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A B S T R A C T

Chronic kidney disease (CKD) affects more than 10% of the global population. As kidney function negatively 
correlates with the presence of interstitial fibrosis, the development of new anti-fibrotic therapies holds promise 
to stabilize functional decline in CKD patients. The goal of the study was to generate a scalable bioprinted 3- 
dimensional kidney tubulo-interstitial disease model of kidney fibrosis. We have generated novel human 
PDGFRβ+ pericytes, CD10+ epithelial and CD31+ endothelial cell lines and compared their transcriptomic 
signature to their in vivo counterpart using bulk RNA sequencing in comparison to human kidney single cell RNA- 
sequencing datasets. This comparison indicated that the novel cell lines still expressed kidney cell specific genes 
and shared many features with their native cell-state. PDGFRβ+ pericytes showed three-lineage differentiation 
capacity and differentiated towards myofibroblasts following TGFβ treatment. We utilized a fibrinogen/gelatin- 
based hydrogel as bioink and confirmed a good survival rate of all cell types within the bioink after printing. We 
then combined all three cells in a bioprinted model using separately printed compartments for tubule epithelium, 
and interstitial endothelium and pericytes. We confirmed that this 3D printed model allows to recapitulate key 
disease driving epithelial-mesenchymal crosstalk mechanisms of kidney fibrosis since injury of epithelial cells 
prior to bioprinting resulted in myofibroblast differentiation and fibrosis driven by pericytes after bioprinting. 
The bioprinted model was also scalable up to a 96-well format.

1. Introduction

Chronic kidney disease (CKD) is a pandemic that already affects over 
10 % of the population worldwide. Once CKD progresses towards end 
stage renal disease (ESRD), patients need to undergo dialysis or trans
plantation. While transplantation waiting times number in years due to 
the worldwide shortage of organ donor supply, dialysis is associated 
with a tremendous morbidity and mortality. Furthermore, CKD and 
ESRD have a tremendous societal impact as evident in the form of 

substantial costs and the loss of productivity [1,2]. Tubulointerstitial 
kidney fibrosis is a hallmark of CKD and therefore considered an 
important therapeutic target. Despite this, currently no kidney-specific 
antifibrotic therapy exists. In addition, while the human kidney is 
complex and consists of various cell types with high architectural and 
physiological complexity, the current screening systems for target vali
dation or new therapeutic compounds are primarily based on monolayer 
2-dimensional (2D) cell-culture. Monolayer cell culture studies are 
artificial and not comparable to a 3-dimensional (3D) tissue where 
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cell-cell and cell-matrix interactions are crucial in many disease pro
cesses. While animal experiments would provide a more representative 
environment to model kidney disease, translational concerns remain due 
to the interspecies differences, which explain why so many promising 
preclinical drug candidates fail in early clinical trials [3]. Furthermore, 
animal models are not a suitable screening platform that would allow for 
testing of hundreds to thousands of compounds. In addition, ethical 
concerns regarding in vivo experiments stimulate the development of 
new representative human kidney disease models. Current advanced in 
vitro models include induced pluripotent stem cell (iPSC)-derived kidney 
organoids and Kidney-On-A-Chip microfluidic models. While 
iPSC-derived kidney organoids are suitable 3D models of the kidney 
with various compartments that represent all cell types, and have been 
used in previous studies to model kidney fibrosis, the batch-to-batch 
variations and the presence of off-target cell types hamper standardi
zation [4]. On the other hand, Kidney-On-A-Chip microfluidic models 
often only include one cell-type, namely proximal tubule cells [5–7], or 
combine two or more cell types of non-kidney (e.g. HUVECs [8,9]), or 
non-human origin (e.g. rat or mice endothelial cells or podocytes [10,
11]). While no existing chip model includes multiple human 
kidney-derived supporting cell types to model human interstitial kidney 
fibrosis to the best of our knowledge. Thus, a more standardizable and 
scalable system is needed that allows to model complex cellular in
teractions that drive kidney disease. One conserved mechanism across 
all kidney diseases is epithelial injury, which can be caused by direct 
toxic or hypoxic injury to epithelial cells, or by proteinuria due to injury 
to the glomeruli [12]. Endothelial cells of the renal interstitium are also 
critical players in kidney disease and strong evidence suggests that 
perivascular cells (fibroblasts and pericytes) as key drivers of fibrosis 
[13]. Once activated, they detach from the renal microvasculature, 
triggering capillary loss with subsequent hypoxic tubule epithelial 
injury and fibrosis [14]. Despite the above mentioned recent progress in 
advanced in vitro modeling of the human kidney, including the (bio
printed) iPSC-derived kidney organoids [15], tubuloids [15,16] or 
(perfusable) tubules-on-a-chip [17], all of these models are difficult to 
standardize, and the interplay between injury to the epithelial tubular 
compartment and the response of the interstitial compartment is not 
well understood. Therefore, we aimed to create a three-dimensional in 
vitro model involving the key renal cell types (endothelium, pericytes 
and tubule epithelium) to investigate this crosstalk in a standardized and 
scalable disease model using bioprinting. We established this bioprinted 
model with a representative architecture; including distinguishable 
cellular compartments that are in close contact with each other without 
the need of a separating membrane in between cell types. We used 
highly characterized novel human cell lines to study the human inter
stitial fibrotic response to injury, and demonstrated the ability for 
high-throughput bioprinting.

2. Results

2.1. Novel human tubulo-interstitial kidney cell lines

The biofabrication of kidney interstitial space requires the use of 
different cell types. We propose that tubule-epithelial injury with sub
sequent activation of platelet-derived growth factor receptor beta 
(PDGFRβ+) perivascular mesenchymal cells [13,18] is a key mechanism 
across virtually all types of kidney injury leading to CKD [12,13]. Tubule 
epithelial injury can, for instance, be caused by proteinuria due to 
leakiness of the renal filtration barrier by e.g. glomerulonephritis or 
diabetic nephropathy, or by direct toxic or ischemic injury to the tubule. 
Tubule injury has been shown to induce de-differentiation of the 
tubule-epithelial cells, a process termed partial epithelial-mesenchymal 
transition [19,20]. Dedifferentiated tubule-epithelial cells activate 
mesenchymal cells to detach from capillaries, driving capillary loss with 
subsequent fibroblast-to-myofibroblast differentiation and fibrosis [14]. 
In this process, immune cells, such as macrophages, are also critically 

involved, and we have shown that the top cellular crosstalk partners of 
fibrosis driving mesenchymal cells in human kidney fibrosis are indeed 
injured tubule-epithelial cells and immune cells [13]. However, to 
simplify this model, we focused on the three primarily involved resident 
renal cell types of the tubulo-interstitium: i) proximal tubular epithelial 
cells, ii) kidney endothelial cells and iii) perivascular PDGFRβ+ renal 
mesenchymal cells.

Since currently no well characterized human kidney tubulo- 
interstitial cell lines are broadly available, we isolated cells from 
cortical wedge biopsies of human nephrectomies (Fig. 1A) to generate 
and characterize novel cell lines for our model. To isolate the cells, we 
utilized staining of the surface markers PDGFRβ (mesenchyme), CD31 
(endothelium) and CD10 (proximal tubule) with subsequent cell isola
tion (Fig. 1B). To isolate renal interstitial PDGFRβ+ mesenchymal cells, 
we first separated glomeruli from the cortical wedge biopsy using 
sieving [21], which removed mesangial PDGFRβ+ cells [22], and then 
isolated PDGFRβ+ cells by magnetic activated cell sorting (MACS). 
CD31+ and CD10+ cells were isolated similarly using MACS, while 
avoiding glomeruli (removal using the commonly used sieving pro
tocols) to enrich interstitial endothelial cells or proximal tubule 
epithelial cells. Cells were immortalized using simultaneous retroviral 
SV40-large T (LT) and human telomerase (hTERT) transduction. 
Following immortalization, cells were genetically tagged using lentivi
ruses with different fluorochromes to allow for their visualization 
(Fig. 1C). To characterize the generated cell lines after immortalization 
and genetic tagging (Fig. 1D), we performed bulk RNA-sequencing, 
which demonstrated that the three cell types clearly showed a distinct 
mRNA expression profile (Fig. 1E). We next compared the transcriptome 
of each cell line to our published single cell RNA-sequencing (scRNA-
seq) data of human kidneys [13] (Fig. 1F), confirming a proximal tubule 
epithelial identity of the CD10+ cells, a mesenchymal identity of the 
PDGFRβ+ cell line, and an endothelial identity of the CD31+ cell line. We 
observed some similarities of the immortalized CD31+ and PDGFRβ+

cell line, which we have also reported in our human kidney scRNA-seq 
atlas from freshly sequenced human kidney endothelial cells, as well 
as mesenchyme [13]. In addition, this could be due to mesenchymal 
gene expression of the endothelial cells, driven by the in vitro conditions.

To further validate our bulk RNA-sequencing data and better char
acterize our newly generated cell lines, we confirmed the presence of 
multiple cell type specific markers, performed functional assays, and 
demonstrated typical morphology of the cell lines (Supplement 
Fig. S1A). Our CD10+ cells demonstrated protein expression of epithelial 
specific cubilin and the proximal tubule specific marker protein CD13, 
also known as Aminopeptidase N (APN) (Fig. 1G). Our bulk RNA- 
sequencing of CD10+ cells confirmed this proximal tubule nature of 
the cells by demonstrating the presence of CD13 expression, and the 
absence of markers concerning other tubule segments and podocytes 
(Fig. 1H). To demonstrate functionality, we evaluated the apical ATP- 
dependent efflux transporter P-glycoprotein (P-gp) of proximal tubule 
epithelial cells using the fluorescent substrate Calcein-AM, that can be 
blocked using the small molecule compound PSC833. Cells showed 
accumulation of fluorescent Calcein-AM in the presence of the P-gp in
hibitor PSC833, indicating functional P-gp (Fig. 1I). The CD31+ cell line 
showed protein expression of the endothelial marker protein von Wil
lebrand Factor (vWF) (Fig. 1J), confirming its endothelial nature.

In summary, we have generated three novel human kidney cell lines 
that maintained their endothelial, proximal tubular epithelial and 
mesenchymal expression profile after immortalization and are thus 
representing novel and useful tools to understand cellular and molecular 
mechanisms of these key resident tubulo-interstitial cell types in vitro.

2.2. PDGFRβ+ mesenchymal cells are myofibroblast precursors and 
possess three-lineage differentiation capacity

To validate that PDGFRβ is indeed the right surface marker to isolate 
myofibroblasts and their precursors as the cellular source of kidney 
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fibrosis, we performed a co-staining and quantification for the myofi
broblast marker alpha-smooth muscle actin (α-SMA)/ACTA2 and 
PDGFRβ (Fig. 2A). We quantified interstitial cells in kidney sections of 
seven patients (excluding glomeruli and arteries/arterioles) with 
different levels of fibrosis (Fig. 2B). Independent of the severity of 
interstitial fibrosis, the vast majority of α-SMA expressing cells co- 

expressed PDGFRβ (Fig. 2C and D). These findings indicate that 
regardless of fibrosis severity, PDGFRβ is expressed by the vast majority 
of myofibroblasts, thus confirming our choice of surface marker for cell 
isolation. Of note, our recent human kidney scRNA-seq data and genetic 
fate tracing data in mice also confirms that virtually all myofibroblasts 
are PDGFRβ lineage derived [13].

Fig. 1. Generation of stable human kidney cell lines with proven origin. A: Schematic of the human kidney and the cortex illustrates the source of isolated cells. 
B: Immunofluorescence staining of PDGFRβ+, CD10+ and CD31+ specific antibodies for cells in cortex of human kidney. C: Enumeration of the workflow from 
isolating the cells to the generation of genetically tagged cells. D: Representative pictures of genetically labeled immortalized PDGFRβ+, proximal tubular epithelial 
and endothelial cell lines. 4′,6-diamidino-2-phenylindole (DAPI) was used for nuclear staining. E: Principal component analysis (PCA) plot of the generated three cell 
lines. The three cell lines show higher variability from each other, while technical replicates are similar to each other. F: Shared DE genes between isolated cell lines 
and human bulk RNA seq [13]. G: CD10+ (red) cells stained for cell-specific proximal tubule epithelial markers cubilin (green, left) and CD13 (green, right) including 
DAPI. H: Heatmap of bulk RNA-sequencing data demonstrating the genes expressed in CD10+. I: P-gp Calcein-AM transporter assay of CD10+ and negative control 
PDGFRβ+ cells, with or without transporter inhibitor PSC833. ***p < 0.001 (one-way ANOVA analysis followed by Tukey post-test), n = 3 with each 12 replicates. J: 
Presence of intracellular vWF (red) in CD31+ (green) cells including DAPI. (For interpretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.)
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We next sought to verify that the novel PDGFRβ+ cell line indeed 
represents a suitable tool to study myofibroblast differentiation and 
activation. The addition of transforming growth factor β (TGFβ), the 
hallmark growth-factor involved in myofibroblast differentiation and 
activation, resulted in increased α-SMA, collagen1a1 (Col1a1) and 
fibronectin (FN) expression on protein as well as gene level (Fig. 2E, 
Supplement Fig. S1B), confirming myofibroblast differentiation and 
activation. Exposure of the cells to TGFβ inhibitor SB431542 signifi
cantly abolished this process, as shown on both protein and gene level 
(Fig. 2F–H, Supplement Fig. S1C). Interestingly, inhibition of TGFβ 
signaling by SB431542 was further able to reduce α-SMA and Col1a1 
gene expression even in the absence of TGFβ, pointing towards activity 
of this pathway in the isolated cell line, independent of external stim
ulation (Fig. 2H).

We have previously demonstrated that a subpopulation of peri
vascular PDGFRβ+ cells, defined by expression of Gli1, are the major 
source of renal myofibroblasts [18,23] and are mesenchymal stem 
cell-like cells of the kidney. Immunostaining for Gli1 demonstrated that 
the novel PDGFRβ+ cell line shows strong expression of this zinc finger 
transcription factor (Fig. 2I). We further demonstrated that the 
PDGFRβ+ cell line possesses tri-lineage differentiation capacity towards 
osteoblasts, adipocytes and chondrocytes (Fig. 2J), and demonstrated 
increased calcium from PDGFRβ+ cell lysates after osteogenic differen
tiation (Fig. 2K). Taken together, these findings confirm that the 
generated PDGFRβ+ cell line has conserved key features of Gli1+

MSC-like cells and represents a novel tool to study renal myofibroblast 
differentiation and activation ex vivo.

2.3. Dissecting mechanisms of myofibroblast differentiation ex vivo

As this novel PDGFRβ+ cell line represents a unique tool to study 
myofibroblast differentiation and activation ex vivo, we next wanted to 
dissect the key molecular pathways involved in this process. As the TGFβ 
pathway in particular is fundamental to the phenotypic transition be
tween fibroblasts to myofibroblasts [24], we stimulated the PDGFRβ+

cell line with TGFβ for 24 or 72 h as compared to non-stimulated cells, 
followed by bulk RNA-sequencing (Supplement Fig. S1D-F, S2). Prin
cipal component analysis (PCA) revealed three distinct clusters divided 
by treatment (Fig. 3A), demonstrating the activating effect of TGFβ 
treatment for PDGFRβ+ cells towards myofibroblasts. After 72 h, we 
observed upregulation of many genes that have been reported to be 
involved in human kidney fibrosis, including FOXS1, TNFSF15, 
LINC0711, SERPINE2, FZD8, EGR2, MMP-2 and KIF26b (Fig. 3B). Most 
importantly, we found signature myofibroblast gene periostin (POSTN) 
and fibronectin type III domain containing 1 (FNDC1) to be strongly 
upregulated. POSTN is a key myofibroblast gene [13] is found to be 
strongly induced in renal fibrosis of animal models, whereas deletion of 
POSTN in animal models attenuated renal fibrosis [25–28]. In the same 
manner, FNDC1 has been described to be associated with the induction 
of the myofibroblastic phenotype [29,30]. To validate some of these 
findings on protein level, we performed immunostaining of the myofi
broblast markers periostin (POSTN) and fibronectin (FNDC1) 72 h after 

TGFβ exposure and observed an increase in both (Fig. 3C). Early after 
TGFβ treatment, the PDGFRβ+ cell line showed an increase of profibrotic 
genes, such as IL11 and EDN1. At the same time, (myo)fibroblast marker 
genes, such as ACTG2 [31] and IGFBP3, which is described as a key 
mediator of tubulointerstitial fibrosis [32], were upregulated (Fig. 3B). 
While later at 72 h, we observed upregulation of GDF15, which is 
described as a kidney protective factor after injury [33], and MMP-2, an 
activator of TGFβ that is implicated in the initiation of kidney fibrosis 
[34,35]. The upregulation of these key genes at 24 h and 72 h demon
strated that the PDGFRβ+ cells can be used to model 
fibroblast-to-myofibroblast transition after TGFβ stimulation in vitro.

To further understand the gene expression patterns, PROGENy, a 
resource that uses publicly available signaling perturbation experiments 
to generate common gene pathways and their activities, and doRothEA, 
a tool that looks into transcription factors and their target gene in
teractions, were employed. PROGENy analysis predicted increased ac
tivity of PI3K signaling early after TGFβ stimulation (24 h) (Fig. 3D). 
Strong evidence indicates that PI3K plays a major role in pericyte to 
myofibroblast differentiation [36]. Other signaling pathways that play a 
role in kidney fibrosis include the protective response of estrogen related 
pathways [37,38], whereas an aggravating fibrotic response is visible in 
hypoxic signaling [39,40]. A late response after TGFβ stimulation in
cludes renal fibrosis related pathways, such as NFKb [41], Wnt [42], p53 
[43] and MAPK [44] signaling (Fig. 3D). Taken together, the PROGENY 
analysis indicates increased activity of PI3K, NFKb, Wnt, p53 and MAPK 
signaling, however, we have not validated this data on proteome level.

Transcription factor (TF) activity prediction based on TF regulons 
(DoRothEA) showed increased TF activity of E2F1 and E2F4 at 24 h after 
TGFβ stimulation, while TCF12, TEAD1 and TP53 showed a continu
ously increased estimated activity at 72 h (Fig. 3E). E2F transcription 
factors are essential in cell cycle regulation but are also described to 
affect senescence and fibrosis [45]. TEAD1 has recently been identified 
as a key player in cardiac pro-fibrotic fibroblasts activation [46], and 
was found to be highly associated with extracellular matrix (ECM) 
expression across fibroblast cell types [47]. The YAP/TAZ pathway, in 
which TEAD1 plays a role, has also been described to regulate renal 
fibrosis [48], demonstrating that PDGFRβ+ cells upregulate critical 
pathways for kidney fibrosis. In line with this, gene set enrichment 
analysis revealed upregulation in pathways associated with ECM pro
duction and organization (Fig. 3F).

In summary, this data indicated that TGFβ stimulation of the newly 
generated PDGFRβ+ cells resembles various aspects of fibroblasts to 
myofibroblast differentiation in the human kidney and thus the novel 
cell line represents a suitable model to study human kidney fibrosis in 
the dish.

2.4. Bioprinting of a kidney tubulo-interstitial structure

Accurate modeling of a 3D kidney tubulo-interstitium requires the 
dispersion of multiple types of cells into predefined spatially controlled 
areas, which can be achieved by the use of a bioprinter. When designing 
a 3D model, the technical and biological limitations, including the 

Fig. 2. PDGFRβ is the cell surface marker of myofibroblasts precursor. A: Representative immunofluorescence stainings visualizing PDGFRβ+ (purple), α-SMA+

cells (green) and colocalization (white) in cortex of human kidney. B: Interstitial fibrosis with collagen fibers in blue after Masson’s trichrome staining of the kidney 
cortex derived from patients. C: Quantification of presence and colocalization of PDGFRβ and α-SMA in human patients. D: Percentage of kidney slides indicating 
interstitial fibrosis as quantified via Masson’s trichrome staining. E: Representative immunofluorescent images of PDGFRβ+ cells after TGFβ exposure, stained for 
α-SMA (green), Collagen1 (red) and Fibronectin (green). F: Representative immunofluorescent images of PDGFRβ+ cells after TGFβ treatment in the presence of the 
TGFβ-inhibitor SB431542, stained for α-SMA (green), Collagen1 (red) and Fibronectin (green). G: Protein quantification of α-SMA, Collagen1 and Fibronectin in TGFβ 
treated and untreated PDGFRβ+cells in the presence or absence of the TGFβ-inhibitor SB431542. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (one-way 
ANOVA analysis followed by Tukey post-test). H: mRNA expression in PDGFRβ+ cells of α-SMA, Col1a1 and Fibronectin after 24 h of TGFβ treatment either with or 
without TGFβ-inhibitor SB431542. *p < 0.05, **p < 0.01, ****p < 0.0001 (one-way ANOVA analysis followed by Tukey post-test). I: Gli expression (green) with DAPI 
(blue) in PDGFRβ+ cell line. J: Representative images of adipocytes by Oilred O + hematoxylin, chondrocytes by Alcian blue and osteoblasts by alkaline phosphatase 
+ von Kossa + hematoxylin staining on PDGFRβ+ cells after in vitro differentiation into respective cell type. K: Calcium protein measurement of osteoblasts formed by 
PDGFRβ+ cells after differentiation. ****p < 0.0001 (unpaired t-test). (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.)
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resolution of the printer and the duration of the printing process, should 
be considered. Three different types of bioprinters are available, 
including inkjet, laser-assisted and extrusion-based [49]. We here uti
lized extrusion-based bioprinting, which has the advantages of being 
applicable to a wide range of bioinks from medium to high viscosity with 
high cell viability due to low the shear stress applied on cells during the 
printing process. Furthermore, this process is fast, and allows the 
printing of large, relevant constructs with pre-defined complex archi
tectures [50]. We here utilized a 3DDiscovery (regenHU) bioprinter 
equipped with two temperature-controlled volumetric printheads for 
extrusion bioprinting. A relevant 3D model using a simple 
fibrinogen/gelatin-based hydrogel as bioink was designed (Fig. 4A). The 
goal was to print tubule-like structures (Fig. 4B, blue circles) of CD10+

cells surrounded by an interstitium of PDGFRβ+ and CD31+ cells 
(Fig. 4B, pink structure) according to a predefined architecture. The 3D 
model was generated with computer-aided design (CAD), converted to 
stereolithography (STL), and sliced with the integrated BioCAM slicer to 
generate a G-code for the printing of a 14 × 14 mm construct directly in 
a 12-well plate (Fig. 4C).

In this study, we used a mixture of 7.5 % gelatin and 5 mg/mL 
fibrinogen as a natural bioink for encapsulating living cells during 
printing. Gelatin is produced by denaturation of the triple-helix struc
ture of collagen into single-stranded molecules [51]. It is less immuno
genic compared to collagen, and still contains the Arg-Gly-Asp (RGD) 
sequence, which contributes to cell adhesion, differentiation, and pro
liferation [51,52]. The other component of the bioink, fibrinogen, is also 
biocompatible, biodegradable, non-immunogenic, and is able to induce 
cell attachment, proliferation, and ECM formation [49,53]. Mixing of 
the highly viscous gelatin with the fluidic fibrinogen prevents the 
collapse of the deposited cell loaded material and maintains the 3D 
structure of the constructs both during and after the printing. Immedi
ately following printing, fibrinogen is crosslinked using thrombin; one of 
the main components in blood-clotting [54]. It mediates the cleavage of 
fibrinopeptides and initiates the lateral aggregation of protofibrils and 
fibrin formation, leading to a structural fibrin network contributing to 
gel shaping [54,55]. A SEM image of cell-free printed fibrinogen/gelatin 
bioink after crosslinking depicts the endogenous microstructure and the 
network of this mixed hydrogel (Fig. 4D).

Fig. 3. Time course of PDGFRβþ cells treatment with TGFβ represents fibroblast-to-myofibroblast differentiation. A: principal component analysis (PCA) of 
treated and untreated cells. B: Selected differentially expressed (DE) up- and down regulated genes in PDGFRβ+ cells exposed to either 24 h or 72 h of TGFβ compared 
to control, full figure in Supplement Fig. S3. C: Representative immunofluorescence images of TGFβ treated PDGFRβ+ cells stained for periostin (green) and 
fibronectin (green) with DAPI (blue) 72 h post exposure. D: Pathway analysis based on pathway responsive genes using PROGENy, color indicating the predicted 
activity per pathway. E: Transcription factor (TF) activity prediction based on TG regulons (DoROthEA), color indicating relative predicted activity per TF. F: GO- 
term enrichment analysis of differentially expressed genes using DEseq 2 analysis. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.)

Fig. 4. Description of the 3D-bioprinting model. A: A computer-aided design as a template for printing a heterogeneous tissue construct composed of two tissue 
parts in a 12-well plate. B: The bioink containing CD10+ cells for the tubule-like structure was assigned to the small inserts within the constructs (blue) and the bioink 
containing CD31+ and PDGFRβ+ cells for the interstitium was assigned to the surrounding matrix (pink). C: 3D printed and crosslinked fibrinogen-gelatin structure 
containing no cells. D: Environmental scanning electron microscopic (ESEM) - picture demonstrates the microstructure of fibrinogen-gelatin mixture without cells 
after 3D printing. E, F, G: Viscoelastic behavior measured by storage modulus, varying time, frequency, or oscillation strain with dynamic storage modulus (G′) in 
black and loss modulus (G”) in red. H: ESEM picture of cell lines as printed into the fibrinogen-gelatin mix. I–J: Percentages of live and dead cells 24 h and 72 h after 
printing. ***p < 0.001, (one-way ANOVA analysis followed by Tukey post-test). (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.)
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To characterize the rheological properties of our bioink, we next 
performed a time-sweep test at a constant strain of 0.5 % and frequency 
of 1 Hz. During the measurement (5 min), the storage modulus has 
shown a constant profile, demonstrating the unchanged internal struc
ture of the hydrogel. This is due to the fact that measurements were 
always performed after complete crosslinking. The measurements of the 
hydrogel indicate a very soft gel with a storage modulus of 73 ± 11 Pa. 
(Fig. 4E). To obtain the viscoelasticity behavior and strength of the 
hydrogel, both frequency and amplitude sweep tests were performed, 
respectively. The frequency-sweep data was recorded at different fre
quencies in the range of 0.1–100 Hz at a constant oscillation strain of 0.5 
%, resulting in the dynamic storage (G′) and loss modulus (G″) of the 
material. The information about the solid-like (elastic) behavior of the 
material is given by G′, while G″ gives information about the liquid-like 
(viscous) behavior. Fig. 4F demonstrates the logarithmic plot of 
modulus, indicating that the material is a gel within this regime by 
showing higher values of G′ compared to G″ at all frequencies (Fig. 4F). 
The slight decrease of the storage modulus for lower frequencies sug
gests that the hydrogel is not purely elastic, which is expected for 
protein-based hydrogels. An amplitude-sweep test was performed at 1 
Hz and 25 ◦C. The examination of storage and loss data at the fixed 
frequency demonstrates that at larger strains above 300 %, G” exceeds 
G’, indicating rupture of the hydrogel. Above 40 %, an increase in 
moduli is observed before breakage. This may be due to some stiffening 
by extensional strain on the nanofibrillar structures. Below 40 %, a 
broad linear viscoelastic regime (LVR), in which the modulus is inde
pendent of strain, is observed. This shows that at these low amplitudes, 
the internal structure of the hydrogels is maintained without any 
noticeable changes (Fig. 4G).

Upon bioprinting the cell lines separately, all three cell lines showed 
a good embedding into the bioink micro-structure (Fig. 4H, Supplement 
Fig. S4B) and quantification of live/dead stained bioprinted cells within 
the bioink at 24 h and 72 h indicated a good overall survival rate for all 
three cell lines (Fig. 4I and J, Supplement Fig. S4C, D). Next, we moved 
towards the bioprinting of all three cell types together. The cells were 
bioprinting according to a predefined architecture, with inserts con
taining CD10+ epithelial cells, surrounded by a matrix containing 
PDGFRβ+ and CD31+ cells to recapitulate the biologically relevant tu
bule and interstitium architectures at 0 and 7 days after printing 
(Fig. 5A).

2.5. Modeling of fibrosis in the bioprinted human kidney tubulo- 
interstitium

TGFβ is the known master regulator of fibrosis [56,57] and we have 
demonstrated that TGFβ treatment resulted in 
fibroblast-to-myofibroblast transition of the generated PDGFRβ+ cell 
line. Thus, to model kidney fibrosis within this 3D bioprinted 
tubulo-interstitial model system, we starved the bioprinted constructs 
for 8 h (0.5 % FCS) at day 4 after printing with subsequent TGFβ stim
ulation for 24 h, followed by qPCR analysis and immunostaining at day 7 
(Fig. 5B). TGFβ treatment resulted in increased collagen 1 expression on 
protein level as well as a trend towards increased collagen 1 mRNA 
expression (p = 0.09) (Fig. 5C and D, respectively). While the spatially 
defined compartments were still distinguishable in the TGFβ treated 
constructs, the tubular compartment started to show less defined bor
ders, with CD10+ cells embedded in the ECM. A possible explanation for 
the only slightly elevated mRNA levels of Col1a1 could be that the time 
point of harvest was not ideal for peak mRNA expression measurement, 
however, the significantly increased protein indicates the development 
of fibrosis in this model. In addition, protein quantification of αSMA, a 
marker of activated myofibroblastic cells, showed a significant increase 
that further demonstrates the transition of fibroblasts to myofibroblasts 
in our injured bioprinted construct (Fig. 5E).

As mentioned above, one conserved mechanism of kidney fibrosis 
across virtually all kidney diseases is tubule epithelial injury. Tubule 

epithelial injury can be caused by proteinuria due to leakiness of the 
glomerular filter in e.g. diabetes or glomerulonephritis, or by hypoxic or 
toxic injury to the epithelial cells. Injured tubule-epithelial cells dedif
ferentiate and flatten, and mediate fibrosis by direct crosstalk to 
mesenchymal cells with subsequent myofibroblast differentiation. Thus, 
to model this common cellular crosstalk mechanism driving kidney 
fibrosis, we tested a second disease model with toxic injury of tubule 
epithelial cells by nephrotoxic ochratoxin (OTA) to injure specifically 
CD10+ epithelial cells alone prior to bioprinting. OTA primarily targets 
the kidney by accumulating in proximal tubule epithelial cells, where it 
promotes DNA methylation, pyroptosis and apoptosis, leading to renal 
fibrosis [58].

CD10+ cells were treated with OTA for 16 h as compared to vehicle 
(DMSO) treated CD10+ cells (Supplement Fig. S5A-C). 24 h after injury, 
the CD10+ cells were 3D bioprinted into one compartment surrounded 
by PDGFRβ+ and CD31+ cells in a second compartment as described 
earlier. Interestingly, this experiment resulted in increased Col1a1 
expression on mRNA level of the whole construct, while only CD10+

were exposed to the toxin prior to the bioprinting (Fig. 5F). This is 
suggesting a mechanism of cellular crosstalk of injured epithelial cells to 
fibroblasts with subsequent fibroblast activation and transition towards 
myofibroblasts.

To utilize this novel model system for screening approaches to 
identify novel interventional strategies for human kidney fibrosis, the 
system needs to be scalable towards multi-well plates. To demonstrate 
that our system is indeed scalable, we adapted the 3D design previously 
mentioned, to fit into 96-well plates (Fig. 5G). A disk representing the 
tubular-like structure was printed (blue, Fig. 5G), followed by the 
interstitium-like structure (pink, Fig. 5G), as two concentric disks of 1.7 
mm and 5 mm diameter, respectively. The G-code was adapted to print 
multiple constructs in a row with a printing time of less than 2 min per 
construct. Directly after printing, we demonstrated that the predefined 
spatially controlled compartments are present at 96-well level as well 
(Fig. 5H).

Representative immunofluorescence images at day 7 after printing of 
the constructs within the 96-well plate indicated the presence of the 
same compartments of CD10+ cells (red), surrounded by CD31+ (green) 
and PDGFRβ+ cells (Fig. 5I and L), confirming that the described system 
is scalable and can be utilized for screening in multi-well plates. In 
addition, we demonstrated injury modelling to be feasible in the 96-well 
format (Fig. 5J), as shown by ECM remodeling after TGFβ (left) and OTA 
treatment (right). After exposure of the micro constructs to TGFβ, or pre- 
exposure of only CD10+ to OTA prior to printing, an increase of Col1a1 
on a protein level was observed (Fig. 5K and L, Supplement Fig. S5D). 
After TGFβ treatment, collagen deposition in the bioprinted constructs 
was most prominent in the interstitial compartment, while after pre- 
exposure of CD10+ cells to OTA, most collagen was observed in the 
tubular compartment (Fig. 5J).

To further demonstrate that the cellular crosstalk between the 
tubular epithelial and interstitial compartment drives fibrosis, con
structs containing a) all three cell types, b) only PDGFRβ+ and CD31+

cells, or c) OTA pre-exposed CD10+ cells in the tubular compartment 
without the interstitial compartment, were printed. Bioprinted con
structs were treated with supernatant of OTA-injured CD10+ cells, 
resulting in a rearrangement of the architecture and upregulation of 
collagen 1 on a protein level, both in the a) three cell type and b) 
interstitium-only constructs (Supplement Fig. S6A-F). The constructs 
containing only injured CD10+ cells did not show any collagen 1 
deposition (Supplement Fig. S6G). Further investigation of the super
natant with a human cytokine array revealed upregulation of various 
inflammatory cytokines including IL6, IL8, Osteopontin, TIMP-1 and 2 
(Supplement Fig. S6H), that are known to drive fibrosis [59–62]. Taken 
together, this data indicates that paracrine signaling from epithelial cells 
to interstitial fibroblasts is required to drive fibrosis and extracellular 
matrix remodeling of the bioprinted construct.

Overall, these experiments indicate that our bioprinted tubule- 
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Fig. 5. Modeling fibrosis in the bioprinted construct. A: Bioprinted construct in 12-well format, containing all three cell lines before crosslinking at day 0 (left) 
and after crosslinking at day 7 (right). B: Representative immunofluorescence images of the untreated control bioprinted construct (left), and TGFβ-treated construct 
(right) on day 7 after printing, with a clear separation between tubule compartment of CD10+ cells (red) and stromal compartment with CD31+ cells (green) and 
PDGFRβ+ (not shown). Collagen is depicted in white. C: Protein quantification based on positive area percentage for collagen for Control and TGFβ-treated in the 12- 
well constructs. **p < 0.01 (unpaired t-test). D: mRNA expression of Col1a1 in bioprinted constructs after 24 h of TGFβ exposure, p = 0.09 (unpaired t-test). E: Protein 
quantification of αSMA in untreated or TGFβ treated bioprinted 12-well constructs, data depicted as percentage of area positive for αSMA. **p < 0.01 (unpaired t- 
test). F: mRNA levels of Col1a1 in 12-well untreated control or OTA treated constructs. *p < 0.05 (unpaired t-test). G: Template for printing a simplified hetero
geneous tissue construct composed of two tissue parts in a 96-well plate, with a tubular compartment containing CD10+ (blue), and an interstitium containing CD31+

and PDGFRβ+ cells (pink). H: Mini constructs containing all three cell types directly after printing at day 0, demonstrating distinguishable compartments. I: Overview 
of the mini constructs containing all cell types at day 7 after printing in the 96-well format for untreated control. J: Representative immunofluorescence images of 
TGFβ- or OTA-treated mini constructs. The center is composed of CD10+ cells (red), surrounded by CD31+ cells (green) and PDGFRβ+ (not shown), and collagen in 
white. K: Collagen quantification in 96-well format for untreated control, TGFβ and OTA, expressed as the percentage of total area above a threshold. **p < 0.01, 
****p < 0.001 (one-way ANOVA analysis followed by Tukey post-test). L: Representative immunofluorescence images showing CD10+ cells (red), surrounded by 
CD31+ cells (green) and PDGFRβ+ (purple) for control, TGFβ- or OTA-treated 96-well mini constructs. Collagen fibers are seen in white (63× magnification). (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

D. Bouwens et al.                                                                                                                                                                                                                               Biomaterials 316 (2025) 123009 

9 



interstitium as full size and in 96-well format responds well to pro- 
fibrotic stimuli comparable to pro-fibrotic processes in the human kid
ney during kidney fibrosis development. We demonstrated a fibrotic 
response of PDGFRβ+ mesenchymal cells by i) a direct activation of 
mesenchymal cells via TGFβ, as well as by ii) a separate toxic injury to 
tubule-epithelial cells prior to bioprinting and addition of CD31+ and 
PDGFRβ+ cells. The latter strongly confirms the important role of tubule- 
interstitial crosstalk with injured epithelial cells activating mesen
chymal cells, even if the different cell types are printed in different 
compartments.

3. Discussion

Kidney function inversely correlates with interstitial kidney fibrosis, 
hence, the development of novel targeted anti-fibrotic therapies that 
could be added to current gold-standard therapies holds promise to 
provide a new therapy for CKD and stabilize kidney functional decline. 
For the development of anti-fibrotic therapies, accurate high-throughput 
in vitro platforms are needed for validation purposes and compound 
screenings. Here, we established a scalable bioprinted three- 
dimensional kidney tubulo-interstitium that allows us to model human 
kidney fibrosis in vitro. To this end, we isolated, immortalized and 
characterized three kidney biopsy-derived cell lines. In addition, we 
confirmed the identity of each cell line, most specifically PDGFRβ+ cells 
to verify its myofibroblast lineage. In this model system, direct activa
tion of fibroblasts by TGFβ or tubule epithelial specific injury by OTA 
resulted in fibrosis.

Accumulating evidence has demonstrated that tubule epithelial cells 
are not only targets of injury but also have a driving role towards 
interstitial inflammation and fibrosis. This is observed when incomplete 
repair of injured tubular epithelial cells leads to the progression of acute 
kidney injury (AKI) to CKD [63–65]. Using scRNA-sequencing, we have 
demonstrated that injured epithelial cells in human kidneys are among 
the top crosstalk partners of fibrosis driving mesenchymal cells [13]. We 
here demonstrate in a bioprinted 3D kidney tubule-interstitium model 
that cell-specific injury of human tubule epithelial cells (OTA injury 
prior to printing) drives fibroblast activation and collagen expression 
causing fibrosis. Thus, representing an ex vivo model of 
tubule-interstitial crosstalk driving kidney fibrosis.

Besides epithelial cells, microcapillaries and endothelial cells also 
play a major role in kidney fibrosis. Endothelial cell injury and death 
consequently leads to pericyte detachment, resulting in peritubular 
capillary rarefaction and tissue hypoxia, driving tubulointerstitial 
fibrosis [66,67]. In this study, we isolated, immortalized and tagged 
epithelial cells, endothelial cells and PDGFRβ+ fibroblasts from human 
kidney tissue. We compared their transcriptional profile to human kid
ney scRNA-seq data [13,67], confirming the mesenchymal, endothelial 
and epithelial cell identity, despite immortalization and ex vivo artifacts 
caused by tissue culture and plastic exposure. Of note, the similarity 
between the endothelial cells and mesenchymal cells is likely caused by 
an expression of mesenchymal genes due to endothelial cell injury 
driven by the in vitro conditions, but were also observed in our human 
kidney scRNA-seq atlas from freshly sequenced human kidney endo
thelial cells [13,67]. The bulkRNA seq of PDGFRβ+ cells after injury 
stimuli revealed upregulation of genes involved in myofibroblast dif
ferentiation, such as FOXS1 and SH3RF3, indicating that these cells are 
an accurate representation of the human situation. Of note, immune 
cells are certainly also of key importance in driving fibrosis but were not 
included in this study. This is a current limitation of the model. One of 
the strengths of this study includes the 3D nature of the model using a 
co-culture of three novel and well-characterized immortalized cell lines. 
Besides being more physiological due to network formation in a 
non-monolayer fashion, close cellular -contact and -communication 
[68], the 3D printed compartmentalization also allows us to study the 
effects of cell type-specific injury to fibrosis, instead of stimulating all 
cell types simultaneously. It has also been shown that a 3D 

microenvironment allows for a more sensitive response to nephrotoxic 
stimuli, and could provide a better predictive model for drug toxicity 
compared to 2D models [69,70]. Moreover, our bioprinted model is fully 
automated, user-independent and reproducible, cost-effective and fast, 
with an estimated 1,33 euros per bioprinted construct that can be 
printed in 1–2 min. From the high-throughput perspective, we can 
obtain a multitude of read-outs, such as gene- and protein expression 
within the 96-well plate, and no additional pumps or software-guided 
platforms are required to sustain the constructs after printing.

We believe that this model, particularly with the novel, well char
acterized, genetically tagged cell lines represents a scalable testing 
system for genetic or pharmacologic perturbation and thus can help in 
preclinical screening experiments.

4. Material and methods

4.1. Ethics

The local ethics committee of the University Hospital RWTH Aachen 
approved all human tissue protocols (EK-016/17). Kidney tissue was 
collected from the Urology Department of the Hospital Eschweiler from 
patients undergoing (partial) nephrectomy. All patients provided 
informed consent, and the study was performed in accordance with the 
Declaration of Helsinki.

4.2. Human tissue processing and single cell suspension

Generation of single cell suspension was performed in the cell culture 
laboratory under sterile conditions. Kidney tissues were transferred into 
DMEM medium (Gibco 31885) containing 1 % penicillin/streptomycin 
and were separated from the capsules. The tissue was sliced into 
approximately 0.5–1 mm3 pieces and were mashed. In order to remove 
glomeruli, the small kidney fragments were gently sieved through the 
100 μM strainer. The preparation was rinsed repeatedly with DMEM- 
Medium, and the obtained suspension was passed through a 70 μm 
strainer. The final suspension was centrifuged for 5 min at 300×g at 4 ◦C 
and the pellet was resuspended in DMEM medium. Cell density was 
determined by counting using a Neubauer chamber.

4.3. Generation of human kidney -PDGFRβ+, -endothelial and tubular 
epithelial cell lines

All cells were isolated from a healthy part of the human kidney 
cortex of a nephrectomy specimen: PDGFRβ+ cells were derived from a 
71 years old male patient, CD31+ cells from a 40 years old male patient, 
and CD10+ cells from a 55 years old male patient. To isolate these cell 
types, a single cell suspension was generated (as described above) from 
each sample, followed by MACS separation (Miltenyi biotec, autoMACS 
Pro Separator, # 130-092-545, autoMACS Columns #130-021-101). For 
the isolation of PDGFRβ+ cells, the cell suspension was stained in two 
steps using first a specific PDGFRβ antibody (R&D # MAB1263 anti
body, dilution 1:100) followed by a second incubation step with an Anti- 
Mouse IgG1-MicroBeads solution (Miltenyi, #130-047-102). Following 
MACS, cells were cultured in DMEM media (Thermo Fisher # 31885) 
enriched with 5 % FCS and 1 % Penicillin/Streptomycin for 14 days. In 
order to isolate endothelial cells, the prepared cell suspension sample 
was incubated with CD31-Microbeads (Miltenyi biotec # 130-091-935) 
and proceeded to magnetic separation, subsequently. Afterwards, 
endothelial cells were maintained in EGM-2 medium (Lonza, # EBM-2 
cc-3154, EGM-2 singleQuots Supplements cc-4176) with added 1 % 
Pen/Strep for 14 days. For the isolation of tubular epithelial cells, the 
prepared cell suspension from the kidney sample was incubated with 
CD10-Microbeads (Miltenyi biotec # 130-093-452) and isolated using 
MACS. The isolated primary tubular epithelial cells were cultured in 
DMEM/F12 (1:1) + Glutamax (Gibco, # 31331) enriched with 10 % FCS 
and 1 % Pen/Strep for three weeks.
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In order to immortalize the primary PDGFRβ+, CD31+ and CD10+

cells, lentiviral particles SV40LT and HTERT were used. Lentiviral par
ticles were produced by transient transfection of HEK293T cells using 
TransIT-LT (Mirus). Two types of amphotropic particles were generated 
by co-transfection of plasmids pBABE-puro-SV40-LT (Addgene 13970) 
or xlox-dNGFR-TERT (Addgene 69805) in combination with a pack
aging plasmid pUMVC (Addgene #8449) and a pseudotyping plasmid 
pMD2.G (Addgene 12259). Lentiviral particles were 100x concentrated 
using Lenti-X Concentrator (Clontech) 48 h post-transfection. Cell 
transduction was performed by incubating the target cells with serial 
dilutions of the retroviral supernatants (1:1 mix of concentrated parti
cles containing SV40-LT or rather hTERT) for 48 h. Subsequently, the 
infected PDGFRβ+, CD31+ and CD10+ cells were selected using 2 μg/mL 
puromycin at 72 h after transfection for 7 days.

4.4. Genetically fluorescent labeling PDGFRβ+, endothelial and tubular 
epithelial cell lines

In order to trace the generated PDGFRβ+, endothelial and tubular 
epithelial cell lines, RFP675 (red fluorescent protein 675), GFP (green 
fluorescent protein) and RFP (red fluorescent protein) were used. Three 
different retroviral particles for the three mentioned cell types were 
produced by transient transfection of HEK293T cells using TransIT-LT 
(Mirus). These three individual types of amphotropic particles were 
generated by co-transfection of plasmids RFP675 (Addgene 57824) or 
GFP (Addgene 57822) or RFP (Addgene 57823) in combination with a 
packaging plasmid pUMVC (Addgene 8449) and a pseudotyping plasmid 
pMD2.G (Addgene 12259). Retroviral particles were 100x concentrated 
using Retro-X concentrator (Clontech) 48 h post-transfection. Cell 
transduction was performed by incubating the target cells with the 
retroviral supernatants for 48 h. The transduced PDGFRβ+, endothelial 
cells and tubular epithelial cells were cultured for 7 days in their indi
cated media. Consequently, the infected cells were sorted in the semi- 
purity mode targeting an efficiency of >80 % with the SONY SH800 
sorter (Sony Biotechnology; 100 μm nozzle sorting chip Sony).

4.5. Immunofluorescence staining

The immunofluorescence staining was performed on monolayer cells 
or 3D-printed structures in glass 8 well chamber slides, μ- plate 96 well 
black, or culture plates (ibidi, 80827 and 89626, Greiner 12 well plate, 
665180). After removal of the medium, the cells or 3D-constructs were 
washed with PBS (three times for 5 min) and fixed with 4 % formalin on 
ice for 5 min for cell monolayers, and 15–20 min for 3D constructs. Cells 
were incubated overnight with primary antibody in PBS +1 % BSA at 
4 ◦C, washed 3 times for 5 min in PBS, and incubated with the secondary 
antibodies overnight at 4 ◦C. For imaging, constructs were left in PBS in 
their Ibidi/Greiner plate. Following DAPI (4′,6′-′diamidino-2-phenyl
indole) staining (Roche, 1:1000) the slides were mounted with Immu- 
Mount (Thermo scientific, # 9990402). Kidney tissues were fixed in 4 
% (w/v) formalin for 2 h at RT, and frozen in OCT after dehydration in 
30 % (w/v) sucrose overnight. The 5–10 μm cryosections were blocked 
in 5 % (v/v) donkey serum, and stained with primary antibody and 
secondary antibody for 60 and 45 min, respectively. These steps were 
followed by washing the sections with PBS (three times for 5 min). The 
sections were counterstained with DAPI (4′,6′-′diamidino-2-phenyl
indole) (Roche, 1:1000), washed in PBS and mounted with Immu-Mount 
(Thermo scientific, # 9990402). The following primary antibodies were 
used: human PDGFR beta (R&D System, MAB1263,1:100), human CD10 
(Biolegend, 312214, 1:100), mouse-CD31(R&D System, AF3628, 
1:100), human Fibronectin (Abcam, ab23750, 1:100), CD13 (Thermo 
Fisher, 11-0138-42, 1:100), POSTN(Sigma, HPA012306, 1:100), aSMA 
(R&D systems, MAB1420, 1:100), Col1a1(Biozol, 1310-01, 1:100), 
Cubilin (Sigma, HPA004133, 1:100), vWF (Sigma, HPA001815, 1:100), 
AF405 donkey anti-mouse (Dianova, 715-475-150, 1:200). The 
following secondary antibodies were used: AF488 donkey anti-goat 

(Dianova, 705-545-147, 1:100), AF488 donkey anti-mouse (Dianova, 
715-545-151, 1:100), AF488 donkey anti-rabbit (Dianova, 711-545-152, 
1:100), AF647 donkey anti-mouse (Dianova, 715-605-151, 1:100), 
AF647 donkey anti-rabbit (Dianova, 711-605-152, 1:100), Cy3 donkey 
anti-mouse (Dianova, 715-165-151, 1:100), AF405 donkey anti-goat 
(Dianova, 705-475-147, 1:200).

4.6. Immunohistochemistry

The immunohistochemistry was carried out on formalin-fixed, 
paraffin-embedded human kidney sections. The sections were incu
bated for 3–5 min in xylol, and dehydrated by incubating consecutively 
in ascending ethanol series (30, 50, 70 and 90 % (v/v)) with a final 
incubation in 100 % ethanol for 10 min. An antigen unmasking method 
was performed using the heating method (three times for 5 min), in 
which the sections were heated just below the boiling temperature in 10 
mM sodium citrate buffer (Vektor, # H-3300), pH 6.0. After a washing 
step in water (three times for 5 min), blocking steps were performed by 
using 3 % (v/v) H2O2 (10 min), Avidin (10 min) and Biotin (10 min). 
The sections were stained with primary antibody and secondary anti
body for 60 and 30 min, respectively. These steps were followed by 
washing the sections with PBS (three times for 5 min). After washing, 
sections were incubated with Ab-complex for 30 min at RT, followed by 
a washing step with PBS (three times for 5 min). Subsequently, the 
sections were incubated with DAB for 10 min, and were washed with 
ddH2O (two times for 2 min). The nuclear staining was performed using 
Methyl Green (Vector laboratories, H-3402-500) for 2 min, followed by 
a dehydration step. The sections were mounted by Histokit. The 
following primary and secondary antibodies were used: human POSTN 
(Sigma, HPA012306, 1:100), human BHMT2 (Sigma, HPA044573, 
1:500), goat-anti rabbit IgG (H + L), biotinylated (vector laboratories, 
BA1000, 1:300).

4.7. Live/dead staining

Human kidney -PDGFRβ+, -CD31+ and -CD10+ cell lines were 
encapsulated in fibrinogen-gelatin hydrogels during the extrusion pro
cess using a 3D-Printer (Allevi2) for 24 or 72 h. The Live/Dead staining 
was conducted using Live/Dead Cell viability assay kit for mammalian 
cells (BioVision, #K502-100). Cell culture medium was removed care
fully, and 0.5 mL staining solution was added to the hydrogels and 
incubated for 15 min at 37 ◦C. The staining solution is a combination of 
2 μL of live cell staining dye, and 1 μL of dead cell staining dye in 1 mL of 
assay buffer. The confocal microscope X10 (Nikon A1R confocal mi
croscope) was used to capture the complete depth of hydrogels and 
detect the live cells at Ex/Em = 485/530 [nm] and the dead cells at Ex/ 
Em = 495/635 [nm].

4.8. Adipocyte differentiation and oil-red staining

3 × 105 PDGFRβ+ cells were cultured in 6 well plates. For this, the 
adipogenic base media (R&D systems, # CCM007) was used and the 
cells were incubated in a 37 ◦C and 5 % CO2 incubator for 1–3 days. At 
100 % confluency, the media was replaced with completed StemXVivo 
Adipogenic Differentiation Media to induce adipogenesis. Every 3–4 
days, the medium was removed and replaced with the pre-warmed 
completed StemXVivo Adipogenic medium (R&D systems, #CCM007). 
The differentiation was completed after about 28 days, which was 
observed by morphological change, as well as visualization of the lipid 
vacuoles via an oil-red staining. In order to stain the lipid vacuoles in 
PDGFRβ+ cells after differentiation, the medium was removed, and cells 
were washed with PBS. 2 mL of oil-red working solution (0.25 g Oil-red; 
Sigma-Aldrich #O0625, 50 mL isopropanol) was added and incubated at 
RT for 30 min. After removing the staining solution, cells were stained 
with Hematoxylin solution modified acc. to Gill II (Sigma, 
1.05175.0500) for 10 min. After removal of Hematoxylin and washing 3 
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times with water, cells were exposed to bluing buffer (Dako, CS702) for 
5 min. Cells were washed and kept on PBS while the red lipid vacuoles 
were visualized using a Leica DMR X microscope.

4.9. Chondrocytes differentiation and Alcian-blue staining

2.5 × 105 PDGFRβ+ cells were resuspended in 0.5 mL of the pre- 
warmed completed StemXVivo Chondrogenic Base Media (R&D sys
tems, # CCM005). After centrifugation at 200×g for 5 min, the media 
was replaced with 0.5 mL of pre-warmed completed StemXVivo Chon
drogenic differentiation media (R&D systems, # CCM006), and the cells 
were centrifuged again at 200×g for another 5 min. The medium was not 
removed, and the cap of the tube was loosened to allow the gas ex
change. Tubes were incubated upright at 37 ◦C and 5 % CO2 for the next 
2 days. The media were replaced every 2 days with 0.5 mL of per- 
warmed completed StemXVivo Chondrogenic differentiation media. 
The 1–2 mm round-ball-pellet was harvested after differentiation at 28 
days, and fixed through cryofixation. The cryo slides were ultimately 
used for Alcian-Blue staining (Abcam, # ab150662). Therefore, the cryo 
slides were incubated in acetic acid for 3 min, and then 30 min in Alcian- 
Blue, pH 2.5. After a wash step in water and staining in nuclear fast-red 
for 5 min, slides were rinsed in water and dehydrated. Slides were 
mounted and images were captured by Leica DMR X microscope.

4.10. Osteocytes differentiation; alkaline phosphatase activity and von- 
kossa staining

PDGFRβ+ cells were cultured in a 6-well tissue culture dish using 
StemXVivo Osteogenic Base Media (R&D system, CCM007). At 70 % of 
confluency, this media was replaced with completed StemXvivo Osteo
genic Differentiation media to induce osteogenesis. Every 3–4 days, the 
media was replaced with fresh StemXvivo Osteogenic Differentiation 
media (R&D system, # CCM009). After 28 days and observing 
morphological changes of cells, the dual alkaline phosphatase and von 
Kossa stainings were performed. Cells were fixed with 10 % cold Neutral 
Formalin Buffer (VWR, 10015-196) for 15 min, rinsed with distilled 
water, and left for 15 min in distilled water. To detect the alkaline 
phosphatase activity, samples were incubated for 45 min in the freshly 
prepared solution mixture of 0.005 g Naphthol (Sigma, N4875), 200 μl 
DMF (Fisher Scientific, D119-1), 25 mL Tris-HC (Sigma, 1082191000), 
pH:8.3, 25 mL distilled water, and 0.03 g red violet LB salt (Sigma, 
F338). This step was followed by 3–4 rinses in distilled water, and a 
staining with 2.5 % silver nitrate (Sigma, S8157) for 30 min. After silver 
staining, cells were rinsed in 60 % (v/v) isopropanol, and stained for 10 
min with Hematoxylin solution modified acc. To Gill II (Sigma, 
1.05175.0500). Tap water was used to wash the cells for 3 min, and 
bluing buffer (DAKO, CS702) was added for 5 min. Afterwards, cells 
were rinsed 3 times with distilled water, and finally covered with tap 
water. Images were captured by Leica DMR X microscope.

4.11. Quantitative measurement of calcium/protein

Calcium content in the differentiated PDGFRβ+ cells was determined 
using a colorimetric o-cresolphthalein based assay (Randox Labora
tories, Crumlin, UK). Cultured cells were washed and lysed in 0.1 M 
NaOH/0.1 % SDS. Cell lysates were transferred to the separate tubes. 
Subsequently, each well was washed with 200 μL 0.6 M HCl, and the 
collected fluid from each well was added to the respective tube. The 
preparation of the samples and the standard were performed according 
to the manufacturer’s protocol in a 96-well plate (TPP Techno Plastic 
Products AG, Trasadingen, Switzerland), which was measured in a plate 
reader (FLUOstar OPTIMA, BMG LABTECH GmbH, Ortenberg, Ger
many) at 546 nm after 30 min.

4.12. Immunofluorescence and bright field imaging

Immunofluorescence images were acquired using a Nikon A1R 
confocal microscope with 10X and 20X objectives (Nikon), as well as a 
ZEISS Fluorescence microscope using 5X, 10X, 20X and 63X objectives. 
Trichrome/Masson stained sections were acquired using the Keyence 
microscope (BZ-9000) using 20X magnification. Von Kossa-alkaline 
phosphatase, oil red and chondrocytes stainings were analyzed using a 
Leica DMR X microscope using 10X, 20X and 40X magnifications. Raw 
imaging data was processed using Nikon Software, Keyence software, 
ImageJ or Qupath [71].

4.13. Electron microscopy

Samples were fixed in 3 % (w/v) glutaraldehyde (Agar scientific, 
Wetzlar, Germany), rinsed with 0.1 M sodium phosphate buffer (Merck, 
Darmstadt, Germany) and dehydrated by incubating consecutively in 
ascending ethanol series (30, 50, 70 and 90 % (v/v)), with a final in
cubation in 100 % ethanol for 3 × 10 min. After, samples were dried by 
critical point drying in liquid CO2. Samples were coated with a 10 nm 
gold/palladium layer (Sputter Coater EM SCD500, Leica, Wetzlar, Ger
many). Microscopy was performed in a high vacuum environment at 10 
kV acceleration voltage with an environmental scanning electron mi
croscope (ESEM Philips XL30 FEG, FEI, Eindhoven, The Netherlands)

4.14. Quantitative RT-PCR

Cell pellets were harvested and washed with PBS, followed by RNA 
extraction according to the manufacturer’s instructions using the 
RNeasy Mini Kit (Qiagen, 74106). The 3D-printed constructs were dis
integrated by gently using a cell scratcher during the treatment with the 
RLT buffer according to the RNeasy Micro Kit (Qiagen, 74004) for 
extraction of RNA. 200 ng total RNA was reverse transcribed with High- 
Capacity cDNA Reverse Transcription Kit (Applied Biosystems). qRT- 
PCR was carried out with iTaq Universal SYBR Green Supermix (Bio
rad) and the Bio-Rad CFX96 Real Time System with the C1000 Touch 
Thermal Cycler. Cycling conditions were 95 ◦C for 3 min, then 40 cycles 
of 95 ◦C for 15 s and 60 ◦C for 1 min, followed by 1 cycle of 95 ◦C for 10 s. 
GAPDH was used as a housekeeping gene. Data were analyzed using the 
2-CT method. The primers used are listed in Table 1.

4.15. Bulk RNA preparation

In this study we performed Bulk RNA sequencing for two experi
ments. The first experiment was designed to do a comprehensive char
acterization of the three generated human kidney cell lines (CD10, 
CD31, PDGFRβ), and to compare the similarity between cell lines to 
their human origin. The second experiment used human PDGFRβ+ cells, 
which were treated w/wo TGFβ. The cells were cultivated in T-75 cul
ture flasks and reached 60–70 % of confluency at the time of harvesting. 
Cell pellets were harvested and washed with PBS, followed by RNA 
extraction according to the manufacturer’s instructions using the 
RNeasy Mini Kit (Qiagen, 74106). All experiments were performed in 
duplicates.

4.16. Human kidney fibrosis evaluation

Trichrome-Masson stained sections of the kidneys were analyzed and 
scored by taking pictures with Keyence microscope (BZ-9000), and the 
fibrosis area was measured with the Keyence analysis software program. 
The extent of interstitial fibrosis compared to the whole area was 
assessed as % of affected area.

Besides Masson’s Trichrome staining, we stained for α-SMA and 
PDGFRβ as described above. Single and double positive cells were scored 
(by hand) in 5 high power fields (400x) per patient while glomeruli, 
arterioles and arteries were excluded based on morphology to include 
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solely interstitial myofibroblasts.

4.17. Collagen1, αSMA, fibronectin protein expression evaluation

The 3D printed constructs were fixed with formalin and stained for 
collagen 1 antibody (as described in: immunofluorescence). For the 3D 
constructs, images containing 50 % tubular compartment and 50 % 
stromal compartment were then taken in 10x, 20x and 63x using Zeiss 
Fluorescence microscope. Using the Qupath Pixel classifier, we deter
mined a threshold above which a pixel is positive and below which a 
pixel is negative for the marker. Equal areas between conditions were 
classified based on this threshold, and values were expressed as Positive 
Area in % of Collagen/αSMA/Fibronectin.

4.18. Bulk RNA-Seq data analyses

RNA-Seq preprocessing and quantification Bulk RNA-Seq data from 
the PDGFRβ+, CD10+ and CD31+ cells, and PDGFRβ+ cells treated w/wo 
TGFβ was analyzed using pipelines available in nf-core/rnaseq (version 
2.7.2) [72] using standard parameters and based on version version 
23.10.1-edge of nextflow [73]. For the read alignments, STAR (version 
2.7.9a) [74] was used, and for quantification of reads Salmon (version 
1.5.0) [75] was used, TrimGalore (version 0.6.6) used for the read 
trimming and for annotation of genes, GENCODE (version 38) was used 
[76]. The count matrix generated by Salmon was filtered, excluding 
genes labeled ‘Mt_tRNA,’ Mt_rRNA,’rRNA’ and ‘rRNA_pseudogene’ in 
the GENCODE annotation file. Subsequently, low expressed genes were 
excluded using the HTSFilter (1.42.0) [77].

4.19. Differential expression analyses (DEA)

Differential expression analysis was performed in R using the DESeq 
function of the DESeq2 (version 1.42.0) package [77], to identify the 
DEGs for specific comparisons. PCA was generated using the glmpca 
package in R. The p-value was corrected for multiple hypothesis 
correction and genes with corrected p-value ≤ 0.05 were considered as 
statistically significant.

4.20. Gene set enrichment analyses (GSEA)

Gene set enrichment analysis for each of the comparisons (TGFβ 72 h 
vs TGFβ 0 h, and TGFβ 24 h vs TGFβ 0 h) was performed with the 
clusterProfiler package v4.10.0 [78], using the gseGO function. GSEA 
was performed using “ALL” three ontologies (molecular function (MF), 
biological process (BP), and cellular component (CC)) provided in 
clusterProfiler. Gene sets enriched in up/down regulated genes were 
calculated using an ordered list of all differentially expressed genes 
sorted by logFC. The statistical significance was determined using 
adjusted p-value threshold of ≤ 0.05 after multiple test correction 
method bonferroni.

4.21. Progeny and Dorothea analysis (Functional analyses)

PROGENy version 1.24.0 was used to predict the signaling pathway 
activity in TGFβ 72 h vs TGFβ 0 h, and TGFβ 24 h vs TGFβ 0 h com
parison, respectively [79] based on the top 100 responsive genes ranked 

by p-value. Pathway activity scores were estimated based on gene 
t-values obtained from DE-seq analysis as previously described [80]. 
DoRothEA (version 1.14.0), a collection of transcription factor targets 
was used with VIPER (version 1.36.0) to estimate the transcription 
factor activity using t-values obtained from DE-seq analysis [81,82] 
using VIPER.

4.22. Availability of analysis code and data

For reproducibility, the scripts for the computational analysis are 
accessible via GitHub https://github.com/hayatlab/kidney_bioprinting. 
The processed bulk RNA-Seq count matrices are available on zenodo at: 
10.5281/zenodo.10973584.

4.23. RNA-seq analysis for characterization of human kidney cell lines

To ensure that the generated cell lines share similar gene-expression 
features with human kidney cells, we compared the gene expression 
profiles of the cell lines to the healthy human kidney single-cell tran
scriptomics data from Kuppe et al. [13]. Each cell line was compared to 
the rest of the bulk data to obtain differentially expressed genes. For the 
single-cell data, marker genes were obtained for each cell type using 
Seurat. Top genes with average logFC ≥ 1 and adjusted p-value (after 
multiple hypothesis correction) ≤ 0.05 were obtained and Jaccard 
similarity score (defined as jaccard similarity index*100) was computed 
on the overlapping genes from the bulk and the single-cell datasets.

4.24. 3D computer aided design

The construction of virtual objects was generated in computer-aided- 
design (CAD) software (Autodesk Inventor). Each virtual object was 
exported in stereolithography (STL) file format. The objects were then 
imported into the regenHU bioprinter-integrated BioCAM slicer soft
ware. The objects (tubule-like and interstitium) were then assigned to 
different printheads for the construct biofabrication. Two separate G- 
codes with two different designs were generated, for the printing of the 
12-well plate and the 96-well plate constructs respectively.

4.25. Bioink preparation and bioprinting of 3D heterogeneous tissue 
constructs

The bioprinting was done with a regenHU 3DDiscovery bioprinter, or 
Allevi2. Unless otherwise stated, the bioinks and printing parameters 
were identical for the printing in both 12- and 96-well plates. To print 
two adjacent compartments within one construct, two bioink cell mix
tures were prepared. To recreate the tubule-like structure, 4.105 cells/ 
mL tubular epithelial cells were dispersed in the bioink material (bioink 
1). The interstitium bioink contained 5.105 endothelial cells/mL com
bined with 2,5.105 PDGFRβ+ cells/mL (bioink 2). To achieve both bio
inks, cell pellets were resuspended in 10 % gelatin (Sigma, G1890) 
dissolved in DMEM (Gibco, 11885084) + 5 % FBS + 1 % P/S. To the 
mixture of gelatin and cells, a 20 mg/mL fibrinogen solution in PBS 
(MILAN Analytica AG, # 001612) was added in a ratio of 3:1 to achieve 
a final concentration of 7.5 % gelatin and 5 mg/mL fibrinogen. The 
bioink components were mixed directly before printing at 37 ◦C degrees 
and immediately loaded in the designated syringe for each bioink. The 

Table 1 
List of RT-PCR primer sequences (human).

Genes Forward Primer Reverse Primer

collagen type I alpha 1 chain 5‘-CCCAGCCACAAAGAGTCTACA 5‘-ATTGGTGGGATGTCTTCGTCT
fibronectin 1 5‘-AACAAACACTAATGTTAATTGCCCA 5‘-TCGGGAATCTTCTCTGTCAGC
actin alpha 2, smooth muscle 5‘-ACTGCCTTGGTGTGTGACAA 5‘-CACCATCACCCCCTGATGTC
gapdh 5‘- GAAGGTGAAGGTCGGAGTCA 5‘- TGGACTCCACGACGTACTCA
Kim1 5‘-CACAACAGATGGGAATGACACC 5‘‘-TCCTTTAGTGGTATTGGCCGT
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preparation of the bioinks and loading of the syringes were done under 
sterile conditions. After loading, the syringes were incubated for 15 min 
at room temperature and placed into their respective preheated print
heads (27 ◦C) on the bioprinter. The bioprinting process was run at a 
speed of 2 mm/s. Bioink 1 was printed with a flowrate of 0.09 μL/s and 
bioink 2 with a flowrate of 0.39 μL/s. Both bioinks were extruded 
through a 30 gauge nozzle (ID 0.150 mm, 12.7 mm length for printing in 
12-well plates, 25.4 mm length for printing in 96-well plates). The 
printing took place either into Greiner 12-well plates (Greiner, 665180) 
or ibidi μ-Plate 96 Well Square Glass Bottom (Ibidi, 89627). The bioink 
remained stable in the syringe at 27 ◦C for at least 3 h, with minimal cell 
sedimentation. Immediately after printing, the construct was incubated 
at RT for 10 min before adding the crosslinking solution. The cross
linking solution composed of 1 mM HEPES (Thermo Fisher, 15630), 2.5 
μM CaCl2 (Sigma, 21115), 4 u Fibrogammin (CSL Behring, 1250) and 2.5 
u Thrombin from human plasma (Sigma, T6884) per mL, and was 
activated for 15 min at 37 ◦C, but cooled down for 5 min at RT before 
adding to the constructs. The printed constructs were incubated with 
crosslinking solution for 30 min at RT and rinsed with PBS prior to 
adding cell media.

4.26. Measurement of the mechanical properties of the gel

The mechanical properties of hydrogels were determined using a TA 
Instruments Discovery HR-3 rheometer, equipped with a 20 mm diam
eter geometry with a cone angle of 2◦. The measurements were per
formed with four replicates to ensure the reproducibility and reliability 
of the recorded data. Hydrogels were prepared by mixing gelatin and 
fibrinogen and cell culture media (at the ratio of 1:1:2), and 74 μL was 
placed in the center of the Peltier-plate using a viscous pipet (Mettler 
Toledo). To make sure that the geometry and hydrogel possess an in
tegrated interface during measurement, the geometry was lowered to 
the measuring gap of 51 μm, a distance at which the gel is pressed down 
into the correct shape and then it was crosslinked on site. This was done 
by pipetting 1 mL of crosslinking solution (similar as used during bio
printing) around the sample to cover the surrounding of the gel. The 
system was left for 15 min to complete the crosslinking (similar time as 
used during bioprinting). After, the crosslinking medium was removed, 
and the sample was covered by a solvent trap to ensure it stays hydrated 
during the measurement. All measurements were performed at the 
constant temperature of 25 ◦C, running three programs of time sweep, 
amplitude sweep and a frequency sweep. The time sweep measurements 
were performed at the frequency of 1.0 Hz and a strain of 0.5 % for a 
total duration of 5 min. The data of the amplitude sweep was recorded 
for alternating strains between 0.1 % and 1000 % at a constant fre
quency of 1 Hz, while the frequency test was performed at the constant 
strain of 0.5 % for variable frequencies between 1 and 100 Hz.

4.27. Experiments in bioprinted construct TGFβ treatment experiment

TGFβ (100-21-10UG, Peprotech) 10 ng/mL was added to culture 
media, after a 24 h of serum starvation with 0.5 % FCS containing me
dium, to 70–80 % confluent PDGFRβ cells or 3D-printed constructs, 
respectively. To determine the effect of the deactivation of TGFβ, 10 μM 
SB431542 (STEMCELL Technologies, 72232) (or vehicle) was added to 
the culture wells. All experiments were performed in triplicates.

4.28. Ochratoxin A (OTA) treatment experiment

10 μM of mycotoxin ochratoxin A (R&D system, 1291) in DMSO was 
added to 70 % confluent tubular epithelial cells for 16 h. The control 
cells were treated with the same amount of DMSO without OTA. All 
experiments were performed in triplicates.

4.29. P-gp transporter assay

To confirm the presence of the renal efflux protein P-gp in our CD10+

cells, the activity of the efflux transporter was measured by the amount 
of fluorescent calcein accumulation in the presence of a pump inhibitor. 
To that end, 0.01 × 106 cells were seeded in a clear bottom 96 ibidi 
plate. When the cells reached 95 % confluence after 2–3 days, cells were 
washed with Krebs Henseleit (KH) (Merck, K3753) buffer (PH 7.4). Cells 
were treated for 1 h with 5 μM P-gp transporter inhibitor PSC833 (Tocris 
Biosciences, Bristol, UK) in KH buffer at 37 ◦C, 5 % (v/v) CO2, and af
terwards exposed for 1 h to 1 μM Calcein-AM (Life Technologies Europe 
BV) with or without 5 μM PSC833 in KH buffer. After incubation, cells 
were washed 2 times with KH buffer before incubating for 45–60 min in 
1 % Triton in KH buffer. Fluorescent read-out was determined in a plate 
reader using filter settings for excitation of 485 nm and emission of 530 
nm. Data plotted is 3 technical replicates with each 12 biological 
replicates.

4.30. Supernatant transfer in vitro crosstalk studies

Constructs were bioprinted in a 96-well plate containing a) all three 
healthy cell types, (b) only the interstitial compartment, or (c) OTA pre- 
exposed CD10+ cells in the tubular compartment without the interstitial 
compartment. In parallel, CD10+ cells were exposed to 10 μM of OTA for 
16 h, subsequently washed, and refreshed with 1:1 PDGFRβ+ and CD31+

media for 24 h. This supernatant was harvested after 24 h, and on day 2 
after printing, constructs were exposed to 200 μL of the supernatant. 
After 24 h, the supernatant of the bioprinted constructs was refreshed 
with new pre-exposed supernatant of the CD10+ cells. After a total of 2.5 
days of exposure, cells were fixed with 4 % PFA for 15 min on ice and 
proceeded to immunofluorescent staining as described above.

4.31. Human cytokine array

The Human Cytokine Array with 80 targets (Abcam, ab133998) was 
performed following the Abcam protocol using the same supernatant as 
described above. In short, membranes were blocked for 30 min at RT 
with 2 mL of 1X Blocking Buffer. After blocking, membranes were 
exposed to 1 mL of undiluted pre-exposed supernatant or control over
night at 4 ◦C while gently shaking. Membranes were washed in 20 mL of 
Wash Buffer I for 30 min, and washed 2x with 2 mL of Wash Buffer II for 
5 min each. Next, membranes were incubated with 1X Biotin- 
Conjugated Anti-Cytokines at 4 ◦C overnight. After 3x 2 mL wash of 
Wash Buffer I, and 2x 2 mL wash of Wash Buffer II, the membranes were 
incubated with 1X HRP-Conjugated Streptavidin at 4 ◦C overnight. For 
chemiluminescence detection, membranes were washed as described 
after Biotin incubation and transferred to chromatography paper with 
500 μL of detection buffer. Signal was detected using a Bio-Rad Chem
iDoc MP Imaging System.

4.32. Statistical analysis

All data are expressed as mean ± s.d. Statistical analysis was per
formed using one-way ANOVA analysis followed by Tukey post-test or, 
when appropriate, an unpaired t-test with GraphPad Prism version 
10.3.0. One asterisk was used to indicate significance with P < 0.05, 
whereas two asterisks were used to indicate significance with P < 0.01.
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