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2 Presentation of the publication 

2.1 Introduction  

The glomerulus as a signature structure of the kidney is the target of a group of inflammatory 

diseases leading to an impairment or even loss of kidney function. Among these kidney 

diseases, glomerulonephritis (GN) as a sterile inflammation of glomeruli and the 

surrounding interstitium and tubuli, is a leading cause of chronic kidney disease and the 

underlying disease of 10% to 15% of patients with end-stage renal disease (Kazi and 

Hashmi 2022). During GN, immune cells, such as dendritic cells (DCs) or T cells infiltrate 

the kidney and predominantly localize in the tubulointerstitium (Hu et al. 2016; Markovic-

Lipkovski et al. 1990), close to tubular epithelial cells (TECs). TECs are involved in important 

tubular transport processes, with proximal tubular epithelial cells (PTECs) reabsorbing 85% 

of the ultrafiltrate fluid containing small proteins, glucose and other small molecules that can 

pass the glomerular filtration barrier (Yamaguchi et al. 2018). Since small proteins are highly 

concentrated during filtration, PTECs take up antigens at concentrations more than tenfold 

higher than in any other organ (Kurts et al. 2013). PTECs were described as non-

professional antigen presenting cells (APCs), displaying low expression of the major 

histocompatibility complex class II (MHC–II) in healthy humans and naïve mice (Gastl et al. 

1996; Hagerty and Allen 1992), which is enhanced during inflammation (van Dorp et al. 

1993). Besides MHC-II, PTECs also express other molecules linked with APC function, 

such as the MHC-II histocompatibility gamma chain CD74 and the co-stimulatory molecules 

CD80 and CD86 (Breda et al. 2019). PTECs were shown to activate CD4+ T cells antigen-

specifically leading to CD4+ T cell proliferation, interleukin (IL)-2 secretion and the 

production of the pro-inflammatory cytokines interferon γ (IFNγ) and tumor necrosis factor 

α (TNFα) (Breda et al. 2019). DCs as professional APCs not only activate CD4+ T cells by 

presentation of exogenous, internalized antigen on MHC-II, they also activate CD8+ T cells 

by cross-presentation of external antigen on MHC-I (Jung et al. 2002). For cross-

presentation, external antigen is internalized by the APC into endosomes with low 

proteolytic activity (Fehres et al. 2014). The endosomes are alkalized by the NADPH 

oxidase (NOX)2 to avoid pH-dependent protease activation, which would result in impaired 

antigen cross-presentation (Embgenbroich and Burgdorf 2018). Especially mannose 

receptor (MR)-mediated endocytosis of exogenous antigens has been shown to be 

essential for cross-presentation (Burgdorf et al. 2007). The antigen can either be directly 

loaded onto recycled MHC-I in the phagosome (vacuolar pathway) or transported into the 

cytosol for further proteasomal degradation (endosome-to-cytosol pathway). The multimeric 

channel Sec61 plays a crucial role for the transport of antigens from the endosome into the 

cytosol and the energy for this transport derives from the ATPase valosin-containing protein 

(VCP) (Ackerman et al. 2006). Within the cytosol, proteasomal degradation leads to the 
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formation of antigen peptides. Antigen degradation for antigen peptide presentation on 

MHC-I was shown to be mediated by the constitutive but also by the immunoproteasome 

(Ferrington and Gregerson 2012; Palmowski et al. 2006), with the immunoproteasome 

being more potent in the activation of cytotoxic T cells (Groettrup et al. 2010; Kloetzel 2001). 

The resulting antigen peptides are transported back into the endosome via transporters 

associated with antigen processing (TAP) 1 and 2 (Huang et al. 1996). In the endosome, 

the peptides are further trimmed by the leucyl-cystinyl aminopeptidase (LNPEP) and then 

loaded onto MHC-I by the peptide loading complex (Embgenbroich and Burgdorf 2018; 

Fehres et al. 2014). Subsequently, the MHC-I molecule carrying the antigen peptide is 

transported to and incorporated into the cell’s outer membrane for antigen presentation 

(Fehres et al. 2014) (Figure 1).  

 

Figure 1: Schematic overview of the endosome-to-cytosol pathway of antigen cross-presentation. 

Exogenous antigen is internalized by mannose receptor-mediated endocytosis into the endosome. To avoid 
antigen degradation within the endosome, its milieu is alkalized by NOX2. The transport channel Sec61 
translocates the antigen into the cytosol in an ATP-dependent manner. The energy for this translocation is 
provided by the ATPase VCP. In the cytosol, the antigen is degraded by the constitutive or immunoproteasome 
into antigen peptides. Via TAP, the antigen peptides are transported back into the endosome for further trimming 

by LNPEP. Afterwards, the peptides loading complex (not displayed in this figure) loads antigen peptides onto 
MHC-I molecules, which are transported to and incorporated into the cell’s membrane for antigen presentation 
to CD8+ T cells. NOX2: NADPH oxidase, VCP: valosin-containing protein, TAP: transporter associated with 
antigen processing, LNPEP: leucyl-cystinyl-aminopeptidase, MHC-I: major histocompatibility complex class I. 

Created with BioRender.com. 

Via cross-presentation of external microbial or tumor antigens, CD8+ T cell immunity in 

infectious or malignant diseases is acquired that is not restricted to endogenous-derived 

viral or tumor antigens (Fehres et al. 2014). Besides DCs, also non-professional APCs are 

capable of antigen cross-presentation. In the liver, which is permanently confronted with 
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food- and commensal bacteria-derived antigens from the intestine, non-parenchymal cells, 

such as liver sinusoidal endothelial cells (LSECs), have been shown to be potent cross-

presenters of both cell-associated and soluble antigens (Ebrahimkhani et al. 2011; Lohse 

et al. 1996). Cross-presentation of exogenous antigen to CD8+
 T cells by LSECs leads to 

CD8+
 T cell tolerance both in vitro and in vivo, indicated by the loss of IFNγ and IL-2 

production as well as reduced cytotoxicity (Limmer et al. 2000; Zheng and Tian 2019). If 

PTECs as non-professional APCs in the kidney are capable of antigen cross-presentation 

to CD8+ T cells, is less clear. Therefore, this study aims at investigating the capacity of 

PTECs to cross-present soluble antigen to CD8+ T cells in vitro and analyzes the phenotype 

and function of PTEC-activated CD8+ T cells in vitro. This study further compares the 

phenotype of CD8+ T cells activated by PTECs, LSECs or DCs via cross-presentation. Since 

one key effector function of activated CD8+ T cells is to kill target cells, this study further 

analyzes the cytotoxic function of PTEC-activated CD8+ T cells in a cytotoxicity assay and 

assesses induction of apoptosis in the nephritic kidneys of MRL/MpJ-Faslpr (MRL-lpr) and 

pristane-treated mice, both representing murine models of lupus nephritis (Freitas et al. 

2017; Morse et al. 1982).  

2.2 Material and Methods 

This part describes the methods and murine models that I used during the study in more 

detail.  

2.2.1 Animals and animal treatment 

OT-I mice were used to isolate ovalbumin (OVA)-specific CD8+ T cells. In these mice, all 

CD8+ T cells contain a transgenic T cell receptor (TCR) recognizing the OVA peptide 

residues 257-264 (OVA257-264) presented by MHC-I (Hogquist et al. 1994) and are, therefore, 

OVA-specific.  

To induce systemic lupus erythematosus (SLE), C57BL/6 wild-type (WT) and Cd8a-/- mice 

were injected with 500 µL of pristane (2,6,10,14-Tetramethylpentadecane), a naturally 

occurring hydrocarbon oil inducing chronic inflammation upon injection (Reeves et al. 2010). 

Animals treated with pristane show clinical signs such as arthritis (Wooley et al. 1989), a 

lupus-like GN with deposition of antibodies and complement as well as pulmonary 

capillaritis (Chowdhary et al. 2007), anemia, and the production of autoantibodies (Reeves 

et al. 2010; Smith et al. 2007). The hydrocarbon induces an immune complex (IC) mediated 

GN with glomerular damage characterized by hypercellularity, mesangial expansion, 

crescent formation and interstitial mononuclear cell infiltration. Lupus-like GN and 

proteinuria begin 4 to 6 months after pristane injection (Freitas et al. 2017). WT mice 

develop mesangial expansion and hypercellularity within 7 months after pristane 

administration (Summers et al. 2014) and they develop a type III lupus nephritis after 9 and 
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a type IV lupus nephritis after 12 months (Kluger et al. 2016). Lupus autoantibodies targeted 

to nuclear components such as the U1 ribonucleoprotein (U1 RNP) develop within 4 to 6 

months after SLE induction, while antibodies against double stranded deoxyribonucleic acid 

(dsDNA) emerge after 6 to 10 months (Reeves et al. 2010; Satoh et al. 2003). In our 

experiments, mice were analyzed 9 months after pristane injection after the beginning of 

autoantibody production and the type III lupus nephritis.  

MRL/MpJ (MRL) and MRL-lpr mice have a diverse genetic background from standard 

inbred strains with a genome composed of LG (75%), AKR/J (12.6%), C3H (12.1%) and 

C57BL/6 (0.3%) (Peng et al. 1996). LG/J mice, which make up the largest proportion of the 

genetic background, exhibit autoantibodies, such as rheumatoid factor, as well as renal 

disease, including GN and interstitial nephritis (Peng et al. 1996). MRL-lpr mice are 

homozygous for the lymphoproliferation spontaneous mutation (lpr), a mutation in the gene 

of the TNF receptor superfamily member 6 (Fas-receptor) mediating apoptosis through the 

binding of its ligand, FasL (Nagata 1994). This mutation leads to the proliferation of aberrant 

T cells and to the development of systemic autoimmune disorders, such as a lupus-like 

disease and a generalized lymphadenopathy. MRL-lpr mice develop lupus-typical 

autoantibodies against nuclear components (Eisenberg et al. 1978). At 3 months of age, 

the MRL-lpr mice show increased levels of circulating ICs as well as a severe proliferative 

GN, while the MRL mice lacking the Faslpr mutation do not exhibit IC or GN development 

yet at this time point (Morse et al. 1982). Therefore, MRL mice showing the same genetic 

background as the MRL-lpr mice but lacking the Faslpr mutation were used as control mice. 

This model was used as a spontaneous model of GN in SLE. In both SLE models, the 

urinary albumin-to-creatinine ratio was measured to analyze proteinuria and kidney sections 

were stained with periodic acid-Schiff reagent to examine glomerular and tubular injury. 

2.2.2 Co-Culture of OVA-specific CD8+ T cells with PTECs or splenic DCs 

PTECs were isolated from kidneys of WT mice and cultivated under sterile conditions in a 

CO2 incubator at 37 °C with 5% CO2 and saturated humidity. Via light microscopy, a 

monolayer of PTECs was visible after 3 days of cultivation. After 4 days, the PTECs were 

washed twice with 1 mL of RPMI and incubated in 1 mL/ well RPMI at 37 °C in the CO2 

incubator until T cell addition. After fluorescence-activated cell sorting (FACS) of OVA-

specific naïve CD25- CD8+ T lymphocytes from spleen and lymph nodes of OT-I mice, the 

T cells were counted and resuspended in RPMI with an adjusted cell count of 5 x 105 cells/ 

mL. RPMI was removed from the PTECs and 2.5 x 105 OVA-specific CD8+ T cells were 

added to each well. The co-cultured cells were either treated with OVA (final concentration 

500 µg/mL) or left without OVA. OVA-specific CD8+ T cells were further cultured in the 

absence of PTECs with or without addition of OVA. After 2.5 or 5 days, CD8+ T cells and 
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the co-culture supernatant were harvested for phenotype analysis via flow cytometry and 

LEGENDplex analysis to determine cytokine levels. OVA-specific CD8+ T cells were further 

cultured with or without splenic DCs in the presence or absence of OVA and their phenotype 

was examined after 2.5 and 5 days.  

2.2.3 Analysis of CD8+ T cell phenotype by flow cytometry 

Flow cytometry is a technique to measure physical and chemical properties of cells and 

particles. A cell suspension is injected into a flow cytometer and the fluidics system focuses 

the stream to a flow with one cell at a time through hydrodynamic focusing. Thereafter, the 

cell passes one or more beams of laser or arc lamp light. Light scattering or fluorescence 

emission, if the cell was labeled with a fluorochrome by the use of a fluorescently labeled 

antibody or a fluorescent dye, can be measured. The forward scatter is a measure for light 

diffraction in a flat angle up to 20°, its light is collected by the FSC and depends on the cell’s 

size. Hence, the FCS can be used to distinguish between cell debris and living cells, for 

example. The side scatter is a measure for light refraction and can be detected at a 90° 

angle to the laser’s excitation line by the side SSC. The SSC provides information about the 

granularity of cells. Consequently, a differentiation between different cell types by the 

combination of FSC and SSC signals is possible. Measuring the fluorescence at different 

wavelengths makes available quantitative and qualitative information about fluorochrome-

labeled cell surface molecules or intracellular markers, such as cytokines or nucleic acids. 

Fluorochromes are dyes that can be excited by light energy, e.g. from a laser, and emit the 

energy at a longer wavelength. The process of emission is called fluorescence. It can be 

detected by fluorescence channels of the cytometer. These detectors are photomultiplier 

tubes and their specificity is controlled by optical filters, allowing specific wavelengths to 

pass, while blocking other wavelengths. The number of the detectors varies depending of 

the machine and its manufacturer. As soon as light is detected, a small current is generated 

at the detector. The voltage’s amplitude is proportional to the number of light photons 

received by the detector. This voltage is then amplified and digitalized. Each detector 

provides a signal about one parameter, e.g. forward scatter, side scatter or fluorescence. 

For each parameter, one signal is referred to as one event or dot that can be seen on a 

digital plot. Consequently, each dot in the graph represents one event measurable for the 

parameter of interest. Since one flow cytometer can use several lasers to excite different 

fluorochromes, cells of a cell suspension can be stained with different fluorochromes and 

will be analyzed simultaneously (McKinnon 2019). The phenotype analysis in this study was 

performed with the LSR Fortessa™ Flow Cytometer and the FACS Diva software as well 

as the FlowJo software.  
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For the phenotype analysis of CD8+ T cells via flow cytometry in this study, the T cells were 

stained with fluorochrome-linked antibodies directed against molecules on the cell surface, 

in the cytosol and in the nucleus after restimulation. Moreover, a fluorescent dye binding to 

amines was used to stain dead cells. Deviating from this staining procedure, the 

degranulation marker CD107a was stained during restimulation with phorbol 12-myristate 

13-acetate (PMA) and ionomycin. CD107a belongs to the lysosomal-associated membrane 

glycoproteins (LAMPs), located in the membrane of cytosolic granules. During 

degranulation, the membrane of a cytosolic granule merges with the cell membrane, 

incorporating LAMPs into the plasma membrane. Consequently, LAMPs can be stained on 

the cell surface during degranulation. However, they become actively internalized into 

lysosomal compartments again, necessitating the staining during the activation period with 

application of monensin to neutralize the pH of lysosomal compartments to avoid loss of 

fluorescence signal (Betts and Koup 2004). Accordingly, CD107a was stained during re-

stimulation. Each cell suspension was then analyzed via flow cytometry. 

2.3 Results 

2.3.1 PTECs express genes and proteins associated with antigen cross- 

presentation 

To analyze whether renal epithelial cells and liver endothelial cells express mRNA of 

proteins associated with antigen cross-presentation, the expression of 10 genes connected 

with cross-presentation was examined, using the Log2cpm, in epithelial cell adhesion 

molecule (EpCAM)+ epithelial cells from kidneys of WT mice and in CD31+ endothelial cells 

from the livers of WT mice. Renal epithelial cells strongly expressed the genes of VCP 

(Vcp), LNPEP (Lnpep), and Sec61 (Sec61a1, Sec61b, Sec61g). This analysis further 

showed substantial expression of genes of the MR (Mrc1) and of the large multifunctional 

peptidase (LMP7) (Psmb8), a subunit of the immunoproteasome (Ferrington and Gregerson 

2012; Palmowski et al. 2006) in renal epithelial cells, while less expression of NOX2 (Cybb) 

and TAP1 and 2 (Tap1, Tap2) was observed. Liver endothelial cells showed higher 

expression of Psmb8, Tap1 and Mrc1 than renal epithelial cells, but less expression of 

Sec61a1 and Sec61b. This analysis shows that total renal epithelial and hepatic endothelial 

cells express genes crucial for antigen cross-presentation. Furthermore, this study analyzed 

expression of these genes in cultured PTECs and compared it with these genes’ expression 

by LSECs and bone marrow-derived DCs (BMDCs), both cell populations capable of 

antigen cross-presentation (Ebrahimkhani et al. 2011; Jung et al. 2002; Lohse et al. 1996). 

PTECs, BMDCs, and LSECs showed similar expression of Sec61b, Sec61g, Lnpep, and 

Tap2, whereas PTECs showed less expression of Tap1 and Mrc1 compared to LSECs and 

BMDCs. Moreover, LSECs showed higher expression of Sec61a1 and Vcp than PTECs 

and BMDCs. Since this analysis shows expression of genes associated with antigen cross-
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presentation in PTECs, this study further analyzed the expression of proteins crucial for 

cross-presentation in PTECs, compared to LSECs and BMDCs. All three cell populations 

similarly expressed VCP and LNPEP, while PTECs showed less expression of MR, but 

elevated expression of TAP1 and NOX2, compared to LSECs and BMDCs. Consequently, 

PTECs express genes and proteins associated with antigen cross-presentation.  

2.3.2 Internalization of external antigen by PTECs via MR-mediated endocytosis 

To analyze whether PTECs take up soluble external antigen, PTECs were cultured in the 

presence of fluorochrome-labeled OVA at 37°C and 4°C for 1, 2 and 4 hours with 

subsequent flow cytometry analysis of OVA+ PTECs. The frequency of OVA+ PTECs 

increased over time after culture at 37°C, whereas it was low after incubation at 4°C. To 

analyze whether PTECs internalize exogenous antigen in an MR-dependent manner, 

PTECs were further cultured with fluorochrome-labeled OVA in the presence of mannan, 

which binds to the MR with high affinity, thereby leading to competitive MR inhibition 

(Burgdorf et al. 2006). The frequency of OVA+ PTECs decreased after pre-treatment with 

mannan compared to PTECs not treated with mannan. Pre-treatment of PTECs with D-

galactose not binding to the MR (Nguyen and Hildreth 2003), did not reduce OVA 

internalization by PTECs. Furthermore, PTECs were cultured in the presence of the clathrin-

specific inhibitor chlorpromazine (Vercauteren et al. 2010) to analyze the effect of inhibition 

of endocytosis on antigen uptake. This treatment resulted in a reduced frequency of OVA+ 

PTECs compared to PTECs not pre-treated with chlorpromazine. Consequently, PTECs 

take up external soluble antigen via MR-mediated endocytosis.  

2.3.3 PTECs induce a pro-inflammatory and cytotoxic phenotype in CD8+ T cells that 

is similar to the phenotype induced by DCs via antigen cross-presentation  

To assess antigen-dependent activation of CD8+ T cells by PTECs, OVA-specific CD25- 

CD8+ T cells were co-cultured with PTECs in the presence or absence of OVA and their 

phenotype was analyzed by flow cytometry after 2.5 days. After co-culture of OVA-specific 

CD8+ T cells with PTECs in the presence of OVA, CD8+ T cells expressed the activation 

markers CD44, CD25 and PD-1 and the proliferation marker Ki-67, indicating T cell 

activation and proliferation. These PTEC-activated CD8+ T cells further expressed GzmB 

and the degranulation marker CD107a, indicating a cytotoxic phenotype. Moreover, the 

CD8+ T cells secreted IL-2 as well as the pro-inflammatory cytokines IFNγ, TNFα, IL-17A, 

and IL-6, indicating a pro-inflammatory phenotype. In contrast, the controls only containing 

CD8+ T cells with or without OVA or with PTECs but in the absence of OVA did not show 

CD8+ T cell activation nor induction of the other assessed markers. After 5 days of co-

culture with PTECs in the presence of OVA, the CD8+ T cells still showed activation and 

proliferation as well as a cytotoxic and pro-inflammatory phenotype. Splenic DCs as 
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professional APCs induced a similar phenotype after 2.5 and 5 days of co-culture with CD8+ 

T cells in the presence of OVA. viSNE analysis revealed similar CD8+ T cell clusters after 

activation by PTECs and DCs, with one cluster co-expressing CD44 and Ki-67 and another 

cluster co-expressing CD25 and CD-44, while another big cluster showed mono-expression 

of CD44. Both DC- and PTEC-activated CD8+ T cells showed a degranulated T cell cluster, 

containing CD107a+ GzmBlow CD8+ T cells, and a not degranulated T cell cluster containing 

CD107alow GzmB+ CD8+ T cells. In comparison to DC-activated CD8+ T cells, the frequency 

of PTEC-activated CD8+ T cells expressing CD25 or Ki-67 was lower, but the frequency of 

CD107a+ CD8+ T cells was higher. PTECs induced elevated IL-2 and IL-6-secretion 

compared to DCs, whereas DCs induced more secretion of IFNγ. The frequency of CD44+, 

PD-1+, GzmB+ CD8+ T cells as well as cytokine levels of IL-17A and TNFα were similar after 

co-culture with PTECs or DCs. Consequently, both PTECs and DCs induced a similar pro-

inflammatory and cytotoxic phenotype in CD8+ T cells through antigen cross-presentation, 

while DCs induced stronger activation and proliferation.  

2.3.4 In contrast to PTECs, LSECs induce a tolerogenic phenotype in CD8+ T cells 

via antigen cross-presentation 

The phenotype of PTEC-activated CD8+ T cells was compared to the one of LSEC-activated 

CD8+ T cells after 2.5 and 5 days of co-culture. After 2.5 days of co-culture, the phenotype 

induced by PTECs and LSECs was similar, showing activation, proliferation and expression 

of markers associated with cytotoxicity and inflammation. In comparison to PTECs inducing 

high secretion of IL-2, LSECs induced low secretion of IL-2. After 5 days of co-culture, 

PTEC-activated CD8+ T cells still showed a cytotoxic and pro-inflammatory phenotype. 

Interestingly, LSEC-activated CD8+ T cells were still activated but did not express markers 

associated with cytotoxicity or Ki-67. Moreover, the level of IFNγ was strongly reduced while 

IL-2 was not detectable any more. The frequency of LSEC-activated CD8+ T cells 

expressing the activation marker and co-inhibitory receptor PD-1 was elevated compared 

to PTEC-activated CD8+ T cells after 5 days of co-culture. Since LSECs were shown to 

induce CD8+ T cell inhibition via PD-1/ PD-L1 interaction in the liver (Diehl et al. 2008; Iwai 

et al. 2003) and the PD-1/PD-L1 pathway was shown to play an immune-regulatory role in 

GN (Neumann et al. 2019), PTECs and LSECs were further analyzed for their expression 

of the co-inhibitory ligand PD-L1. During T cell activation, interaction of the co-stimulatory 

ligand CD80 or CD86 with the co-stimulatory receptor CD28 constitutes the second T cell 

activation signal (Kambayashi and Laufer 2014; Tamura et al. 1996). Since CD8+ T cells 

were activated after co-culture with either PTECs or LSECs and OVA, the expression of 

CD80 and CD86 was analyzed in PTECs and LSECs. LSECs showed more expression of 

the co-inhibitory ligand PD-L1, whereas PTECs, but not LSECs, expressed the co-

stimulatory molecules CD80 and CD86. Consequently, the phenotype of CD8+ T cells after 
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2.5 days of co-culture with PTECs or LSECs was similar showing activation, proliferation 

and expression of cytotoxicity- and inflammation-associated cytokines. After 5 days, 

however, a striking difference of phenotype induced by PTECs or LSECs in CD8+ T cells 

via cross-presentation was revealed, showing a maintained pro-inflammatory and cytotoxic 

phenotype in PTEC-activated CD8+ T cells, but a tolerogenic phenotype in LSEC-activated 

CD8+ T cells with reduced IFNγ expression and loss of GzmB expression.  

2.3.5 An active (immuno) proteasome is needed for antigen cross-presentation by 

PTECs 

The immunoproteasome and its subunit LMP7 were shown to play a role in antigen cross-

presentation (Ferrington and Gregerson 2012; Palmowski et al. 2006). To analyze whether 

PTECs express this proteasomal subunit, gene expression analysis of Psmb8 and the 

referring protein LMP7 was performed. PTECs expressed Psmb8 and LMP7, but LMP7 

expression was lower compared to LSECs and BMDCs. To assess the role of LMP7 in 

antigen cross-presentation, PTECs were pre-treated for 4 hours with the LMP7- inhibitor 

ONX 0914 before co-culture with OVA-specific CD8+ T cells. CD8+ T cells only co-cultured 

with PTECs in the presence or absence of ONX 0914 did not show activation or induction 

of cytotoxicity- or inflammation-associated markers. In the co-culture with presence of OVA, 

the pre-treatment of PTECs with ONX 0914 led to reduced expression of the assessed 

markers for activation, proliferation, cytotoxicity and reduced secretion of inflammatory 

cytokines by CD8+ T cells in comparison to the co-culture without pre-treatment of PTECs 

with ONX 0914. Moreover, expression of subunits of the immunoproteasome (β5i/LMP7) 

and of the constitutive proteasome (β5c, β1c, β2c) were analyzed in PTECs after treatment 

with ONX 0914 to assess the specificity of proteasome inhibition mediated by ONX 0914. 

ONX 0914-treated PTECs showed a higher protein accumulation of the subunits β5i, β5c, 

and β1c compared to untreated PTECs. With the use of activity-based probes (ABPs), 

which bind to active proteasomal subunits (Gan et al. 2019), a reduced activity of β5i and 

β5c in ONX 0914-treated compared to untreated PTECs was shown, indicating that ONX 

0914 inhibited a subunit of the immunoproteasome, but also a subunit of the constitutive 

proteasome.  

2.3.5 PTEC-activated CD8+ T cells have cytolytic function 

Since PTEC-activated CD8+ T cells showed a cytotoxic phenotype with expression of GzmB 

and CD107a, their capacity to exert cytotoxic function was analyzed in a cytotoxicity assay 

using allogeneic P815 cells as target cells (Talmage et al. 1977). The P815 cells were 

allogeneic, thus, the TCR of the CD8+ T cells recognized their foreign MHC molecules 

leading to CD8+ T cell activation and killing of target cells. P815 cells were cultured with 

PTEC-activated CD8+ T cells for 4 hours. For controls, P815 cells were cultured with CD8+ 
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T cells cultured alone with or without OVA or in the presence of PTECs but absence of OVA. 

After 4 hours, the cells were stained for CD8a and with 7-amino actinomycin D (7-AAD), a 

viability dye that penetrates dead cells but is excluded by living cells (Johnson et al. 2013). 

Subsequently, the frequency of 7-AAD+ CD8- P815 cells was determined by flow cytometry 

to assess P815 cell killing. CD8+ T cells cultured without PTECs in the presence or absence 

of OVA did not induce P815 cell death. The frequency of 7-AAD+ P815 cells increased after 

addition of CD8+ T cells co-cultured with PTECs and showed substantial increase after 

addition of CD8+ T cells co-cultured with PTECs in the presence of OVA. Consequently, the 

cytotoxicity assay showed that PTEC-activated CD8+ T cells exerted cytotoxicity.  

2.3.6 CD8+ T cells induce cell death in murine lupus nephritis 

CD8+ T cell phenotype and renal localization of CD8+ T cells were further analyzed in murine 

lupus nephritis. Both MRL-lpr and pristane-treated mice showed lupus-typical autoantibody 

production and renal damage characteristic of lupus nephritis. Serial CD8/ CD3 staining of 

renal tissue sections revealed elevated numbers of CD8+ T cells in the nephritic contrasted 

to healthy kidneys in both murine lupus nephritis models. In the inflamed kidneys, CD8+ T 

cells predominantly localized in the tubulointerstitium, while glomerular CD8+ T cell numbers 

were low. Phenotype analysis of renal CD8+ T cells in these murine models showed a higher 

frequency of GzmB+, CD107a+, IFNγ+, and IL-17A+ CD8+ T cells in nephritic compared to 

healthy kidneys, indicating a pro-inflammatory and cytotoxic phenotype of CD8+ T cells in 

lupus nephritis. Since killing of target cells is a key function of cytotoxic CD8+ T cells, 

analysis of renal apoptotic cell death by Terminal deoxynucleotidyl transferase dUTP nick 

end labeling (TUNEL) (Moore et al. 2021) and cleaved caspase-3 (Goping et al. 2003) 

staining was performed and showed an increase of apoptotic cell numbers in pristane-

treated compared to control mice. The number of TUNEL+ and cleaved caspase-3+ cells 

was reduced in Cd8a-/- compared to nephritic WT mice. Mostly TECs were TUNEL+, while 

mainly PTECs and glomerular cells were cleaved caspase-3+. In contrast, MRL-lpr mice 

showed reduced numbers of TUNEL+ and cleaved caspase-3+ renal cells compared to MRL 

mice.  

2.4 Discussion 

During GN, T cells, among other immune cells, infiltrate the kidney (Kurts et al. 2013; 

Markovic-Lipkovski et al. 1990) and CD4+ T cells were shown to mediate both pro-

inflammatory (Azadegan-Dehkordi et al. 2015; Palmer and Weaver 2010; Schmidt et al. 

2018) and immune-regulatory (Alikhan et al. 2018; Neumann et al. 2019; Neumann and 

Tiegs 2021; Ooi et al. 2011; Paust et al. 2011; Tipping and Holdsworth 2006; Turner et al. 

2010) functions. The role of kidney-intrinsic cells in immune-mediated GN is less clear. 

PTECs were shown to be non-professional APCs in the kidney with expression of CD80 
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and CD86, able to activate CD4+ T cells antigen-specifically, thereby leading to a pro-

inflammatory CD4+ T cell phenotype (Breda et al. 2019). This study shows that PTECs are 

capable of cross-presenting exogenous, soluble antigen to CD8+ T cells in vitro, thereby 

inducing a cytotoxic and pro-inflammatory CD8+ T cell phenotype. Expression analysis 

showed that PTECs express mRNA and proteins of the antigen cross-presentation 

machinery depicted in Figure 1, indicating that they, similarly as BMDCs and LSECs, 

possess the proteins necessary to present external, internalized antigen to CD8+ T cells via 

MHC-I. This study further shows that PTECs express LMP7, a proteasomal subunit specific 

of the immunoproteasome, which has been implicated to be crucial for antigen cross-

presentation (Ferrington and Gregerson 2012; Palmowski et al. 2006). Moreover, inhibition 

experiments targeting the MR and clathrin-molecules showed that the external antigen 

becomes internalized in PTECs via MR-mediated endocytosis, which was shown to be 

essential for cross-presentation (Burgdorf et al. 2007). Subsequent co-cultures of PTECs 

with OVA-specific CD8+ T cells in the presence of the antigen OVA showed CD8+ T cell 

activation, proliferation and the expression of cytotoxicity- and inflammation-associated 

molecules. This result was not observed in the control groups only containing CD8+ T cells 

cultured alone with or without OVA or in the presence of PTECs without OVA, indicating 

that PTECs are able to present exogenous antigen to CD8+ T cells. Consequently, PTECs 

are not only able to present exogenous antigen via MHC-II to CD4+ T cells, thereby leading 

to activation and a pro-inflammatory CD4+ T cell response (Breda et al. 2019). They are 

also able to cross-present external antigen via MHC-I to CD8+ T cells, leading to activation 

and induction of a pro-inflammatory and cytotoxic phenotype in CD8+ T cells. Pre-treatment 

of PTECs with the LMP7-inhibitor ONX 0914 resulted in less activation of CD8+ T cells, 

indicating that antigen cross-presentation depended on active LMP7, a subunit of the 

immunoproteasome (Ferrington and Gregerson 2012). However, this study identified not 

only LMP7, but also β5c, a subunit of the conventional proteasome (Ferrington and 

Gregerson 2012), to be target of ONX 0914, indicating that PTECS might involve both the 

immunoproteasome and the constitutive proteasome for antigen cross-presentation.  

DCs are professional APCs with the capacity of antigen cross-presentation, thereby 

mediating CD8+ T cell immunity in infectious or malignant diseases (Fehres et al. 2014). In 

the liver, which is permanently confronted with intestinal food- and commensal bacteria-

derived antigens, LSECs, among other non-parenchymal cells, were shown to be potent 

cross-presenters of both cell-associated and soluble antigens (Ebrahimkhani et al. 2011; 

Lohse et al. 1996). Cross-presentation of external antigen to CD8+ T cells by LSECs leads 

to CD8+ T cell tolerance, indicated by the loss of IFNγ and IL-2 production as well as reduced 

cytotoxicity, hence, reduced effector functions (Limmer et al. 2000; Zheng and Tian 2019). 

In co-culture experiments in this study, PTECs, DCs and LSECs induced CD8+ T cell 
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activation, proliferation and expression of markers associated with cytotoxicity and 

inflammation within 2.5 days of co-culture. Moreover, PTEC-activated CD8+ T cells exerted 

cytotoxicity in this study.  After 5 days, this phenotype was preserved by PTEC- and DC-

activated CD8+ T cells, whereas LSEC-activated CD8+ T cells showed a tolerogenic 

phenotype with reduced IFNγ and GzmB expression and no detection of IL-2. Since IL-2 

was induced in low amounts after 2.5 days of co-culture with LSECs and not detectable 

after 5 days of co-culture, the CD8+ T cells might have consumed the low amount of IL-2 in 

an autocrine way during their activation. While these findings are consistent with the 

literature depicting tolerance induction by LSECs (Limmer et al. 2000; Zheng and Tian 

2019), they show that PTECs rather induce CD8+ T cell immunity and effector function 

similarly as DCs than immune tolerance. LSECs in this study induced a higher expression 

of PD-1 in CD8+ T cells than PTECs and showed higher expression of PD-L1 than PTECs. 

This agrees with the literature showing LSECs to induce CD8+ T cell tolerance via the PD-

L1/PD-1 pathway (Diehl et al. 2008; Iwai et al. 2003), which might explain why LSECs 

induced a tolerogenic phenotype in CD8+ T cells. For full CD8+ T cell activation, antigen 

presentation via MHC-I and recognition by the TCR and further co-stimulatory signals are 

necessary (Hamilos 1989). One co-stimulatory signal is provided by the interaction of the 

co-stimulatory receptor CD28 on the T cell with its ligands CD80 or CD86, expressed on 

activated professional APCs (Kambayashi and Laufer 2014). Eventually, this leads to 

autocrine IL-2 production and clonal expansion of the antigen-specific T cell. Consequently, 

the higher expression of the co-stimulatory molecules CD80 and CD86 by PTECs than by 

LSECs further explains why PTECs induce CD8+ T cell activation rather than tolerance. 

This might further explain the low induction of IL-2 by LSECs. These findings depict that 

organ-specific non-professional APCs induce different CD8+ T cell responses via cross-

presentation. While LSECs as non-parenchymal hepatic cells induce immune tolerance, 

PTECs seem to be involved in induction of inflammation and cytotoxicity in the kidney. 

This study further showed mainly tubulointerstitial localization of renal CD8+ T cells in 

murine lupus nephritis. In the tubulointerstitium, CD8+ T cells are localized close to PTECs. 

This arises the question of whether PTECs cross-present antigen deriving from the 

ultrafiltrate to CD8+ T cells situated in the tubulointerstitium during GN in vivo. During GN 

with destruction of the filtration barrier, antigens might be liberated into the ultrafiltrate and 

be internalized by PTECs and presented to tubulointerstitial T cells. Since proteinuria is a 

clinical sign of GN, the presence of proteins, such as albumin, in the ultrafiltrate might lead 

to antigen uptake by PTECs. PTECs were shown to generate antigenic peptides from 

autologous albumin. This antigenic peptide was further processed by DCs, which then 

presented the processed antigen via MHC-I to CD8+ T cells leading to CD8+ T cell activation 

in vitro (Macconi et al. 2009). If PTECs are directly able to cross-present albumin-derived 
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antigens to tubulointerstitial CD8+ T cells, thereby leading to CD8+ T cell immunity in the 

kidney without antigen transmission to renal DCs, needs further investigation.  

Moreover, TUNEL and cleaved caspase-3 staining showed apoptosis of TECs in the 

presence of CD8+ T cells in pristane-induced lupus nephritis, which was reduced in Cd8a-/- 

mice. Consequently, CD8+ T cells seem to be involved in the induction of apoptosis in renal 

cells in lupus nephritis. Since mainly PTECs were cleaved caspase-3+ and this study shows 

PTECs to induce cytotoxic CD8+ T cells via antigen cross-presentation, PTECs might 

become a target of the cytotoxic CD8+ T cells that they induce or of kidney-infiltrating 

cytotoxic CD8+ T cells activated in renal lymph nodes. In MRL-lpr mice lacking the Fas/FasL 

pathway for induction of cell death, the number of TUNEL+ cells was reduced compared to 

control mice, indicating that the Fas/FasL pathway plays a role in cell death induction in 

lupus nephritis. If PTECs contribute to disease pathology by induction of inflammatory and 

cytotoxic CD8+ T cells, which then initiate apoptosis in autoimmune GN in vivo, needs 

further investigation. The potential role of cross-presentation by PTECs and the phenotype 

of CD8+ T cells induced by cross-presentation and found in lupus nephritis in this study are 

illustrated in Figure 2.  

To find out if PTECs are capable of activating CD8+ T cells in vivo, future experiments using 

mice in which PTECs selectively express OVA with induction of GN as well as adoptive 

transfer of OVA-specific CD8+ T cells to these mice with subsequent phenotype and function 

analysis of the transferred CD8+ T cells are necessary. 
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Figure 2: Potential pathogenic role of antigen cross-presentation of ultrafiltrate-derived antigens by 
PTECs and the phenotype of PTEC-activated CD8+ T cells and renal CD8+ T cells in murine lupus 
nephritis. The renal corpuscule, containing the glomerulus and Bowman’s capsule, is shown. PTECs might 

internalize ultrafiltrate-derived antigens by mannose receptor-mediated endocytosis and process it by proteins 
crucial for antigen cross-presentation (antigen processing is not shown). PTECs then cross-present antigen 
peptides to renal CD8+ T cells, thereby inducing CT8+ T cell activation, proliferation and expression of 
cytotoxicity-associated and pro-inflammatory molecules. Via GzmB, CD8+ T cells mediate killing of their target 
cells, e.g. PTECs. Moreover, the phenotype of renal CD8+ T cells in murine lupus nephritis of MRL-lpr and 
pristane-treated mice is depicted. MR: mannose receptor; PTEC: Proximal Tubular Epithelial Cell. Created with 
BioRender.com. 
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4 Summary 

During GN, T cells infiltrate the kidney and accumulate mainly in the tubulointerstitium close 

to PTECs. Different T cell subsets were shown to have either a pro-inflammatory or an 

immune-regulatory role in GN. The role of PTECs as kidney-intrinsic cells in GN pathology 

is less clear. PTECs were shown to be non-professional APCs in the kidney, expressing 

proteins connected with antigen presentation, such as MHC-II, CD74 and the co-stimulatory 

molecules CD80 and CD86 and presented exogenous antigen to CD4+ T cells via MHC-II, 

thereby activating them and leading to pro-inflammatory cytokine expression in CD4+ T cells 

(Breda et al. 2019). If PTECs are able to cross-present exogenous antigen via MHC-I, 

thereby leading to CD8+ T cell activation, is less clear. This study analyzes the capacity of 

PTECs for antigen cross-presentation in in vitro co-culture experiments with OVA-specific 

CD8+ T cells using OVA as antigen. Gene and protein expression analysis showed that 

PTECs express proteins crucial for antigen cross-presentation, such as the MR, the 

transport channel Sec61, the ATPase VCP, LMP7, a subunit of the immunoproteasome, 

and TAP transporters. Moreover, using MR- and clathrin-inhibitors, this study reveals that 

PTECs internalize antigen via MR-dependent endocytosis. CD8+ T cells were co-cultured 

with PTECs, LSECs as non-professional APCs from liver or DCs as professional APCs and 

the phenotype of CD8+ T cells was analyzed after 2.5 and 5 days of co-culture. After 2.5 

days, all three APC types induced T cell activation, proliferation and expression of pro-

inflammatory and cytotoxicity-associated molecules. After 5 days, the phenotype of DC- and 

PTEC-activated CD8+ T cells was similar to the phenotype after 2.5 days, whereas LSEC-

activated CD8+ T cells did not proliferate, lost IL-2 expression and showed strongly reduced 

expression of IFNγ or GzmB. Consequently, while LSECs contribute to a tolerogenic 

phenotype of CD8+ T cells via antigen cross-presentation, PTECs induce inflammation and 

cytotoxicity. A cytotoxicity assay showed that PTEC-activated CD8+ T cells exerted 

cytotoxic function by killing allogeneic target cells. Pre-treatment of PTECs with the LMP7 

inhibitor ONX 0914 reduced CD8+ T cell activation by PTECs. Moreover, proteasomal 

subunit expression analysis and the use of ABPs revealed that PTECs use both the 

immunoproteasome and the constitutive proteasome for antigen cross-presentation. CD8/ 

CD3 staining of renal tissue showed mainly tubulointerstitial and only minor intraglomerular 

CD8+ T cell accumulation in murine lupus nephritis. Apoptotic cell death was analyzed in 

nephritic kidneys of pristane-treated mice and showed especially TECs to be apoptotic. The 

absence of CD8+ T cells in Cd8-/- mice resulted in reduced apoptosis of TECs. In MRL-lpr 

mice lacking the Fas/FasL pathway for induction of cell death, the number of apoptotic cells 

was reduced compared to control mice. In a nutshell, this study depicts PTECs to be potent 

antigen cross-presenters, thereby inducing inflammatory and cytotoxic CD8+ T cells. 
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Moreover, CD8+ T cells are shown to mediate induction of tubular apoptosis in murine lupus 

nephritis. 
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5 Zusammenfassung 

T Zellen infiltrieren in der GN die Niere und akkumulieren insbesondere im 

Tubulointerstitium nah an PTECs. Es konnte gezeigt werden, dass verschiedene T Zell 

Subtypen eine pro-inflammatorische oder immunregulatorische Rolle in der GN spielen. Die 

Rolle von PTECs als nierenintrinsische Zellen in der GN Pathologie ist unklar. Es konnte 

gezeigt werden, dass PTECs nicht-professionelle APCs in der Niere sind, die Proteine, 

welche mit Antigenpräsentation assoziiert sind, wie MHC-II, CD74 und die ko-

stimulatorischen Moleküle CD80 und CD86, exprimieren. Zudem präsentierten PTECs 

exogenes Antigen an CD4+ T Zellen via MHC-II, was zur T Zell Aktivierung und Expression 

inflammatorischer und zytotoxischer Moleküle durch CD4+ T Zellen führte (Breda et al. 

2019). Ob PTECs in der Lage sind, Antigene über MHC-I kreuz zu präsentieren und damit 

CD8+ T Zellen zu aktivieren, ist unklar. Diese Studie analysiert die Kapazität von PTECs zur 

Antigen Kreuzpräsentation in in vitro Ko-Kulturen mit OVA-spezifischen CD8+ T Zellen und 

OVA als Antigen. Gen- und Proteinexpressionsanalysen zeigten, dass PTECs Proteine, die 

wichtig für Kreuzpräsentation sind, wie MR, den Transportkanal Sec61, die ATPase VCP, 

die Immunoproteasom-Untereinheit LMP7 und TAP Transporter, exprimieren. Darüber 

hinaus zeigt diese Studie durch Anwendung von MR- und Clathrin-Inhibitoren, dass PTECs 

Antigen in einer MR-abhängigen Endozytose internalisieren. CD8+ T Zellen wurden mit 

PTECs, LSECs als nicht-professionellen APCs aus der Leber und DCs als professionellen 

APCs ko-kultiviert und der Phänotyp der CD8+ T Zellen wurde nach 2,5 und 5 Tagen 

analysiert. Nach 2,5 Tagen induzierten alle drei APC Typen T Zell Aktivierung, Proliferation 

und Expression pro-inflammatorischer und Zytotoxizität-assoziierter Moleküle. Nach 5 

Tagen war der Phänotyp PTEC- und DC-aktivierter CD8+ T Zellen ähnlich wie nach 2,5 

Tagen, wohingegen LSEC-aktivierte CD8+ T Zellen nicht mehr proliferierten, kein IL-2 mehr 

sezernierten und eine starke Reduktion der Expression von IFNγ und GzmB zeigten. 

Folglich tragen LSECs durch Antigen Kreuzpräsentation zu einem tolerogenen Phänotyp 

von CD8+ T Zellen bei, wohingegen PTECs Inflammation und Zytotoxizität induzieren. Ein 

Zytotoxizitätsassay zeigte, dass PTEC-aktivierte CD8+ T Zellen allogene Zielzellen abtöten. 

Eine Vorbehandlung der PTECs mit dem LMP7 Inhibitor ONX 0914 reduzierte CD8+ T Zell 

Aktivierung. Zudem zeigten Analyse der Expression von Proteasomuntereinheiten sowie 

die Anwendung von ABPs, dass PTECs sowohl das Immunoproteasom als auch das 

konstitutive Proteasom für Antigen Kreuzpräsentation nutzen. Apoptose wurde in 

entzündeten Nieren Pristan-behandelter Mäuse analysiert und es zeigte sich, dass vor 

allem TECs apoptotisch sind in der Lupusnephritis. Das Fehlen von CD8+ T Zellen in Cd8-

/- Mäusen resultierte in reduzierter Apoptose von TECs. In MRL-lpr Mäusen, in denen der 

Fas/FasL Weg zur Induktion von Apoptose fehlt, war die Zahl TUNEL positiver Zellen im 

Vergleich zu Kontrollmäusen reduziert. Zusammenfassend zeigt diese Studie, dass PTECs 
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potente Antigen kreuzpräsentierende Zellen sind und dadurch inflammatorische und 

zytotoxische CD8+ T Zellen induzieren. Darüber hinaus zeigt die Studie, dass CD8+ T Zellen 

in der Lupusnephritis tubuläre Apoptose induzieren.  
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