Representative 

histograms as well as quantification of the mean fluorescence intensity (MFI), normalised to 

untreated CTL CD4+ T cells, are shown in Figure 24. We detected no differences in surface 

levels of TCR-ɓ between untreated CTL and cKO CD4+ T cells. Surface levels of TCR-ɓ 

decreased in both CLT and cKO T cells, indicating successful TCR internalisation by Ŭ-CD3 

stimulation. Importantly, after 16 h of stimulation cKO CD4+ T cells displayed a significantly 

decreased surface expression of TCR-ɓ compared to CTL CD4+ T cells, indicating an altered 

kinetic for the internalisation of the TCR in stimulated CD4+ T cells lacking XPR1. 

Taken together, XPR1 deficiency led to decreased surface levels of the TCR-CD3 complex in 

CD4+ T cells after stimulation compared to XPR1 expressing CD4+ T cells, indicating a 

possible role of XPR1 for TCR internalisation or trafficking, and possibly for altered signalling. 

 

Figure 24: TCR-ɓ internalisation is accelerated  in XPR1 deficient CD4+ T  cells.  CD4+ T cells were isolated 

from CTL and cKO mice and stimulated with 3 ɛg/mL Ŭ-CD3 or left untreated. After 16 h, analysis of TCR-ɓ was 

analysed flow cytometry. A: Representative histograms of TCR-ɓ surface levels. B: Quantification of TCR-ɓ surface 

levels from independent experiments, normalised to the mean value of untreated CTL sample, are shown. Data 

are presented as mean ± SEM. Statistical analysis: Unpaired t test. n = 8. 

 

4.4. Pharmacological modulation and molecular interaction  of 

XPR1 in CD4+ T cells  

As XPR1 deficiency leads to a hyperactivated phenotype with enhanced proinflammatory 

effector functions in the analysed models, we investigated strategies to modulate XPR1 for 

enhancing CD4+ T-cell responses. Modulating XPR1ôs function in CD4+ T cells by 

pharmacological intervention could be a useful tool for invigorating insufficient responses 

during infections or in the tumour microenvironment. In order to test this, we used viral ligands 

that bind XPR1 on the cell surface and the inositol hexakisphosphate kinase 1 (IP6K1) inhibitor 



 

58 
 

UNC7467 that regulates inositol pyrophosphate (IP8)-mediated phosphate channelling by 

XPR1 to alter CD4+ T-cell reactivity. Proliferation assays were performed to determine 

whether treatment with any of these reagents induces hyperactivation that mimics the 

phenotype of XPR1 deficient T cells. 

 

4.4.1. CD4+ T-cell  proliferation is not affected by XPR1 binding of the viral 

ligand XVDL  

XPR1 has been shown to act as an entry receptor for viruses like the murine leukaemia virus 

(MLV) (288).  Later it was found that the phosphate exporter function of XPR1 can be inhibited 

by a retroviral envelop protein domain (289). Further research used the receptor binding 

domains (RBD) of xenotropic MLV (X-MLV) ï and polytropic MLV (P-MLV) as a control ï that 

were coupled with a His-Tag (Figure 25A), overexpressed in E. coli, and purified using affinity 

chromatography in HPLC, to block XPR1-mediated phosphate export in platelets, resulting in 

aggravated thrombus formation by polyP accumulation (180). To investigate the impact of 

these constructs that were termed xenotropic virus-derived ligand (XVDL) and polytropic virus-

derived ligand (PVDL) on CD4+ T-cell responses, purification of recombinant viral ligands was 

performed analogously. Here, we used proliferation assays to elucidate whether inhibition of 

XPR1ôs phosphate exporter function by XVDL promotes CD4+ T-cell proliferation in 

comparison to controls. 

Proliferation of CD4+ T cells stained with proliferation dye and stimulated with Ŭ-CD3/Ŭ-CD28 

in the absence or presence of 20 ɛg/mL XVDL or PVDL was analysed by flow cytometry after 

72 h (Figure 25B). CD4+ T cells that underwent three or more cell divisions were considered 

as cells with high proliferative activity, and the respective gates were analysed. Quantification 

revealed no significant difference in proliferation between untreated and XVDL or PVDL 

treated T cells. 

These data suggest that XVDL binding to XPR1 does not affect CD4+ T-cell proliferation, and 

underscores that hyperactivity in cKO CD4+ T cells is independent of the XPR1 phosphate 

exporter function. 
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Figure 25: XVDL treatment does not affect proliferation of stimulated CD4+ T  cells. A : Schematic 

representation of a xenotropic murine leukemia virus envelope (X-MLV-Env) and a polytropic (P-) MLV-Env (left). 

The envelopes of X-MLV and P-MLV consist of a receptor binding domain (RBD), a transmembrane domain (TM) 

and a cytoplasmic tail (CT) (right). Xenotropic virus derived ligand (XVDL) and polytropic virus derived ligand 

(PVDL) are derived from the xenotropic and polytropic MLV-Envs, respectively, and each consists of the first 259 

or 262 amino acids of the corresponding RBD, coupled N-terminally with a 6x His-Tag. Figure created with 

BioRender.com and changed from (180). B: CD4+ T cells isolated from CTL mice, stained with CFSE cell 

proliferation dye, and stimulated with 5 ɛg/mL Ŭ-CD3 and 1 ɛg/mL Ŭ-CD28 were treated with 20 ɛg/mL PVDL, 

XVDL or left untreated. After 72 h of cultivation, cells were analysed by flow cytometry; representative histograms 

and indicated gating of highly proliferative CD4+ T cells (left) and quantified frequency of highly proliferating CD4+ 

T cells (right) are shown. Data are presented as mean ± SEM. Statistical analysis: Ordinary one-way ANOVA 

followed by Tukeyôs multiple comparisons test, n = 4. 

 

4.4.2. CD4+ T-cell proliferation is decreased by IP6K1 inhibitor UNC7467 

independently of XPR1 expression  

XPR1 has been shown to control trafficking of its interaction partner and phosphate importer 

PiT1, thereby regulating recycling and degradation of PiT1 (184). IP8 is crucial for phosphate 

sensing of XPR1 by its interaction with XPR1ôs SPX domain, and without IP8, XPR1 mediated 

phosphate efflux as well as PiT1-mediated phosphate intake are impaired (183, 184). Li et al. 

used the novel IP6K1 inhibitor UNC7467, which deprives diphosphoinositol 

pentakisphosphate kinase type 1 (PPI5K1) of the substrate diphosphoinositol 
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pentakisphosphate (IP7) to generate IP8, resulting in decreased IP8 levels, which affects 

XPR1ôs functions in regards to phosphate efflux and trafficking of PiT1 (184, 290). 

In this work, the effect of reduced IP8 levels by UNC7467 treatment was addressed in CD4+ 

T cells isolated from CTL and cKO mice to validate differences in proliferation specifically in 

the context of XPR1 deficiency. Similar to previous analyses, CTL and cKO CD4+ T cells were 

stained with proliferation dye, stimulated with Ŭ-CD3/Ŭ-CD28 antibodies in the presence of 

DMSO vehicle control or 1 ɛM UNC7467 treatment, and proliferation was assessed after 72 h 

by flow cytometry (Figure 26). 

Representative histograms (Figure 26A) as well as the quantification of three independent 

experiments (Figure 26B) showed that the frequency of proliferating CTL CD4+ T cells treated 

with UNC7467 was significantly decreased compared to CTL CD4+ T cells treated with the 

DMSO vehicle control. However, we also observed a marked and significant reduced 

proliferation by UNC7467 treatment in comparison to the DMSO vehicle control treatment in 

cKO CD4+ T cells. Since the inhibitor UNC7467 is supposed to target XPR1 function by 

blockade of IP6K1, the treatment most likely caused off-target effects which disguised any 

potential effect of an altered XPR1 function for the modulation of CD4+ T-cell proliferation. 

This is corroborated by the plethora of cellular processes, such as metabolism and 

proliferation, in which IP6K1, but not necessarily XPR1, plays a role (291). 

 

Figure 26: UNC7467 treatment inhibits proliferation of CD4+ T  cells irrespective of the genotype.  CD4+ 

T cells isolated from CTL and cKO mice, stained with eFluor450 cell proliferation dye, and stimulated with 5 ɛg/mL 

Ŭ-CD3 and 1 ɛg/mL Ŭ-CD28 were treated with 1 ɛM UNC7467 or the respective dilution of DMSO. After 72 h of 

cultivation, CD4+ T cells were analysed by flow cytometry. A: Representative histograms and indicated gates for 

proliferating T cells. B: Quantified frequency of proliferating CD4+ T cells. Data is presented as mean ± SEM. 

Statistical analysis: Ordinary one-way ANOVA followed by Tukeyôs multiple comparisons test. Comparisons that 

were not indicated correspond to P > 0.05. n = 3. 
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4.4.3. XPR1 interacts with K idins 220 in CD4+ T cells  

Huttlin et al. identified putative interaction partners of XPR1 by mass spectrometry interaction 

complex screening in HEK293T cells. Among these XPR1 interaction partners are CTLA-4 

(205, 206) and Kidins220, with the latter also reported by others (165, 166, 176, 201, 205, 

206). Kidins220 is known to be involved in sustained ERK signalling in T cells via association 

with B-Raf, and interacts with the TCR (197). CTLA-4 is a TCR co-receptor transmitting co-

inhibitory signals, and thereby is a key player for immune regulation in CD4+ T cells (292).  

To address whether XPR1ôs function in CD4+ T cells depends on interactions with other 

membrane-associated or transmembrane proteins, we sought to validate these interactions in 

CTL CD4+ T cells. For this, proximity ligation assays (PLAs) were performed. This method is 

based on amplification of fluorophore-coupled DNA that is only possible when two antibodies 

generated from different host species are in spatial vicinity to each other. Here, four different 

antibody pairs were used, generated in rabbit (rb) & mouse, respectively: Ŭ-CD247 (rb) & 

Ŭ-Kidins220 (mouse), Ŭ-Kidins220 (rb) & Ŭ-XPR1 (mouse), Ŭ-XPR1 (rb) & Ŭ-CTLA-4 (mouse), 

and Ŭ-CTLA-4 (rb) & Ŭ-XPR1 (mouse). CTL CD4+ T cells were fixed, the PLA protocol was 

performed, and fluorescent spots were imaged by confocal microscopy. The number of 

fluorescent spots per CD4+ T cell was determined using ImageJ, and used as a relative 

measurement for interaction. 

First, the respective isotypes for each antibody pair had to be used to account for potential 

unspecific interaction that would lead to a false positive signal. Each antibody pair was tested 

with the following three samples: I) specific (rb) & specific (mouse), II) specific (rb) & isotype 

control (mouse) and III) isotype control (rb) & specific (mouse). Representative images for the 

four antibody pairs as well as the quantifications of spots per CD4+ T cell are shown in 

Figure 27. 

CD247/CD3ɕ and Kidins220 are interaction partners in murine T-cell lines (197). Therefore, 

the first antibody pair CD247 & Kidins220 was used as a positive control to establish PLA 

protocols for this thesis (Figure 27A). A mean spot count of 6.1 ± 0.3 spots per cell was 

detected for the specific antibody combination, whereas in the controls significantly fewer 

spots were counted (4.4 ± 0.2 and 1.2 ± 0.1). This was considered a suitable example for 

positive protein association detected by this method and antibody combination. 

Next, the interaction of XPR1 and Kidins220 was tested using the respective antibody 

combinations (Figure 27B). Applying specific antibodies resulted in a spot count of 22.4 ± 0.7 

spots per CD4+ T cell. In both controls, when replacing respectively one specific antibody with 

an isotype, a strikingly and significantly lower spot count of 8.8 ± 0.7 and 1.8 ± 0.2 spots per 

CD4+ T cell was observed for Ŭ-Kidins220 & mouse isotype control and rb isotype 
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control & Ŭ-XPR1, respectively. The specific antibody combination was therefore deemed 

suitable to detect an association of Kidins220 and XPR1 using PLAs. 

Lastly, the interaction between XPR1 and CTLA-4 was addressed using two different antibody 

pairs, generated in different species. For the first pair, rb Ŭ-XPR1 and mouse Ŭ-CTLA-4, the 

specific antibody combination did not differ from the Ŭ-XPR1 & mouse isotype control samples 

with 13.3 ± 0.7 and 11.6 ± 1.2 spots per CD4+ T cell, respectively (Figure 27C). However, the 

rb isotype control & Ŭ-CTLA-4 samples displayed a significantly lower spot count compared to 

the specific antibody combination with 2.2 ± 0.2 spots per CD4+ T cell.  

For the other pair, mouse Ŭ-XPR1 and rb Ŭ-CTLA-4, a mean of 3.2 ± 0.5 spots per cell were 

counted in the specific antibody combination, whereas significantly fewer (1.4 ± 0.27) were 

detected in the Ŭ-CTLA-4 & isotype control samples (Figure 27D). However, in the isotype 

control & Ŭ-XPR1 samples, a mean of 5.1 ± 0.6 spots was counted, which was significantly 

more than in the specific antibody combination samples. Thus, for both antibody pairs 

addressing the interaction of CTLA-4 and XPR1, XPR1 antibodies generated either in rabbit 

or mouse in combination with respective isotype controls led to similar or more spots per cell. 

Consequently, an interaction of XPR1 and CTLA-4 in CD4+ T cells could not be validated by 

this method and respective antibodies. 
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Figure 27: Interaction analyses with proximity ligation assays.  CD4+ T cells were isolated from CTL mice 

using Ŭ-CD4-Biotin, seeded on fibronectin-coated glass coverslips and fixed. Proximity ligation assay (PLA) was 

performed using the Duolink In Situ PLA reagents. Confocal imaging was done and fluorescent interaction spots 

per T cell were counted for analysis. A-D: Representative images (left) and quantification (right) of spot counts per 

T cell. Size bar corresponds to 10 ɛm. Used antibody combinations: Ŭ-CD247 (rb) & Ŭ-Kidins220 (mouse) (A), 

Ŭ-Kidins220 (rb) & Ŭ-XPR1 (mouse) (B), Ŭ-XPR1 (rb) & Ŭ-CTLA-4 (mouse) (C), and Ŭ-CTLA-4 (rb) & Ŭ-XPR1 

(mouse) (D). Data are presented as violin plots with median depicted as solid line, quartiles as dashed lines. 

Statistical analysis: Kruskal-Wallis test followed by Dunnôs multiple comparisons test. Number of analysed cells 

corresponds to (A): 185 (Ŭ-CD247 & Ŭ-Kidins220), 225 (Ŭ-CD247 & mouse IgG), and 255 (Ŭ-Kidins220 & rb IgG); 

(B): 113 (Ŭ-Kidins220 & Ŭ-XPR1), 103 (Ŭ-Kidins220 & mouse IgG), and 66 (Ŭ-XPR1 & rb IgG); (C): 139 (Ŭ-XPR1 

& Ŭ-CTLA-4), 110 (Ŭ-XPR1 & mouse IgG), and 223 (Ŭ-CTLA-4 & rb IgG); (D): 281 (Ŭ-CTLA-4 & Ŭ-XPR1), 107 

(Ŭ-CTLA-4 & mouse IgG), and 153 (Ŭ-XPR1 & rb IgG). Data was collected in n = 3 (A, B) or n = 2 (C, D) independent 

experiments. 

To investigate a potential relevance of CTLA-4 for the altered signalling in XPR1 deficient 

CD4+ T cells, particularly with a focus on protein trafficking, CTLA-4 surface expression was 

analysed by flow cytometry either in unstimulated or stimulated CTL and cKO CD4+ T cells.  



 

64 
 

Representative plots as well as gating for surface expression of CTLA-4 are shown in 

Figure 28A. For unstimulated (Figure 28B) as well as 72 h stimulated (Figure 28C) CD4+ 

T cells, cKO samples showed a tendency for increased frequency of CTLA-4+ CD4+ T cells 

compared to the CTL samples. Considering the high variance especially for the frequency in 

cKO CD4+ T cells (values from 3.0 % to 17.36 %), surface expression of CTLA-4 during T-cell 

stimulation was barely affected by the lack of XPR1.  

 

Figure 28: CTLA -4 surface expression on CTL and cKO CD4+ T  cells.  CD4+ T cells were isolated from CTL 

and cKO mice and either stimulated with 5 ɛg/mL Ŭ-CD3 and 1 ɛg/mL Ŭ-CD28 for 72 h, or analysed immediately. 

Surface expression of CTLA-4 was done by flow cytometry. A: Representative dot plots with indicated gating of 

CTLA-4+ CD4+ T cells. B, C: Frequency of CTLA-4+ CD4+ T cells when unstimulated (B) or stimulated for 72 h 

(C). Data are presented as mean ± SEM. Statistical analysis: Unpaired t test (B); Welchôs t test (C). n = 7 (B), 

n = 4, 5 (CTL, cKO in C). 

Taken together, an interaction of XPR1 with CTLA-4 could not be verified. Furthermore, 

CTLA-4 surface expression was not significantly altered in unstimulated or stimulated CD4+ 

T cells from CTL and cKO mice, suggesting that differential CTLA-4 signalling does not play 

a decisive role for hyperactivity in XPR1 deficient T cells. In contrast, the expected interaction 

between CD247 and Kidins220 was confirmed, and an interaction between XPR1 and 

Kidins220 in CD4+ T cells was successfully demonstrated using PLAs. 

 

4.4.4. Membrane -permeable peptide Tat-X modul ates XPR1-Kidins220  

interaction  

Recently, the interaction between XPR1 and Kidins220 has been shown in tumour cells and 

structural analyses (176, 165, 166). Especially the SPX domain as well as the C-terminal loop 

of XPR1 have been proposed to be essential for the interaction between these proteins (165, 

166). To target the association of XPR1 with Kidins220 and/or a putative shared 

signalling/trafficking complex, we designed the peptide Tat-X that features the cell-penetrating 

peptide (CPP) derived from the Tat protein of human immunodeficiency virus 1 (HIV1), 

coupled with the C-terminal amino acids 671-695 of the murine XPR1 sequence (Figure 29A, 

top). This peptideôs design strategy is based on work of Gamir-Morralla et al. who designed 
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the CPP-peptide Tat-K (293). Tat-K also features the CPP sequence of the Tat protein, 

coupled with amino acids 1699-1712 of the disordered C-terminal region of the murine 

Kidins220 sequence (Figure 29A, bottom). Tat-K features the calpain cleavage site of 

Kidins220, cutting between the second amino acid (asparagine) and the third amino acid 

(arginine). Treatment with Tat-K impaired Kidins220 cleavage by calpain in cortical neurons, 

which inhibits proteolysis of Kidins220, resulting in upheld ERK1/2 signalling and 

neuroprotection (293). Since Kidins220 is also involved in regulation of ERK1/2 signalling in 

the context of T cells and interacts with the TCR (197), we included Tat-K in our experimental 

setup to analyse molecular mechanisms of XPR1. 

First, we tested whether treatment with Tat-K or Tat-X was able to alter the interaction of XPR1 

and Kidins220. CD4+ T cells were treated with DMSO, Tat-K or Tat-X for 90 min, fixed, and 

then analysed using PLAs and confocal microscopy. Representative images as well as 

quantifications of spot counts per CD4+ T cell are shown in Figure 29B and 29C. 

CD4+ T cells treated with the DMSO control displayed a mean spot count per cell of 20.9 ± 0.8. 

When treated with Tat-K, CD4+ T cells displayed a significantly higher spot count per cell of 

26.3 ± 1.1, whereas treatment with Tat-X led to a significantly decreased spot count per cell 

of 15.1 ± 0.5. Since Gamir-Morralla et al. have shown that Tat-K treatment prevents calpain 

cleavage and stabilises Kidins220 expression levels (293), the increased spot count after 

Tat-K treatment in CD4+ T cells argues for an accumulation of Kidins220 that increases the 

interaction with XPR1. Strikingly, the treatment with Tat-X interfered with the spatial vicinity of 

XPR1 and Kidins220. 

Taken together, treatment with Tat-K led to a significantly increased interaction spot count, 

whereas Tat-X treatment significantly decreased the interaction spot count, indicating that the 

interaction of XPR1 with Kidins220 or a Kidins220 containing interaction complex can be 

promoted by Tat-K treatment, but inhibited by Tat-X treatment. 
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Figure 29: Membrane -permeable protein fragments interfere with the interaction of XPR1 and Kidins220.  

A: Cartoon representation of murine XPR1 (top) and Kidins220 (bottom) domains. Sequences of Tat-X and Tat-K 

are shown, with indication of the Tat sequence (italics), the protein-derived sequences (bold), and the calpain 

cleavage site of the Kidins220 sequence (indicated by ñ|ò). Created with BioRender.com and changed from (165) 

and (293), with respect to species differences in the sequences. Used sequences for alignment: XPR1 murine 

(NP_035403.1), XPR1 human (NP_004727.2), Kidins220 murine (NP_001074847.1), Kidins220 human 

(NP_065789.1). SPX: SYG1/PHO/XPR1; TM: transmembrane; EXS: ERD1/XPR1/SYG1; C: C-terminal region; 

CPP: cell-penetrating peptide; ARs: ankyrin repeats; TMD: transmembrane domain; KAP NTPase: 

Kidins220/ARMS and PifA NTPase; SAM: sterile alpha domain; PDZbm: PDZ binding motif.  B, C: CD4+ T cells 

were isolated from CTL mice using Ŭ-CD4-Biotin, treated with 3 ɛM Tat-K, Tat-K or DMSO for 90 min, seeded on 

fibronectin-coated glass coverslips and fixated. PLA was performed using the Duolink In Situ PLA reagents. Used 

antibody combination: Ŭ-Kidins220 (rb) & Ŭ-XPR1 (mouse). Confocal imaging was done and fluorescent interaction 

spots per cell were counted for analysis. B: Representative images of the specific antibody combination in CD4+ 

T cells treated as indicated. Size bar corresponds to 10 ɛm. C: Quantification of spot counts per cell for the specific 

antibody combination for different treatments. Data is presented as violin plots with median depicted as solid line, 

quartiles as dashed lines. Statistical analysis: Kruskal-Wallis test followed by Dunnôs multiple comparisons test. 

Number of analysed cells corresponds to 157 (DMSO), 128 (Tat-K), and 219 (Tat-X). Data was generated in n = 3 

independent samples. 
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4.4.5. Tat-X treatment emulate s the XPR1 deficiency phenotype  

To investigate whether an impaired Kidins220-XPR1 interaction induces hyperproliferation in 

CD4+ T cells from cKO mice, we used Tat-X treatment in both CTL CD4+ T cells, which 

displayed the protein interaction in PLAs, and as a control cKO CD4+ T cells, which are devoid 

of XPR1 complexes. Further, Tat-K treatment of CTL and cKO CD4+ T cells was done to 

address whether Kidins220ôs function in CD4+ T cells might be dependent on XPR1. 

Proliferation assays were used as a readout for the peptidesô effect on CD4+ T cells that 

feature or lack XPR1 expression. 

CTL and cKO CD4+ T cell were stained with cell proliferation dye, treated with Tat-K, Tat-X, 

or DMSO, and stimulated with Ŭ-CD3/Ŭ-CD28 for 72 h of cultivation. Representative flow 

cytometry histograms as well as data quantification of cell frequencies with a high proliferative 

capacity are shown in Figure 30. 

The proportion of highly proliferating CTL CD4+ T cells increased significantly by about 2-fold 

upon Tat-K and Tat-X treatment compared to DMSO vehicle control samples. The increased 

proliferation frequencies in CTL CD4+ T cells treated with Tat-K and Tat-X reached a similar 

proliferation level as DMSO-treated cKO CD4+ T cells, strongly indicating an emulation of the 

hyperproliferative phenotype of XPR1 deficient CD4+ T cells by Tat-K and Tat-X treatment. 

Notably, the proliferation frequency increased slightly with Tat-K treatment in cKO T cells in 

comparison to the DMSO control, whereas Tat-X treatment had no effect. 

Taken together, treatment with Tat-X, which prevents interaction of XPR1 with Kidins220, led 

to a XPR1 deficiency-like phenotype in CTL CD4+ T cells, implying a marked relevance of the 

XPR1-Kidins220 interaction for CD4+ T-cell activation and proliferation.  

 

Figure 30: Tat-X treatment promotes proliferation of CTL, but not cKO CD4+ T  cells.  CD4+ T cells isolated 

from CTL (blue) and cKO (red) mice were stained with eFlour450 cell proliferation dye, treated with 3 ɛM Tat-K, 

Tat-K or DMSO vehicle control for 90 min, and then stimulated with 5 ɛg/mL Ŭ-CD3 and 1 ɛg/mL Ŭ-CD28. After 

72 h, cells were analysed by flow cytometry. A: Representative histograms with indicated gating of highly 
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proliferative cells. B: Frequencies of highly proliferating CD4+ T cells. Data are presented as mean ± SEM. 

Statistical analysis: Ordinary one-way ANOVA, followed by Tukeyôs multiple comparisons test. Comparisons that 

were not indicated correspond to P > 0.05. n = 7, 8, 8 (DMSO, Tat-K, Tat-X). 

 

4.5. XPR1 regulates CD28 -dependent T -cell responses in vitro  

and in vivo  

So far, the impact of XPR1 deficiency has been characterised in isolated CD4+ T cells that 

were analysed in in vitro assays for changes in functional and mechanistic parameters. 

Stimulation was done using Ŭ-CD3 and Ŭ-CD28, which bind to the CD3-TCR complex or 

CD28, respectively, inducing signal 1 and 2 of T-cell activation (294ï296). In a physiological 

context however, CD4+ T cells get activated by antigen presentation to the TCR by an APC 

(75). To investigate the role of XPR1 in a more physiologically relevant setting, Marilyn mice 

that express a transgenic TCR were cross-bred with CD4+ T cell-specific Xpr1 knockout mice. 

In detail, Marilyn mice carry a global knockout of Rag2, leading to abbreviated V(D)J 

recombination during T-cell development in addition to the transgenic 

Tg(TcraH-Y,TcrbH-Y)1Pas TCR that specifically recognises male H-Y antigen presented by 

MHC II I-Ab29. Due to limited positive selection in females, a reduced number of mature CD4+ 

T cells is present in the periphery, however with a monoclonal specificity for the cognate 

antigen. Furthermore, H-Y antigen expression leads to excessive negative selection of 

thymocytes in male Marilyn mice, resulting in a negligible number of mature T cells in the 

periphery. Marilyn mice have already been characterised before and have been shown to be 

a useful tool for studies investigating T-cell development and antigen recognition (297ï300). 

Henceforth, Cd4-Cre- Xpr1fl/fl TCRtg+ Rag2-/- mice are called Marilyn CTL mice, and Cd4-Cre+ 

Xpr1fl/fl TCRtg+ Rag2-/- mice are called Marilyn cKO mice. Marilyn cKO mice did not show 

reduced life expectancy, an increased susceptibility for diseases, a health burden, or other 

abnormalities compared to Marilyn CTL mice. 

 

4.5.1. Female Marilyn  XPR1 cKO mice show increased activation marker 

and cytokine expression in peripheral T cells upon H -Y injection  

First, CD4+ T cells from Marilyn CTL or cKO mice were challenged with antigen in vivo, and 

effector functions of thereby activated CD4+ T cells were compared. For this, recombinant 

protein, harbouring the T-cell epitope sequence of the H-Y protein was injected into female 

Marilyn CTL or Marilyn cKO mice intravenously, as schematically depicted in Figure 31A. After 

6 days, mice were sacrificed, and splenic as well as lymph node (LN)-derived T cells were 



 

69 
 

analysed using flow cytometry, where TCR-Vɓ6 (TRBV6) expression as part of the transgenic 

TCR in Marilyn mice was used to identify antigen-specific CD4+TRBV6+ T cells. The panel 

used for analyses assessed surface levels of immune checkpoint molecules (PD-1, CTLA-4), 

the proliferation marker Ki-67, activation markers (CD44, CD62L), key transcription factors 

(Ror-ɔt, Foxp3) and cytokines (IL-17a, IL-22, IFN-ɔ, TNF-Ŭ). Representative gating as well as 

expression levels are shown in Figure 31-33. 

Analysis of immune checkpoint molecules CTLA-4 and PD-1 revealed strikingly and 

significantly increased CTLA-4 expression in CD4+TRBV6+ T cells from LNs of Marilyn cKO 

mice compared to control samples, as shown in Figure 31B and Figure 31C. Also, the 

proportion of CTLA-4+ CD4+TRBV6+ T cells tended to be increased in the spleen of Marilyn 

cKO mice compared to Marilyn CTL mice, however not significantly.  

Similar to CTLA-4, the proportion of PD-1+ CD4+TRBV6+ T cells in LNs of Marilyn cKO mice 

was significantly increased compared to the control (Figure 31D), while there was only a 

tendency for an increased frequency in splenic CD4+TRBV6+ T cells from Marilyn cKO mice 

compared to those from Marilyn CTL mice (Figure 31E). The proportion of Ki-67+ T cells 

showed a trend to be increased in LNs from Marilyn cKO mice. In spleen, Ki-67+ T cells were 

very rare (0.01-0.10%), with no difference between samples from Marilyn CTL and cKO mice. 

 

Figure 31: Differential expression of CTLA -4, PD-1, and Ki -67 in Marilyn  CTL and cKO mice after H -Y 

injection . Female Marilyn CTL or Marilyn cKO mice were intravenously injected with 10 mg/kg bodyweight H-Y 

peptide in 100 ɛL 0.9 % saline. After 6 days, mice were sacrificed and spleen as well as lymph nodes (LNs: pool 

of inguinal, axillary, cervical and mesenteric LNs) were dissected and analysed by flow cytometry. Events within 

lymphocyte gates labelled as singlets, and viable CD4+TRBV6+ T cells were analysed. A: Schematic overview of 






























































































































































































































































