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A B S T R A C T   

Marburg virus, a member of the Filoviridae, is the causative agent of Marburg virus disease (MVD), a hemor-
rhagic fever with a case fatality rate of up to 90 %. Acute kidney injury is common in MVD and is associated with 
increased mortality, but its pathogenesis in MVD remains poorly understood. Interestingly, autopsies show the 
presence of viral proteins in different parts of the nephron, particularly in proximal tubular cells (PTC). These 
findings suggest a potential role for the virus in the development of MVD-related kidney injury. To shed light on 
this effect, we infected primary human PTC with Lake Victoria Marburg virus and conducted transcriptomic 
analysis at multiple time points. Unexpectedly, infection did not induce marked cytopathic effects in primary 
tubular cells at 20 and 40 h post infection. However, gene expression analysis revealed robust renal viral 
replication and dysregulation of genes essential for different cellular functions. The gene sets mainly down-
regulated in PTC were associated with the targets of the transcription factors MYC and E2F, DNA repair, the G2M 
checkpoint, as well as oxidative phosphorylation. Importantly, the downregulated factors comprise PGC-1α, a 
well-known factor in acute and chronic kidney injury. By contrast, the most highly upregulated gene sets were 
those related to the inflammatory response and cholesterol homeostasis. In conclusion, Marburg virus infects and 
replicates in human primary PTC and induces downregulation of processes known to be relevant for acute kidney 
injury as well as a strong inflammatory response.   

1. Introduction 

Marburg virus (MARV) is the causative agent of Marburg virus dis-
ease (MVD), a hemorrhagic fever with a case fatality rate of up to 90 %, 
that is modulated by viral strain, infectious dose, host factors and 
available medical care (Brauburger et al., 2012; Feldmann et al., 2013; 
Ligon, 2005). MARV, like Ebola virus, belongs to the Filoviridae. Filo-
viruses are characterized by a long filiform virion containing a 
negative-sense, non-segmented RNA genome with seven open reading 
frames. They encode for the nucleoprotein (NP), virion proteins (VP) 35 
and VP40, glycoprotein (GP), VP30, VP24 and viral polymerase L 
(Dolnik et al., 2008), as well as numerous non-coding RNAs (Prasad 
et al., 2020). MARV was identified and MVD first described in 1967, 
when monkey handlers, laboratory- and medical staff in Marburg, 

Frankfurt and Belgrade were infected by grivets while making primary 
cultures of kidney cells for polio vaccine production, caring for MVD 
patients, or conducting causal analysis (Mehedi et al., 2011; Poliquin 
et al., 2019). However, most common transmissions to humans occur 
through contact with bodily fluids or flesh from Egyptian fruit bats 
(Rousettus aegypticus), a natural host of MARV, or through infected 
wildlife (Amman et al., 2012). After exposure to mucosa or skin lesions, 
dendritic cells, monocytes, and macrophages represent the primary 
infected target cells (Martines et al., 2015; Rougeron et al., 2015), 
disseminating the virus systemically via the lymphoid and vascular 
route to the internal and reproductive organs (Bente et al., 2009). The 
initial signs of MVD mimic a feverish acute gastrointestinal illness, 
accompanied by a pronounced fatigue, often followed by a more-specific 
maculopapular rash (Brauburger et al., 2012). This stage of MVD can be 
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described as a generalization phase, which is followed by an early and 
late organ stage (or a convalescence phase) (Stille et al., 1971). During 
the early organ phase abnormal vascular permeability may develop, 
leading to dyspnea, edema, conjunctival injection, and neurological 
symptoms (Martini and Siegert, 1971). The late organ phase is defined 
by a sepsis-like phenotype with dysregulated cytokine release, severe 
vascular dysfunction, hemorrhage, but also coagulopathy and severe 
acid-base disturbances, all together often leading to multiple organ 
failure and death (Martini and Siegert, 1971; Paassen et al., 2012; 
Poliquin et al., 2019). As for renal damage in MVD, autopsies have 
shown acute tubular insufficiency with flattened tubular epithelium and 
degenerated cells, but also tubular necrosis with predominant damage to 
proximal but not to distal tubular cells (Gear et al., 1975; Gedigk et al., 
1968; Rippey et al., 1984). Concomitantly, MARV antigen was revealed 
in proximal tubular epithelial cells (PTC) as well as glomerular endo-
thelial -and interstitial cells (Zaki and Goldsmith, 1999). Furthermore, 
MARV has been detected by electron microscopy in human kidney tissue 
and live virus isolated from it as well as from urine (Martini and Siegert, 
1971; Smith et al., 1982). 

However, the pathogenesis of acute kidney injury (AKI) in MVD re-
mains poorly understood. Therefore, we performed a comprehensive 
transcriptome analysis of MARV-infected primary human PTC at mul-
tiple time points and uncovered deregulation of several host-cell factors 
relevant for tubular dysfunction. 

2. Materials and methods 

2.1. Cells 

Proximal tubular epithelial cells (PTC) were isolated from noncan-
cerous kidney tissue after tumour nephrectomy using magnetic cell 
separation technology as described previously (Baer et al., 1997). 
Briefly, kidney tissue was minced with crossed blades, digested with 
collagenase-dispase, and passed through a mesh (106 µm). The cells 
were then incubated with collagenase IV, DNase and MgCl2 and 
centrifuged using a Percoll density gradient. Highly purified PTC were 
then enriched using a monoclonal antibody against aminopeptidase M 
(CD13, clone SJ1D1, #sc-18,899, Santa Cruz, USA) and the Mini-MACS 
system (Miltenyi, Germany). Isolated PTC were strongly positive for 
aminopeptidase M. Ultrastructural analysis revealed well preserved 
brush border microvilli, a well-developed endocytic apparatus and 
numerous mitochondria (Baer et al., 2006, 1997). Isolated cells were 
seeded in cell culture plates and cultured in standard culture medium 
(Medium 199 (M4530, Sigma, Germany) with 10 % fetal bovine serum 
(FBS; Biochrom, Germany). The medium was changed every three to 
four days and confluent cells were passaged by trypsinization. Cells 
between passages 2 and 5 were used for experiments. Cultured PTC were 
characterized as described previously (Baer et al., 2006; 1997). 

2.2. Virus inoculation 

Marburg virus (strain Lake Victoria, Musoke-80) was propagated on 
VeroE6 cells in presence of 3 % fetal bovine serum and virus stocks 
stored as cell-debris cleared supernatants at − 80 ◦C. Experiments with 
MARV were performed under biosafety level 4 (BSL-4) conditions at the 
Institute of Virology, Philipps-University, Marburg, Germany. 

2.3. Infections and sample collection 

PTC were plated in 6-well plates at a density of 4 × 105 cells per well. 
Infections for the transcriptome analysis were carried out with MARV at 
a multiplicity of infection (MOI) = 1 in a BSL-4 laboratory. Infected PTC 
were collected in RLT+β-mercaptoethanol buffer (Qiagen, Germany) at 
20 h and 40 h post infection (p.i.), mixed with one volume of 70 % 
ethanol, transferred out of the BSL-4 laboratory and stored at − 80 ◦C 
until RNAseq library preparation or quantitative real-time PCR (RT- 

qPCR). 

2.4. Transcriptome analysis 

Six biological replicates of PTC (cultured in 6-well plates) were either 
left uninfected or infected with MARV at MOI = 1. Three replicates of 
each setting were analyzed for transcript expression changes by RNAseq, 
while the remaining replicates were used to verify RNAseq results by RT- 
qPCR. Briefly, total RNA was extracted from MARV-infected / unin-
fected PTC at 20 h and 40 h p.i. using the Qiagen RNeasy Maxi Kit 
(Qiagen, Germany), including on-column removal of DNA by digestion 
with rDNase for 15 min at room temperature. Next 1000 ng (each with a 
RIN score of >9) were used for library preparation. After depletion of 
ribosomal RNA (NEBNext rRNA Depletion Kit, #E6310, New England 
Biolabs, Germany), directional libraries were prepared using a NEB-
Next® UltraTM Directional RNA Library Prep Kit for Illumina® 
sequencing (#E7420S, New England Biolabs, Germany). Sequencing 
was performed on an Illumina NextSeq500® using a NextSeq® 500/550 
High Output Kit v2 (75 cycles, #FC- 404–2005, Illumina, USA). The total 
output was 46.6 GBP (approximately 66 million reads per sample). 
Illumina BCL files were converted to FASTQ by bcl-convert (Illumina, 
USA), quality controlled by FastQC (Babraham Institute, UK, htt 
p://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and Illu-
mina adapters trimmed by Trimmomatic v0.40 (Bolger et al., 2014). 
Quantification of transcript expression and virus copies was performed 
by kallisto software (version 0.46.1) (Bray et al., 2016) with standard 
configurations using a kallisto index build from the hg38 assembly 
(GRCh38.p12 cDNA) and the NCBI reference sequence from the MARV 
isolate “Marburg virus/H.sapiens-tc/KEN/1980/Mt. Elgon-Musoke. 
NC_001608.3″, respectively. Differential expression analysis, Principal 
Component Analysis (PCA), Uniform Manifold Approximation and 
Projection (UMAP), Kyoto Encyclopedia of Genes and Genomes (KEGG) 
and Gene Ontology (GO) analyses, as well as volcano plots were done by 
Omics Playground v.2.8.5 (Akhmedov et al., 2019). Counts per million 
(CPM) represent average logarithmically transformed counts. UMAP, a 
manifold learning and dimension reduction algorithm generates a 
low-dimensional representation of high-dimensional data by learning 
the data’s essential topological structure (McInnes et al., 2018). “Minus 
over average” (MA) plots and heatmaps were done by the R package 
iDEP (version 0.96) (Ge et al., 2018). Functional interpretation of large 
gene lists was done by GO analysis based on known gene product 
properties. Thereby over-represented biological processes and com-
partments were investigated. For the latter the “Jensen COMPART-
MENT“ database (Binder et al., 2014) was utilized via ShinyGO (Ge 
et al., 2019) (version 0.77) at a false discovery rate (FDR) of 0,05. 
Network analysis of differentially regulated coding genes using the 
Ensembl gene set (ENSG) was performed by STRING v11.0 (Mering 
et al., 2003) (https://string-db.org) using “highest confidence” as the 
parameter. Next, the network was imported into Cytoscape 3.9.1 (htt 
ps://cytoscape.org) (Shannon et al., 2003) and the PGC-1α subnet-
work extracted with all direct interaction partners. For all analyses the 
fold change cut-off was set at 2 (log2FC = 1). 

2.5. RT-qPCR analysis 

Relative expression levels of selected mRNAs were quantified after 
infection of PTC (MOI = 1). Total RNA was extracted using the RNeasy 
Maxi Kit (Qiagen, Germany) including on-column removal of DNA by 
digestion with rDNase for 15 min at room temperature, and cDNA for 
quantitative real-time RT-PCR (qPCR) was synthesized using 1000 ng 
RNA in a 15 μl reaction volume. qPCR reactions were set up to a final 
volume of 20 μl, using the HOT FIREPol EvaGreen qPCR Supermix (Solis 
Biodyne, Estonia) and primers for ß-actin (FWD 5′-ACTGGAACGGT-
GAAGGGTGAC-3′, REV 5′-AGAGAAGTGGGGTGGCTTTT-3′) and PGC-1α 
(FWD 5′-CTGCTAGCAAGTTTGCCTCA-3′, REV 5′- AGTGGTGCAGTGAC-
CAATCA-3′). The qPCR reaction was performed on an ABI PRISM 
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7900HT Fast Real-Time PCR System with Sequence Detection System 
SDS 2.4.1 software (both Applied Biosystems, USA), using 40 cycles of 
the following program: 95 ◦C for 15 s, 63 ◦C for 15 s and 72 ◦C for 20 s 
(SDS 2.4.1. settings: automatic baseline, threshold 0.2). To exclude ar-
tefacts due to primer dimer formation, melting curve analysis was per-
formed using the sequence 95 ◦C for 15 s, 60 ◦C for 15 s, 95 ◦C for 1 min 
and 37 ◦C for 30 s. The results shown represent the mean of three in-
dependent experiments. Relative expression of the mRNA target was 
assessed using the ΔΔCt method (Pfaffl, 2001) with β-actin as calibrator, 
and target gene expression levels were estimated by 2− ΔΔCt. 

2.6. Statistics 

Results are expressed as mean ± standard deviation (SD). Error bars 
represent the mean± SD of at least three independent experiments. The 
difference between two mean values was analyzed using Dunnett’s 
Multiple Comparison Test or Student’s t-test using GraphPad Prism 
software version 8.0 for OS X (GraphPad Software Inc., USA). The dif-
ference was considered statistically significant when p < 0.05. For 
transcriptomics a q-value (Bonferroni-Hochberg adjusted p-value) of 
<0.05 was employed. 

2.7. Biosafety 

All experiments with infectious virus were performed according to 
German regulations for the propagation of filoviruses. All experiments 
involving Marburg virus were performed in a biosafety level 4 (BSL-4) 
containment laboratory at the Institute of Virology, Philipps-University, 
Marburg, Germany approved by the local authorities (RP Giessen, 
Germany). 

3. Results 

3.1. Marburg virus can infect and replicate in human kidney cells in vitro 

To investigate whether MARV can infect and replicate productively 
in human PTC, primary isolated PTC were infected with MARV Lake 
Victoria (Musoke-80) strain. This strain originated from the Mount 

Elgon cases in Kenya in 1980. Importantly, virus particles were found 
post-mortem in renal tissue from the index patient, in addition MARV 
was successfully isolated from a patient experiencing AKI (Smith et al., 
1982). We analyzed virus genome copies at multiple timepoints by 
kallisto and detected high virus abundance in all infected PTC samples 
(Fig. 1A), with an average of 785,197 copies at 20 h post infection (p.i.) 
and 1,566,421 copies at 40 h p.i. respectively. Interestingly, an apparent 
cytopathic effect (CPE) could not be observed at both time points 
(Fig. 1B). 

3.2. Transcriptomics of PTC reveal changes of multiple cellular factors 
relevant for AKI development 

To identify differential gene expression relevant to tubular 
dysfunction, transcriptomics were performed at 20 h and 40 h p.i. 
Heatmap and principal component analysis showed a clear separation of 
gene expression in infected and mock samples at 20 h p.i., but more 
pronounced at 40 h p.i. (Fig. 1C, E). In total 639 up- and 478 down-
regulated gene transcripts were identified at 40 h p.i. (q-value ≤ 0.05, 
fold change (FC) ≥2 (logFC ≥1) (Fig. 1D, Supplemental Table S1). The 
top up- and downregulated genes are represented in Tables 1, 2 and 
Fig. 2A. 

The most upregulated genes identified, belong to interferon-related 
factors and cytokines, like RSAD2, OASL, CXCL10, IFNB1 or IFITM2 
(Table 1, Fig. 2A). In comparison, the top downregulated genes at 40 h p. 
i. are led by RPL14, SLC35B2 and MATR3 (Table 2, Fig. 2A). 

Other top downregulated factors upon MARV infection of primary 
PTC are involved in STING activation or cellular energy homeostasis. 
The SLC35B2 gene codes for the sulfotransferase PABST1, an enzyme 
necessary for STING activation (Fang et al., 2021). MATRIN3 (MATR3) 
takes part in RNA processing, the assembly of nuclear paraspeckles 
(Banerjee et al., 2017) and cGAS-STING activation (Morchikh et al., 
2017). DGUOK is an important factor in mitochondrial DNA synthesis, 
while SLC2A2 codes for GLUT2, a glucose transporter expressed in renal 
proximal tubular cells, hepatocytes, and the small intestine’s enter-
ocytes (Digre and Lindskog, 2020). MC4R is coding for the melanocortin 
4 receptor, a central player in energy homeostasis (Krashes et al., 2016). 
To determine the primary subcellular localizations involved in 

Fig. 1. MARV infection of primary human proximal tubular cells (PTC). (A) MARV copies (by kallisto) at 20 h and 40 h post infection (p.i.). Mock: three 
uninfected PTC replicates from 40 h p.i. (B) Bright field image of mock and MARV infected PTC at 40 h p.i. taken with 10x objective at a NIKON TS-100 microscope. 
(C) Principial component analysis of mock-infected, 20 h- and 40 h MARV-infected PTC, demonstrating a transcriptome difference at 20 h- and especially at 40 h p.i. 
(D) MARV transcriptomics at 40 h p.i.: MA plot, depicting significantly (q<0.05) up-regulated transcripts in red and down-regulated ones in blue (cut-off fold-change 
≥2). (E) Heatmap of gene expression changes after MARV infection, again demonstrating transcriptome differences at 20 h- and especially at 40 h p.i. (replicates: 
1–3: mock; 4–6: 20 h p.i. and 7–9: 40 h p.i. The heatmap is color coded: blue represents down- and red upregulated genes). 
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MARV-infected PTC, a gene ontology (GO) analysis was conducted using 
the Jensen COMPARTMENTS resource (Binder et al., 2014) (Fig. 2B, C). 
Here for upregulated transcripts an enrichment of the LPS receptor-, 
STING-, and interferon regulatory factor complexes (IRF-7 and IRF-3) 

were identified, among others (Fig. 2B). On the other hand, factors 
linked to ribosomes, the spindle checkpoint signaling (NDC80- and 
MAD1 complex), as well ribonucleoprotein complexes and mitochondria 
were identified among the downregulated transcripts, summarized in 
compartments analysis (Fig. 2C). 

Taken together, the top upregulated genes and cellular compart-
ments reveal a strong inflammatory and antiviral response, while some 
of the most-downregulated factors are involved in translation and 
cellular energy homeostasis. 

3.3. The major biological themes in MARV-infected PTC 

To define central biological themes in MARV-infected PTC the 
“Molecular Signatures Database” (MSigDB) Hallmark’s gene sets were 
employed (Liberzon et al., 2011), allowing for an enrichment by highly 
refined gene data representing specific biological states (Liberzon et al., 
2015). By utilizing UMAP (uniform manifold approximation and pro-
jection), a dimension reduction algorithm revealing the data’s essential 
topological structure, changes in 20 prominent biological themes could 
be identified (Fig. 3A). Here a strong inflammatory response by inter-
feron α, - y and TNFα signaling is confirmed and extended by analysis of 
the most strongly induced themes. In addition, prominent changes in 
cholesterol homeostasis, the complement system and apoptosis-related 
factors were obtained. In comparison, MYC- and EF2 targets, DNA 
repair, G2M checkpoint, and oxidative phosphorylation, as well as 
peroxisomes are prominent biological themes in the downregulated 
transcriptome (Fig. 3A). 

Next, the examination of the enriched biological processes (Fig. 3C) 
demonstrated a strong regulation of viral genome replication, type I 
interferon response and regulation of IL-1ß secretion at 20 h p.i. In 
comparison, a response to type II interferon was detected for the first 
time at 40 h p.i. At this time point, also a strong downregulation of 
factors for RNA processing and translation, as well as SRP-dependent co- 
translational protein targeting to cell membranes are observed (Fig. 3C). 
Subsequently volcano plots were utilized to further illustrate the key 
biological themes (Figs. 4 and 5), thus allowing the strong interferon 
response to be analyzed in more detail (Fig. 4A). Besides the top upre-
gulated transcripts from Table 1 (like RSAD2, OASL and CXCL10) the 
induction of inter alia CMPK2, EPSTI1 and USP18 was revealed, among 
others. In addition, a widespread and mostly upregulated alteration in 
cholesterol homeostasis was detected (Fig. 4C). Here, the most signifi-
cant gene expression change was identified for SCD. The desaturase SCD 
plays a crucial role in the biosynthesis of monounsaturated fatty acids 
and aids in humoral immunity by supporting the mitochondrial meta-
bolism of lymphocytes (Zhou et al., 2021). However, it should be noted 
that tubular cells also exhibit positive staining for SCD (Digre and 
Lindskog, 2020). Moreover, factors like IDI1 and FDFT1, both important 
enzymes in sterol biosynthesis, LDLR, the receptor involved in the up-
take of LDL and triglyceride-rich lipoproteins, and STARD4, which is 
involved in cytosolic cholesterol transport, were also strongly upregu-
lated (Fig. 4C). In contrast, factors relevant to oxidative phosphorylation 
are mainly downregulated at 40 h p.i., except for especially LDHA, 
which catalyzes the final step in anaerobic glycolysis. Among the 
downregulated gene sets are also MYC targets (Fig. 5A), members of the 
G2M checkpoint control (Fig. 5B) and a great number of spliceosome- as 
well as ribosome-related factors (Fig. 5C and D). The MYC data set 
demonstrates RPL14 as the strongest suppressed gene, but also includes 
factors like SRPK1 (regulating the localization of splicing factors), thus 
potentially linking MYC targets and regulation of splicing in 
MARV-infected PTC (Fig. 5A). The G2M checkpoint set (Fig. 5B) displays 
a majority of downregulated members, among them MYC and BIRC3 
(also known as cellular inhibitor of apoptosis 2/cIAP2), who participates 
in NF-κB signaling and several forms of programmed cell death 
(Rodrigue-Gervais et al., 2014; Varfolomeev et al., 2008). Also, UBE2C - 
which is required for cell cycle progression (Hao et al., 2012) – and 
HMGN2 (associated with antiviral activity and open chromatin states 

Table 1 
Top 30 upregulated genes after MARV infection of primary PTC (40 h p.i.)(Ave. 
= average, q-value = FDR adjusted p-value).  

Gene Fold change q-value Ave. Mock Ave. MARV 

RSAD2 996.00 2.6E-06 0.0381 9.9945 
OASL 709.18 2.7E-06 0.0000 9.4701 
CXCL10 613.11 1.7E-05 0.5879 9.8503 
IFNB1 372.22 3.4E-06 0.0000 8.5416 
IFITM2 330.84 0.0004 0.9297 9.3034 
OAS1 257.78 5.9E-05 0.5841 8.5968 
IFI6 225.97 0.0256 1.8723 9.6895 
IFNL1 210.84 0.0002 0.0000 7.7244 
IFNL3 179.77 0.0022 0.0000 7.4912 
IFNL2 177.29 0.0004 0.0000 7.4742 
AKR1B15 171.25 0.0006 0.0000 7.4188 
IFIT2 119.43 2.7E-05 3.7160 10.6114 
TNFSF15 100.43 2.6E-05 0.5889 7.2361 
SFN 98.36 8.0E-06 2.0254 8.6429 
IFIT3 88.03 1.0E-05 5.6776 12.1344 
EPSTI1 80.45 5.3E-05 0.4419 6.7726 
FN1 77.71 0.0425 0.3713 6.6485 
XAF1 73.52 5.1E-05 1.2037 7.4007 
LDHA 70.03 0.0416 1.0524 7.1862 
CMPK2 68.59 0.0003 0.0000 6.1050 
LDLR 57.28 0.0001 0.5557 6.3936 
CCL5 46.85 0.0330 0.0000 5.5507 
MAP2 44.63 0.0120 0.0000 5.4776 
LAMP3 41.64 0.0138 0.0000 5.3842 
AKR1C2 39.95 3.7E-05 0.9960 6.3163 
ULBP2 38.32 10.0E-06 2.5465 7.8047 
IL6 37.01 0.0035 1.9557 7.1619 
OAS3 35.51 6.8E-07 3.9936 9.1474 
USP18 33.13 2.6E-06 3.2260 8.2809 
TNFSF13B 32.90 3.2E-05 1.9315 6.9762  

Table 2 
Top 30 downregulated genes after MARV infection of primary PTC (40 h p.i.) 
(Ave. = average, q-value = FDR adjusted p-value).  

Gene Fold change q-value Ave. Mock Ave. MARV 

RPL14 − 250.73 0.0405 10.2300 2.2578 
SLC35B2 − 60.97 0.0463 6.0883 0.1563 
MATR3 − 58.89 0.0298 6.0388 0.1571 
DGUOK − 47.50 0.0283 5.8133 0.2465 
SLC2A2 − 45.57 9.3E-05 5.7007 0.1953 
MC4R − 32.90 0.0009 5.2545 0.2103 
LIMS1 − 28.05 0.0408 4.8124 0.0000 
SLC17A1 − 21.86 0.0008 4.4546 0.0000 
LYG1 − 21.41 0.0053 6.3627 1.9427 
CINP − 21.11 0.0143 4.3955 0.0000 
RPLP2 − 19.56 0.0213 8.3296 4.0366 
NAXE − 18.90 0.0493 4.2439 0.0000 
METTL17 − 16.91 0.0446 4.9338 0.8543 
SMYD3 − 15.67 0.0248 4.7174 0.7471 
SLC3A1 − 15.14 0.0288 4.4820 0.5607 
PADI2 − 13.55 6.8E-07 8.5828 4.8259 
F2RL1 − 13.45 0.0288 3.9346 0.1806 
OGDHL − 13.45 0.0364 5.5138 1.7642 
MZT2B − 13.36 0.0488 6.5635 2.8274 
RNF19A − 13.18 0.0487 4.6474 0.9264 
MAP4K2 − 12.82 0.0029 3.7724 0.0900 
NAT8 − 12.47 0.0394 3.9524 0.3158 
TNFRSF6B − 10.93 0.0417 3.4513 0.0000 
RPL3 − 10.48 0.0252 10.2529 6.8655 
PHLDB2 − 9.38 0.0398 3.6617 0.4302 
KCNIP1 − 8.82 0.0295 4.5573 1.4185 
CLSTN2 − 8.63 5.3E-05 6.7249 3.6107 
LAGE3 − 8.00 0.0193 3.0029 0.0000 
TMEM185A − 7.84 0.0368 2.9739 0.0000 
PHB2 − 7.52 0.0034 7.3486 4.4353  
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(Feng et al., 2009; Paz and Ausió, 2016)), were found to be down-
regulated in MARV-infected PTC. In contrast the GO spliceosome gene 
set (Fig. 5C) presents a more heterogeneous pattern, with down-
regulated genes led by PABPC1 and SRFS1 compared to HNRNPH1 
being the strongest upregulated member. In summary, UMAP and GO 
analyses as well as volcano plots demonstrate the mounting of an 
extensive interferon response, broad changes in cholesterol homeostasis, 
a downregulation of prominent factors in MYC target genes, and energy 
balance, among others. 

3.4. Network analysis reveals an energy-inflammation hub 

Based on experimentally established protein-protein interactions by 
STRING DB (Szklarczyk et al., 2018), PPARGC1A (PGC-1α) was identi-
fied as an energy-inflammation hub in MARV-infected PTC (Fig. 6). 
PGC-1α’s primary interaction partners are displayed in Fig. 6A, indi-
cating upregulated pro-inflammatory factors like IL6, TLR4 and TNF 
(TNFα) in contrast to downregulation of PGC-1α, MYC, APP and 
SLC2A2, among others. Considering the time kinetics (20 h- and 40 h p. 
i.) this response is increasing over time (Fig. 6C-F). PGC-1α is a known 

Fig. 2. Top up- and downregulated genes after MARV infection were investigated for enriched functional complexes and cellular compartments. (A) Top 
down- and upregulated genes at 20 h- and 40 h p.i. (B) GO analysis for enriched cellular compartments using the Jensen COMPARTMENTS database with up- 
regulated and (C) downregulated genes, both at 40 h p.i. (fold change cut-off ≥2 at an FDR = 0.05). 

Fig. 3. UMAP clustering of gene sets and KEGG/GO activation heatmaps of MARV-infected PTC. (A) UMAP analysis of mock vs. MARV-infected PTC, dis-
playing up- (red) and downregulated (blue) HALLMARK gene sets 40 h p.i. by mean of FC. The small square in the upper left of Fig. 1A represents the HALLMARK 
gene sets’ state without MARV infection (mock replicates). The UMAP distance metric for Fig. 1A is covariance: gene sets that are clustered nearby have high 
covariance. Overall UMAP displays the data’s essential topological structure. (B) KEGG activation heatmap 20 h and 40 h p.i. (upregulated processes are depicted in 
red, downregulated processes are shown in blue). (C) GO activation heatmap 20 h- and 40 h after MARV-infection (upregulated processes are depicted in red, 
downregulated processes are shown in blue). 
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master regulator of mitochondrial biogenesis, as well as gluconeogenesis 
(Rodgers et al., 2005). Moreover, PGC-1α interaction partners like the 
glucose transporter GLUT2 (coded for by SLC2A2) and the energy sensor 
NRF1 (coded by NFE2L1 (Qiu et al., 2022)), as well as ACADVL (cata-
lyzing the first step of mitochondrial beta-oxidation (Aoyama et al., 
1995), were found to be downregulated. Interestingly, the interferon 
signaling members STAT2, and IFITM3, were inversely correlated to 
PGC-1α (Fig. 6C and D), among others. Furthermore, factors crucial for 
cellular energy homeostasis like ENHO (coding for Adropin (Ali et al., 
2022)), and MC4R (Krashes et al., 2016) were detected to be inversely 
correlated to a pro-inflammatory cytokine/antiviral response (Fig. 6E 
and F). The downregulation of PGC-1α was confirmed by RT-qPCR, 
revealing a more than 90 % reduction at 40 h p.i. compared to mock 
(Fig. 6G). 

4. Discussion 

In this study, we demonstrate an inflammation-induced altered PTC 
energy homeostasis as a potential factor for the clinically observed AKI 
in MVD. To date, there are no large-scale gene expression data on 
MARV-infected renal cell types, as clinical and pathological data on 
MVD are still scarce. However, autopsies in MVD patients have shown 
acute tubular insufficiency with predominant damage to proximal but 
not to distal tubular cells (Gear et al., 1975; Gedigk et al., 1968; Rippey 
et al., 1984). Also, MARV virions were detected by electron microscopy 
in renal tissue, as well as MARV antigen in PTC (Zaki and Goldsmith, 
1999). In addition, live virus has been isolated from kidney tissue, as 
well as from urine (Martini and Siegert, 1971; Smith et al., 1982). 

Clinically, AKI can be divided into three main causes: prerenal con-
ditions (e.g., volume loss, shock, myocardial failure), intrarenal 

pathologies (capillary-, glomerular- or tubular dysfunction) and post-
renal obstruction (Kellum et al., 2021; Thadhani et al., 1996). Viruses 
can cause prerenal or intrarenal AKI or a mixture thereof, as well as 
rarely postrenal AKI (Ban et al., 2022; Prasad and Patel, 2018; Rahman 
et al., 2012). In terms of prerenal causes, bleeding or gastrointestinal 
infection can result in relevant volume loss, but also infection of endo-
thelial cells or hypercytokinemia may lead to capillary leakage, hypo-
tension, and therefore insufficient renal blood flow and AKI. Yet, in 
Ebola virus (EBOV) infection, AKI developed before the prerenal stage 
(Hunt et al., 2015). This suggests an additional factor in the pathogen-
esis of filovirus AKI. Looking at the intrarenal situation, immunopath-
ological effects, but also direct infection of glomerular and tubular cells 
has been reported for many viruses, inducing pathological changes of 
varying severity (Prasad and Patel, 2018). Virus-induced immune phe-
nomena like acute glomerulonephritis are seen in infections with e.g., 
hepatitis viruses (A, B and C), herpes viruses (CMV, EBV), HIV or ade-
noviruses, among others (Wenderfer, 2015). In contrast, some viruses 
are known to directly infect renal (glomerular and/or tubular) cells. 
Prominent members are hantaviruses (causing hantavirus hemorrhagic 
fever with renal syndrome), Dengue virus (DENV), Zika virus (ZIKV), 
SARS-CoV-2 or Influenza A (IAV). Hantavirus-induced AKI is mainly 
associated to infection of endothelial cells, tubulointerstitial nephritis 
and dysregulated cytokine release (Krautkrämer et al., 2013; Mir, 2022). 
The pathophysiology of DENV-associated AKI is seen in dysregulated 
cytokine release and primarily glomerular injury (Bignardi et al., 2022; 
Lima et al., 2007). On the contrary, renal epithelial cells infected with 
ZIKV exhibit NLRP3 inflammasome activation (Chen et al., 2017; Liu 
et al., 2019). In IAV-associated AKI, acute tubular necrosis of distal 
tubular cells (DTC) and viral antigen in DTC and glomerular cells have 
been demonstrated during several pandemics (Beswick and Finlayson, 

Fig. 4. Volcano plots of Hallmark/GO gene sets 40 h after MARV infection (log2FC vs. significance). (A) Hallmark IFN-y response. (B) GO cellular component 
mitochondria. (C) Hallmark cholesterol homeostasis. (D) Hallmark oxidative phosphorylation. 
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1959; Nin et al., 2011; Zinserling et al., 1983). In COVID-19 patients, 
AKI was associated with hypoxia, heart failure, venous congestion, 
inflammation, and immune-mediated thrombosis, but also direct infec-
tion of renal cells (Legrand et al., 2021). Interestingly, proteomics of 
SARS-CoV-2-infected PTC revealed a strong interferon response and 
significant changes to the pathways linked to kidney injury (Kohli et al., 
2022). Also, sequencing of single PTCs from COVID-19 AKI patients 
revealed an increase in pathways involved in apoptosis, response to 
reactive oxygen species and DNA repair (Cheung et al., 2021). However, 
the downregulation of energy-related factors in PTC has not been 
described in any of these viruses. 

We show MARV infection and replication in primary human PTC, yet 
we did not observe a relevant CPE at multiple time points (20 h- and 40 h 
p.i.). This is consistent with some available MVD autopsies, where 
visible pathological changes in individual organs were generally not 
severe enough to explain the fatal outcome of the disease (Olinger et al., 
2010). However, our transcriptome analyses revealed a profound in-
flammatory and antiviral response by IFNα, -y and TNFα signaling in 
contrast to substantial downregulation of key cellular energy factors. 
While a strong inflammatory response by interferon-response genes has 
been reported for MARV and Ebola virus (EBOV) in human whole blood 
samples (Speranza et al., 2020), assessment of filovirus-induced shifts in 
cellular energy states have not been reported in human cells yet. Inter-
estingly, a downregulation of mitochondrial biogenesis and PGC-1α is 
induced in DENV-infected liver cells (Singh et al., 2022). Under physi-
ological conditions, PTCs require a constant supply of energy for active 
transport processes, particularly those involved in water and electrolyte 
balance, amino acid and glucose re-uptake, and detoxification (Bhar-
gava and Schnellmann, 2017). These energy-intensive apical (towards 
the tubular lumen) and basolateral (towards the capillaries) tasks are 

fueled by pre-dominantly citrate cycle intermediates (Brinkkoetter et al., 
2019). Consequently, the main energy supply in PTC is by oxidative 
phosphorylation (OXPHOS). To these aims fatty acids, amino acids and 
lactate provide metabolites for the PTC’s citrate cycle (Schaub et al., 
2021; Singh, 2023). We found mRNA for PGC-1α, a key factor in mito-
chondrial biogenesis, as well as lipid and glucose metabolism (Bhargava 
and Schnellmann, 2017; Lee et al., 2019; Rodgers et al., 2005), to be 
substantially downregulated in MARV-infected PTC. Although up to 
now not investigated in viral infections of renal cells, PGC-1α is known 
as an important factor in septic AKI (Stallons et al., 2013). In PTC, 
PGC-1α was suppressed in response to TNFα or endotoxemia, and a 
PTC-specific gene depletion of PGC-1α led to persistent kidney injury in 
knockout mice (Tran et al., 2011). Critically, maladaptation after AKI 
may be responsible for fibrosis and chronic kidney disease (CKD), as 
CKD patient samples show downregulation of key enzymes in fatty acid 
oxidation and lipid accumulation in the diseased kidney, led by down-
regulation of the PPARA-PGC-1α axis (Kang et al., 2015). In addition to 
PTC, cardiac and skeletal tissues also show inflammation-induced 
changes in cellular energy states: in cardiomyocytes, TNFα induces 
PGC-1α repression through interaction with the p65 subunit of NF-κB 
(Álvarez-Guardia et al., 2010). Pro-inflammatory NF-κB signaling also 
causes the downregulation of PGC-1α, -fatty acid oxidation and ATP 
synthesis in skeletal muscle cells (Nisr et al., 2019). PGC-1α is also 
known to control metabolic adaptation required for host defence in 
rhinovirus-infected airway epithelial cells: PGC-1α upregulation by 
pharmacological induction restored epithelial barrier function, reduced 
disease severity, and enhanced viral defence (Michi et al., 2021). In 
addition to PGC-1α, other noteworthy factors in energy homeostasis 
such as ENHO, MC4R, GLUT2, and NRF1 (which is targeted by PGC-1α 
(Wu et al., 1999)), were also downregulated in our experiment. Notably, 

Fig. 5. Volcano plots of Hallmark/GO gene sets 40 h after MARV-infection (log2FC vs. significance). (A) Hallmark MYC targets. (B) Hallmark G2M checkpoint. 
(C) Hallmark spliceosomal complex. (D) GO cellular component ribosome. 
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we discovered an inverse correlation of the forementioned factors to 
interferon-response genes like IFITM3, STAT2 or RSAD2, thus impli-
cating a potential AKI-relevance in other virus-induced diseases. While 
the alterations induced by MARV in the energy supply of PTC are likely 
to be a significant contributing factor to AKI in MVD, it is important to 
note that there are various other changes revealed in the transcriptome 
data, e.g., the top downregulated factor in our analysis, RPL14. RPL14, a 
part of the large 60S ribosomal subunit, has been identified as direct 
target of viral proteins (e.g., hepatitis C virus (HCV), dengue virus) and 
is known to be also downregulated in influenza A-, respiratory syncytial 
virus -or coronavirus infections; nevertheless, the precise role of RPL14 
remains undefined (Cervantes-Salazar et al., 2015; Emmott et al., 2013; 
Lee et al., 2011; Zhu and Xin, 2015). Moreover, other top 
down-regulated transcripts were those from CMPK2, EPSTI1, and 
USP18. CMPK2 is known to be important for antiviral cytokine release 
and mitochondrial response in dengue virus infection (Lai et al., 2021), 
while overexpression of EPSTI1 is reported to effectively inhibit HCV 
replication (Meng et al., 2015). USP18 is involved in dampening the 
interferon response by cleaving ISG15-ubiquitin conjugates and, 
importantly USP18 -/- mice have been reported to be resistant to 
otherwise fatal viral infections (Ritchie et al., 2004). Therefore, it is 
conceivable, that MARV inhibits viral clearance in PTC on multiple 
levels. 

However, this study has certain limitations. As we aimed to closely 
replicate the human environment, our primary experiments were con-
ducted using human cells instead of mouse or non-human primate cells. 
Therefore, we simulated the epithelial aspect of a human tubule to 
MARV infection, yet the effects of MARV-infection on other renal cell 
types apart from PTC should be investigated in an organ context (e.g. 
organoids or 3D co-cultures), as this will assist in comprehending other 
effects of virus replication, as well as cellular effects. For further and 
comprehensive analysis in an outbreak setting, where kidney biopsies 
pose a risk in unstable or bleeding patients, the non-invasive 

investigation of AKI pathophysiology by urinary single-cell sequencing 
could prove to be an important alternative (Klocke et al., 2022). 
Furthermore, MARV’s subversion of the innate and adaptive immune 
response (Fernando et al., 2015; Fritz et al., 2008; Mohamadzadeh et al., 
2006) cannot be reflected by our in vitro PTC model. Certainly, our 
transcriptome results need further analysis and evaluation of protein 
levels to strengthen the hypothesis that MARV modulate energy supply 
of PTC. 

5. Conclusion 

Taken together, transcriptome analysis of MARV-infected primary 
human PTC reveals the picture of strong tubular inflammatory response 
and significant reactive changes in tubular energy metabolism as a 
possible contributing factor in MARV-associated AKI. 
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