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Introduction
Kidney transplantation is the treatment of choice for 

patients with end-stage renal disease (ESRD). Transplantation 
and dialysis are replacement therapies for patients with 
ESRD; however, transplantation is considered a superior 
therapeutic approach for improving patients’ quality of life. 
According to the World Health Organization, the number 
of patients with ESRD who required a renal allograft in the 
United States reached 138,844 [1]. In Colombia, between 
2020 and 2021, 154,688 new patients with ESRD requiring 
renal transplantation were registered, showing an increase of 
39,249 cases compared to the period 2019 – 2020.

Despite the utility of kidney transplantation as 
replacement therapy, long-term graft survival is a major 

challenge for transplant immunology. Some limitations to 
achieving this goal include graft loss due to recurrent disease, 
chronic in lammation, hypertension, and other medical 
comorbidities, damage from calcineurin inhibitor toxicity, 
medication noncompliance, increasing rates of diabetes, and 
high rates of premature death ) [2]. Rejection is an immune-
mediated process triggered after transplantation because 
the graft is a major source of alloantigens and in lammatory 
mediators [3]. Alloantigens include peptides derived from 
the human leukocyte antigen (HLA) system that can activate 
the recipient’s innate and adaptive immune responses. 
In lammatory mediators arise from mechanical cell damage 
caused by organ removal, ischemia-reperfusion injury (IRI), 
and blood recirculation after surgical anastomosis [4,5]. 
Alloantigens and damage-associated molecular patterns 
(DAMPs) activate antigen-presenting cells (APCs). Activated 
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APCs present donor HLA-derived peptides to recipient T 
cells through direct, indirect, and semidirect allorecognition 
pathways [6,7]. Allorecognition triggers an adaptive 
immune response against the grafted kidney, mediated by 
alloreactive effector T cells that in iltrate the transplant and 
by alloantibodies that, once deposited in the grafted organ, 
can activate the complement lytic pathway [8]. The immune 
response requires mobilizing immune effector cells from 
the recipient’s bloodstream to the renal allograft through an 
activated endothelium as well as activation of effector cells 
[9,10]. To counteract the immune response against the renal 
allograft and help maintain kidney function and integrity, 
donor-recipient matching is ensured before transplantation, 
and recipients are given induction therapy at the time of 
transplantation, as well as maintenance immunomodulatory 
therapeutics after allografting [11,12].

Nowadays, the immunological mechanisms mediating 
allograft rejection are better understood, and improved 
immunomodulatory therapies are available. However, some 
molecular processes underlying allograft rejection remain to 
be clearly understood. These processes vary signi icantly from 
patient to patient, and some authors have attributed such 
variability to their likely relationship to molecular regulatory 
mechanisms that ultimately in luence cellular metabolism 
[13,14].

Renal allograft biopsy remains the gold standard for 
diagnosing and con irming rejection [15] and identifying 
the effector mechanism involved, whether T cell-mediated 
(TCMR) or antibody-mediated (ABMR). However, renal biopsy 
collection is an invasive procedure that can adversely affect 
the graft and the patient [16]. Therefore, other biological 
matrixes, such as urine, have been propose as noninvasive 
sources of protein or RNA transcripts to determine the 
allograft status [16-18]. Notwithstanding, the isolation of 
these molecules from urinary sediment has been limited by 
their high degradation rate, especially for RNA [19].

The present study explored the molecular mechanisms 
involved in renal allograft rejection by transcriptomic 
pro iling of peripheral blood, renal biopsy, and urine samples 
from patients with acute (AcR) and chronic (ChR) renal 
allograft rejection. These biological matrixes were chosen 
because peripheral blood transports immune molecules 
and effector cells to the graft, renal biopsies represent the 
target tissue of the recipient’s immune response, and urine 
may contain RNA transcripts re lecting gene expression 
in the transplanted organ. Transcriptome pro iles were 
determined by next-generation RNA sequencing (RNA-Seq), 
and data were subjected to an intra-outcome analysis to i) 
identify differences in gene expression in peripheral blood, 
renal biopsy, and urine samples in cases of AcR and ChR; ii) 
establish the level of agreement between gene expression 
in renal biopsy and urine samples in cases of AcR and ChR; 
and, iii) categorize genes expressed in blood samples and 

those expressed simultaneously in renal biopsy and urine 
samples according to their enrichment of biological processes 
associated with AcR and ChR.

Materials and methods
Patients 

This study included patients with acute (AcR, n = 4) and 
chronic (ChR, n = 3) renal allograft rejection attended at the 
Renal Unit of the Pablo Tobón Uribe Hospital in Medellín, 
Colombia. All patients were of legal age, did not suffer 
from infections at the time of sample collection, agreed to 
participate voluntarily in the study, and signed the informed 
consent form, approved by the Ethics Committee of the Medical 
Research Institute of the Faculty of Medicine of the University 
of Antioquia. Blood, urine, and renal biopsy samples were 
taken at the time of allograft rejection. Patient demographic 
information is summarized in Table 1.

Samples

Peripheral blood: EDTA-anticoagulated whole blood 
samples (4 mL) were drawn from patients at the time of 
biopsy collection.

Renal biopsy: Renal biopsies (four tissue cylinders) 
were taken from patients, following the clinical protocols 
of the Pablo Tobón Uribe Hospital. Two tissue cylinders 
were immediately placed in 1 mL of TriReagent (#93289, 
Sigma-Aldrich) and transported in liquid nitrogen to the 
laboratory for RNA isolation and library preparation for Next 
Generation Sequencing (NGS). Histopathological results of 
two representative biopsies are shown in Figure 1.

Urine: Urine samples (200 mL) were collected under 
aseptic conditions in 50 mL conical tubes pretreated with 
an RNase inhibitor solution. Samples were placed in liquid 
nitrogen and immediately transported to the laboratory for 
further processing.

RNA isolation, quantifi cation and integrity assessment

RNA was isolated from peripheral blood, renal biopsy, and 
urine samples as described below.

Peripheral blood: An aliquot of the blood sample (about 

Table 1: Demographic and clinical characteristics of patients.

Variable
Type of renal allograft rejection

Acute (n = 4) Chronic (n = 3)
Age* years 39 (29 – 42) 42 (25 – 46)

Sex
F 0 3
M 4 0

Years post-transplantation* 4.5 (1 – 11) 10 (5 – 23)
HLA-ABDR mismatches* 4 (4 – 5) 4 (3 – 4)

Immunosuppression

P/C/S 1 NA
T/M 2 NA
P/T 1 NA

T/P/M NA 3
P: Prednisolone; C: Cyclosporine; S: Sirolimus; T: Tacrolimus; M: Mycophenolate mofetil.
(*): data are expressed as median and range.
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1.5 mL), containing about 16 x 106 leukocytes, was mixed 
(1:5) with Buffer EL (#79217, Qiagen), vortexed vigorously 
for 20 s, and centrifuged at 400 x g for 10 min at 4 °C. After, the 
supernatant was discarded, and the pellet was homogenized 
in EL Buffer (1:2) and centrifuged again at 400 x g for 10 min 
at 4 °C. The pellet was resuspended in 1 mL of Tri Reagent and 
vortexed until complete cell lysis.

Renal biopsy: Renal allograft biopsies were completely 
disaggregated in TriReagent using a rotary homogenizer 
(Biobase BK-HG Series, China) at 8000 rpm at 4 ºC. The whole 
tissue homogenate was transferred to a new 1.5 mL tube 
and centrifuged at 12,000 rpm to remove cell debris. The 
supernatant was then recovered and transferred to a new 1.5 
mL tube.

Urine: Urine samples were centrifuged at 3000 x g for 30 
min at 4 °C. The pellet (~200 μL) was suspended in 1 mL of 
TriReagent and vortexed until complete lysis.

Total RNA was extracted as follows. Sample-derived 
lysates were mixed with 200 μL of chloroform and 2 μL 
glycogen (#R0551, Thermo Scienti ic) and incubated at room 
temperature for 3 min. Each tube was then vortexed for 15 
s and centrifuged at 12,000 x g for 15 min at 4 °C. After, the 
aqueous phase was transferred to a 1.5 mL tube and mixed 
with an equal volume of prechilled absolute isopropanol and 
100 μL of 3 M sodium acetate (pH = 5.2) (Thermo Scienti ic), 
incubated at –20 °C for 30 min, and centrifuged at 12,000 x 
g for 15 min. The supernatant was discarded, and the pellet 
was washed with 1 mL of 70% ethanol and centrifugation at 
10,000 x g for 10 min. After removing the supernatant, the 
RNA was resuspended in 50 μL of nuclease-free water and 
deep-frozen until analysis.

Library preparation and sequencing 

RNA integrity was assessed using the DV200 index, i.e., 
the percentage of transcripts with a size equal to or greater 
than 200 nt. Measures were made using the 4200 TapeStation 
(Agilent). The cDNA libraries were generated from 200 ng 
of total RNA at Macrogen Inc., Seoul, South Korea using the 
SureSelectXT RNA Direct Kit (#G7564A, Agilent) following the 
manufacturer’s instructions. 150 bp paired-end sequencing 
of the cDNA fragments in the libraries was carried out at 
Macrogen Inc. on the NovaSeq6000 system (Illumina). 
Sequencing quality was assessed by total reads, GC-content 
percentage (GC%), and a Phred quality Q score of 30 (Q30).

Data analyses and statistics 

The methodology used for data analysis is summarized in 
Figure 2. Brie ly, raw data were mapped against the human 
reference genome assembly GRCh38/hg38 using the Spliced 
Transcripts Alignment to a Reference (STAR) software [20]. 
This tool was also used for data cleaning. The raw counts 
resulting from mapping were used to construct a of raw 
counts for each gene in each sequenced library. This table was 
the input for differential gene expression analysis.

Analyses were done in R using the EdgeR in RStudio 
software package [21]. Initially, gene annotations were done 
using BiomaRt [22] to obtain gene SYMBOLS, biotypes, and 
descriptions. After, the data table was formatted as required, 
and counts per million (CPM) were calculated; data with 
counts lower than 0.5 were discarded. A preliminary screening 
of 200 genes showing the highest variability was then carried 
out using multidimensional scaling (MDS) and hierarchical 
clustering (HC) approaches. The data were normalized 
using the calcNormFactors function and the trimmed mean 
M-value (TMM) approach. A table of normalized counts was 
constructed for further analysis.

Diff erential gene expression analysis

Differentially expressed genes (DEGs) were determined by 
the Robinson and Smyth exact test with a biological coef icient 
of variation (BCV) of 0.4. Pairwise comparisons (renal biopsy 
vs. blood, urine vs. blood, blood vs. renal biopsy, and blood vs. 
urine) were done for the AcR and ChR groups (Figure 3A). To 
control de false discovery rate (FDR), p - values and adjusted p 
- values (p.adjust) were calculated by the Bejamini-Hochberg 
test and were considered signi icant when equal to or lower 
than 0.05. In addition, Log2-Fold Change (Log2FC) values 
were calculated. Those genes with a Log2FC greater than 2 
and lower than -2 were considered up- and down-regulated, 
respectively. Genes in blood samples with a negative Log2FC 
were considered up-regulated in all cases.

Gene set enrichment analysis 

Unsupervised Gene Set Enrichment Analysis (GSEA) was 
carried out with the ClusterPro iler (v3.16) package [23] 
in RStudio, using the gseGO function. All DEGs identi ied in 
pairwise comparisons (renal biopsy vs. blood, urine vs. blood, 
blood vs. renal biopsy, blood vs. urine) for patients with AcR 
and ChR were analyzed. The ontology selected was Biological 
Process (BP) with a cut-off p - value of 0.05 and using the 
Benjamini Hochberg adjustment method. 

Identifi cation of the most signifi cant immune DEGs

From all DEGs found in pairwise comparisons in blood, 
urine, and renal biopsy samples, we selected up-regulated 
genes in urine and renal biopsy samples, and down-regulated 
genes in urine and renal biopsy samples (i.e., up-regulated 
in blood samples) for further exploration. Each set of up-
regulated DEGs was analyzed using PANTHER17.0. From this 
analysis, the immune system process category (GO:0002376) 
was selected. Then, genes annotated to this functional 
category were identi ied and referred to as immune DEGs for 
subsequent analyses.

Cell enrichment analysis 

Transcripts per million (TPM) in blood, renal biopsy, and 
urine samples from patients with AcR and ChR were calculated 
using the DGEobj.utils tool in EdgeR and the convertCounts 
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function. TPM values were used as input for cell enrichment 
analysis using the xCell in RStudio [24]. The analysis yielded 
the fractions of different immune and stromal cell subtypes in 
each biological sample.

Results
Renal histopathological fi ndings in patients with acute 
and chronic renal allograft rejection

Renal biopsies from patients with AcR showed 
signi icant lymphocytic in iltration of the tubular epithelium, 
characteristic of severe tubulitis (Banff lesion score of t3) 
compatible with acute T-cell mediated rejection. Also, deposits 
of complement fragment C4d, indicative of complement 
activation, were found in some peritubular capillaries. On 
the other hand, in patients with ChR, a marked leukocyte 
margination was observed within the peritubular capillaries, 
a typical inding of tubular capillaritis probably resulting from 
chronic antibody-mediated rejection (Figure 1).

Transcriptome profi le exploration by multidimensional 
scaling and hierarchical clustering analyses

RNA-seq data from peripheral blood, urine, and renal 
biopsy samples obtained from kidney transplant patients 
with AcR and ChR were explored independently by MDS and 
HC approaches to identify transcriptional differences among 
the three biological matrixes. Euclidean distance was used to 
determine the two-dimensional clustering of transcriptome 
pro iles. Three clusters were observed according to the 
sample type in both groups of patients (Figure 3). In patients 

with AcR, dimensions explained 76% of the variance between 
the transcriptome pro iles (dim.1 = 57%, dim.2 = 19%) 
(Figure 3B). Similarly, in patients with ChrR, dimensions 
explained 79% of the variance (dim.1 = 61%, dim.2 = 18%) 
(Figure 3C). Strikingly, for patients with AcR and ChR, the 
Euclidean distance between the renal biopsy and urine 
samples was smaller (dim.2) than the distance between these 
two specimens and the peripheral blood sample (dim.1), 
suggesting a transcriptional similarity between renal tissue 
and urine samples. HC analysis also showed the clustering of 
transcriptome pro iles according to the sample type in both 
groups of patients (Figures 3D and 3E).

Diff erential gene expression analysis 

The Robinson & Smyth exact test, run in EdgeR, helped 
identify the number of DEGs. To assume gene regulation, the 
following values were considered: FDR threshold, ≤ 0.05; 
Log2FC ≥ 2, for up-regulated genes; and Log2FC ≤ 2, for down-
regulated genes. Differential gene expression analysis in the 
different biological matrixes was done independently for 
patients with AcR and ChR. Down-regulated genes (relative to 
renal biopsy and urine), were assumed to be up-regulated in 
peripheral blood for subsequent analyses.

Compared to blood samples, the number of up-regulated 
DEGs in renal biopsy and urine specimens were 4703 and 
5038 respectively in patients with AcR (Figures 4A and 4B, 
and Supplementary Table 1) and 4671 and 3991 in the ChR 
group (Figure 4C and 4D and Supplementary Table 1). On 
the other hand, the number of genes up-regulated in blood 

Figure 1: Renal histopathological fi ndings. Renal biopsies were taken from patients with acute (AcR) and chronic (ChR) renal allograft rejection and stained with 
methenamine silver (400X) and hematoxylin and eosin (H&E) (400X), and immunostained for complement fragment C4d (400X). AcR. Methenamine silver staining shows 
lymphocytic infi ltration of the tubular epithelium, suggesting tubulitis, indicative of T cell-mediated rejection. H&E staining shows a dense T-cell infl ammatory infi ltrate of 
the renal cortex, tubulitis, and infl ammatory destruction of some tubules (red arrow) with a Banff  lesion score of t3. Complement fragment C4d deposits are observed 
in some peritubular capillaries. ChR. Methenamine silver staining shows a glomerulus with capillary wall thickening and wrinkling and displaying some double contours 
(red arrows) consistent with chronic graft glomerulopathy resulting from antibody-mediated rejection. H&E staining shows noticeable peritubular capillaritis. Complement 
fragment C4d deposits are observed within the capillary endothelia.
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Raw counts obtained upon mapping against GRCh38/hg38 using Spliced Transcipts Alignment to a Reference 
(ST AR )

Data normalization using Trimmed Mean of M-values (TMM) method in Ed geR

Dimensionality reduction analysis to explore libraries clustering with MDS and Hierarchical clustering

Differential gene expression analysis with the Exact test of Robinson & Smith using Ed geR

Gene Set Enrichment Analysis with ClusterProfiler (3.16). Calculation of Gene Ratio, Normalized Enrichment 
Scores (NES) and p.adjust to evaluate significance. Identification of Biological Process of Gene Ontology (GO)

Identification of Immune DEGs* using PANT HE R 17, 0 

Identification of processs within Immune system process (GO:0002376) using PANTHE R 17, 0

Cellular enrichment analysis using Xc ell package in R. Enrichment was performed implementing transcripts 
per million (TPM) calculated from raw counts

Figure 2: Flow diagram of data analysis. General methodology followed for library screening, diff erential gene expression analysis, functional analysis, and cell enrichment 
analysis. *Genes annotated in the immune system process Gene Ontology Term (GO: 0002376) were named immune genes.

A D E

B C

Figure 3: Global transcriptional diff erences between blood, renal biopsy, and urine samples from patients with acute and chronic renal allograft rejection. TMM-normalized 
RNA-Seq data from blood, biopsy, and urine samples were dimensionally reduced using multidimensional scaling (MDS) and unsupervised hierarchical clustering (HC) 
approaches. In both cases, Euclidean distance was used as the metric. A. Pairwise comparisons for the gene expression analysis. B-C. 2D-MDS plots showing the 
clustering of similar samples from patients with AcR (B) and ChR (C). The plot suggests a signifi cant transcriptional signature between kidney tissue and urine sample D-E 
Hierarchically clustered heatmap of RNA-seq data from patients with AcR (D) and ChR (E). Columns, sample type; rows, genes. Fold-expression compared with blood: 
orange, increased; violet, decreased; white, no change. rejection.
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samples compared to renal biopsy and urine specimens were 
respectively 1950 and 1147 in the AcR group (Figures 4A 
and 4B, and Supplementary Table 1) and 1966 and 755 in 
the ChR group (Figure 4C and 4D and Supplementary Table 
1). These indings suggested a greater up-regulation of genes 
in the allografted tissue than in the peripheral blood of renal 
transplant patients, which was mirrored in urine samples.

Next, we carried out a global exploration to identify the 
number of DEGs exclusively up-regulated (relative to blood) 
in urine or renal biopsy and those shared by both samples in 
patients with AcR and ChR. In the AcR group, 1051 (~13%) 
and 730 (~9%) up-regulated DEGs were found exclusively in 
urine and renal biopsy samples, respectively. Notably, urine 
and renal biopsy shared 3916 (~48%) up-regulated DEGs. 
On the other hand, only 578 (~7%) up-regulated DEGs were 
found in blood (relative to urine and renal biopsy) (Figure 
4E and Supplementary Table 1). Similarly, in the ChR group, 
489 (~7%) and 1214 (~16%) up-regulated DEGs were found 
exclusively in urine and renal biopsy samples respectively. 

Notably, urine and renal biopsy shared 3450 (~47%) up-
regulated DEGs. On the contrary, only 485 (~7%) up-regulated 
DEGs were found in blood (relative to urine and renal biopsy) 
(Figure 4F and Supplementary Table 1).

Gene set enrichment analysis 

The function of up-regulated DEGs in blood, urine, and 
renal biopsy specimens from patients with AcR and ChR, was 
investigated using unsupervised GSEA by gathering genes per 
each GO term (biological processes). In the AcR group, the 
GSEA showed that renal biopsy and urine samples (relative 
to blood) were enriched in BPs related to kidney development 
and morphogenesis (Figures 5A and 5B, left panels). In 
contrast, up-regulated DEGs in blood (relative to renal biopsy 
samples) were enriched in BPs, such as MyD88-dependent 
toll-like receptor signaling pathway, response to protozoan, 
defense response to protozoan, antigen processing and 
presentation of exogenous peptide, interleukin-12 production, 
regulation of interleukin-12 production, and regulation of 
CD4-positive alpha-beta T cell activation (Figure 5A, right 
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Figure 4: Global analyses of diff erential gene expression in blood, renal biopsy, and urine samples from patients with acute or chronic renal allograft 
rejection. The Robinson and Smyth exact test was used to determine the number of diff erentially expressed genes (DEGs) in the three biological 
matrixes in patients with acute (AcR) and chronic (ChR) allograft rejection. A-D. Volcano plots showing DEGs in renal biopsy vs. blood and blood vs. 
renal biopsy (A, C) and urine vs. blood and blood vs. urine (B, D) from patients with AcR (A, B) and ChR (C, D). Expression levels are shown as a 
function of log2FC (X-axis), considering a minimum value of 2. The minimum value for log10p.adjust (Y-axis) was 0.05. Genes with negative log2FC 
values in peripheral blood were considered as up-regulated compared to renal biopsy and urine samples in both patient groups. E-F. Veen diagrams 
showing regulated genes exclusively found in one sample type or shared by samples in patients with AcR (E) and ChR (F).
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Figure 5: Gene Set Enrichment Analysis of diff erentially expressed genes in blood, renal biopsy, and urine samples from patients with acute and 
chronic renal allograft rejection. A-D. Dot plots showing GO biological processes (BPs) associated with up-regulated DEGs in renal biopsy and urine 
samples (relative to blood) in patients with AcR (A-B, left panels) and ChR (C-D, left panels). Also shown are BPs associated with up-regulated DEGs 
in blood relative to renal biopsy and urine in patients with AcR (A-B, right panels) and ChR (C-D, right panels). Count refers to the number of up-
regulated DEGs associated with each BP. Statistical signifi cance was set for adjusted p - values (p.adjust) lower than 0.05. In both groups of patients, 
up-regulated DEGs in peripheral blood were primarily enriched in immunological processes, whereas those in renal biopsy and urine samples, were 
particularly enriched in BPs associated with renal development, morphogenesis, and function. E, F. GSEA plots showing enrichment of the monocyte 
chemotaxis category in urine samples from patients with AcR (E) and ChR (F).
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panel). In addition, up-regulated DEGs in the blood (relative 
to urine samples) were enriched in BPs related to monocyte 
extravasation, regulation of the B-cell receptor signaling 
pathway, and the MyD88-dependent toll-like receptor 
signaling pathway (Figure 5B, right panel). The results of the 
GO term enrichment analysis were similar in patients with 
ChR. Speci ically, renal biopsy and urine samples (relative to 
blood) were enriched in BPs related to kidney development 
(Figures 5C and 5D, left panels). Up-regulated DEGs in the 
blood (relative to renal biopsy samples) were enriched in BPs, 
such as B-cell receptor signaling pathway, activation of alpha-
beta T-cells involved in the immune response, CD4-positive 
alpha-beta T-cell differentiation, MyD88-dependent toll-like 
receptor signaling pathway, B-cell proliferation, leukocyte 
homeostasis, and B cell activation involved in the immune 
response (Figure 5C, right panel). In addition, up-regulated 
DEGs in blood (relative to urine samples) were enriched 
in BPs, such as rRNA modi ication, somatic diversi ication 
of T-cell receptor genes, somatic recombination of T-cell 
receptor gene segments, T-cell receptor V(D)J recombination, 
regulation of B-cell receptor signaling pathway, regulation 
of natural killer cell-mediated cytotoxicity, and regulation of 
natural killer cell-mediated immunity (Figure 5D, right panel).

In summary, in patients with AcR and ChR, peripheral 
blood samples (compared with renal biopsy and urine 
samples) were enriched in BPs associated with the immune 
response, but renal biopsy and urine samples (compared 
with blood samples) were enriched in BPs associated with 
renal development and morphogenesis, even though the 
immune response is well-known to impact on renal allograft 
directly. To address this discrepancy, we hypothesized that 
genes associated with immune response activation were 
also overexpressed in renal tissue but overlapped with 
those associated with renal development because similar 
in lammatory mechanisms mediate both the immune 
response and the tissue remodeling process. This hypothesis 
could explain the enrichment of BPs such as corni ication and 
keratinization in renal biopsy specimens.

Identifi cation and functional analysis of immune DEGs

To gain insight into DEGs and immune mechanisms in the 
renal allograft and to evaluate their presence in the urine, 
we focused on identifying immune response-related genes 
(hereafter immune DEGs) and enriched GO term (biological 
processes) in renal biopsy and urine samples. Although the 
unsupervised GSEA determined a signi icant enrichment of 
effector immunological mechanism in the peripheral blood 
samples from patients with AcR and ChR, it is essential to note 
that their urine samples were also enriched in the monocyte 
chemotaxis category (Figures 4E and 4F and Supplementary 
Table 1). This inding evidenced that, although enrichment of 
immune-related processes was preponderant in the peripheral 
blood samples, some biological processes in the renal allograft 
were re lected in up-regulated genes in the urine samples. 

Therefore, to address this analysis, we speci ically 
identi ied genes annotated by the GO term Immune System 
Process (GO:0002376) among the up-regulated DEGs shared 
by urine and renal biopsy samples and those up-regulated in 
blood samples from patients with AcR and ChR (Figures 4E, 
4F). Analyses showed that 67/3916 (AcR) and 64/3450 (ChR) 
up-regulated DEGs shared by renal biopsy and urine samples 
were immune genes. In addition, 51/578 (AcR) and 62/485 
(ChR) up-regulated DEGs in peripheral blood samples were 
also associated with the immune system process (Figure 6A). 
Overall, the fraction of up-regulated immune DEGs was higher 
in peripheral blood than in renal biopsy and urine samples 
in both patient groups, consistent with previous indings of a 
higher enrichment of immune response-associated functional 
categories in peripheral blood samples.

These up-regulated immune DEGs were then analyzed 
to identify the most enriched immunological processes. 
Up-regulated immune DEGs shared by renal biopsy and 
urine samples were enriched in the GO terms immune 
response (GO:0006955): 49 and 46 genes in patients with 
AcR and ChR, respectively, and leukocyte migration process 
(GO:0050900): 29 and 28 genes in patients with AcR and 
ChR, respectively (Figure 6B and Supplementary Table 1). 
These indings showed that, together with the enrichment 
of tissue remodeling processes (renal development and 
morphogenesis), immune activation can be observed from 
the transcriptional perspective, speci ically associated with 
chemotaxis. On the other hand, up-regulated immune DEGs 
in blood samples were mainly enriched in the GO terms 
immune response (GO:0006955): 35 and 48 genes in patients 
with AcR and ChR, respectively, followed by leukocyte 
migration (GO:0050900) and immune system development 
(GO:0002520) in patients with AcR; and leukocyte activation 
(GO:0045321) and immune effector process (GO:0002252) 
in patients with ChR (Figure 6B and Supplementary Table 1). 
Interestingly, a higher enrichment of genes associated with 
antigen processing and presentation was observed in biopsy 
and urine than in peripheral blood samples (Figure 6B).

The next step of the analysis consisted of identifying the 
genes associated with those BPs mainly enriched in renal 
biopsy and urine, and in blood samples from patients with 
renal allograft rejection. Within the leukocyte migration 
process, genes encoding chemokines such as CCL13, CCL14, 
CCL15, CCL17, CCL19, CCL2, CCL20, CCL22, CCL24, CCL8, 
CX3CL1, CXCL10, CXCL11, CXCL13, CXCL2, CXCL6 and CXCL9 
were found in renal biopsy and urine samples from patients 
with AcR and ChR; CCL11 and CCL16 exclusively in patients 
with AcR; and CCL21 exclusively in patients with ChR. 
Interestingly, genes encoding chemokine receptors were 
identi ied in peripheral blood samples from patients with 
allograft rejection; speci ically, CCR2, CCR3, CX3CR1, CXCR1, 
and CXCR2 in patients with AcR, and CCR2, CCR4, CCR6, CCR7, 
and CXCR5 in patients with ChR (Supplementary Table 1).
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Figure 6: GO term enrichment analysis of up-regulated immune DEGs in renal biopsy, urine, and peripheral blood samples from patients with acute 
and chronic allograft rejection. A. Pie chart showing the fraction of up-regulated immune DEGs shared by renal biopsy and urine specimens (relative to 
blood) and in peripheral blood samples (those overlapping upon comparison with renal biopsy and urine). B. Pie chart showing the enriched immune 
processes-related GO terms found in up-regulated immune DEGs shared by renal biopsy and urine specimens and in peripheral blood samples.

Discussion and analysis
Although kidney transplantation represents an optimal 

therapeutic approach for patients with chronic kidney disease 
[25], different problems, including rejection, continue to affect 
long-term graft survival, even under maintenance therapy 
with immunomodulatory drugs. Many efforts have been made 
to overcome these limitations based on understanding the 
immunomolecular mechanisms involved in transplantation 
since speci ic immune effector mechanisms mediate graft 
acceptance or rejection after allorecognition.

Knowledge of the transcriptomic pro iles triggered in 
renal transplant patients has been an important research 
focus, as it would help identify intra- and interindividual 
differences responsible for graft acceptance or rejection. This 
knowledge could also be helpful in clinical practice. Indeed, 
their implementation in biological matrixes, such as blood, 
renal tissue, or urine, would make it possible to predict risk 
before allografting, facilitate the follow-up of transplanted 
patients, and become a rapid and sensitive diagnostic tool 
of rejection. Although some up-regulated genes have been 
proposed as potential biomarkers in renal transplant patients, 

Cell enrichment analysis

RNA-seq data were subjected to cell enrichment analysis 
using the Xcell package in R. In patients with AcR, peripheral 
blood samples were signi icantly enriched in B cells and class-
switched memory B cells (Figures 7A, 7D, and 7E), showed 
a non-signi icant trend toward enrichment in CD8+ T cells, 
and were subtly enriched in mast cells, and naïve B cells. In 
addition, renal biopsy and urine were enriched in ibroblasts; 
and blood and urine samples showed a trend toward 
enrichment in monocytes and neutrophils (Figure 7A). In 
patients with ChR, renal biopsy and peripheral blood samples 
showed a trend toward enrichment in CD8+ T cells, class-
switched memory B cells, and more subtly in neutrophils and 
B cells. In addition, urine samples were enriched in ibroblasts 
and showed a trend toward enrichment in macrophages and 
monocytes (Figure 7A). Immune cell scores were higher than 
stromal cell ones in peripheral blood samples but similar in 
renal biopsy and urine samples from patients with AcR and 
ChR. These indings reinforce the hypothesis above regarding 
renal biopsy enrichment in biological processes related to 
kidney development and morphogenesis, given that tissue 
remodeling is associated with in lammation during allograft 
rejection.
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no molecular pro ile exists in the clinical practice to determine 
graft acceptance or differentiate acute from chronic rejection.

To better understand the immunological effector 
mechanisms involved in renal allograft rejection, in this 
work, we set out to analyze differential gene expression and 
associated functions in peripheral blood, renal biopsy, and 
urine samples from kidney transplant patients with AcR and 
ChR. The research hypothesis stated that the immunological 
processes mediating the response against the renal allograft 
differ in peripheral blood and renal biopsy, as circulating 
effector cells are required to migrate to the renal allograft, 
where cellular and humoral immune effector mechanisms 
take place; consequently, renal biopsy DEGs could be re lected 
in urine samples.

According to the analyses of the transcriptome pro iles, 
four relevant aspects were identi ied: i) the transcriptional 
similarity between renal biopsy and urine specimens, ii) the 
enrichment of renal development and morphogenesis process 
over immune system processes in the renal allograft, iii) the 
up-regulation of genes associated with chemotaxis in the 
three biological matrixes, and, iv) the similarity of indings in 
patients with AcR and ChR.

Several authors have proposed urine sampling as a non-
invasive alternative to identify biomarkers associated with 
renal allograft status. Direct contact between urine and 
renal allograft increases the probability of detecting renal 
DNA, RNA, proteins, or cells in urine samples [26]. However, 
concordance between renal biopsy and urine molecular 
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Figure 7: Cell-type enrichment analysis of transcriptome profi les of peripheral blood, renal biopsy, and urine samples from patients with acute and 
chronic allograft rejection. A. Heatmap of immune and stromal cell enrichment showing xCell median score. Rows: cell types, columns: biological 
matrixes of patients with acute (AcR) and chronic (ChR) renal allograft rejection. B-C. Column plots showing xCell scores for immune and stromal cells 
in biological matrixes from patients with AcR (B) and ChR (C). The immune and stromal xCell scores result from summing the scores of cell subsets 
associated with the immune response or the stroma, respectively. D-F Column charts of the xCell scores of B-cells (D), class-switched memory B-cells 
(E), and fi broblasts (F) in biological matrixes from patients with AcR and ChR. The microenvironment score resulted from summing the immune and 
stromal cell scores.
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pro iles has yet to be established. In 2020, Verma, et al. used 
RNA-seq to assess differential gene expression in renal biopsy 
and urine samples from renal transplant patients with stable 
allograft function, TCMR, and AMR. In patients with TCMR, 
356 and 102 up-regulated DEGs were identi ied in renal 
biopsy and urine samples, respectively; 75 of these genes 
were shared by both samples. In patients with AMR, 536 
and 347 up-regulated DEGs were found in renal biopsy and 
urine samples, respectively; 187 of these genes were shared 
by both samples [27]. In another study by Jung-Woo Seo, 
et al. mRNA transcripts of 14 genes, including CXCL9, CIQB, 
LCK, and FOXP3, were up-regulated in renal biopsy and urine 
samples from kidney transplant patients with AcR compared 
to patients with stable renal allograft. In addition, increased 
CXCL9 expression was observed by in situ hybridization 
[28]. Increased chemokine expression was also observed in 
the present work. Furthermore, in agreement with previous 
studies, we found that renal biopsy and urine samples from 
patients with renal allograft rejection shared about 48% of 
up-regulated DEGs. Therefore, as proposed by Verma, et al. it 
is possible to consider the renal allograft as a molecular sorter 
whose products can be subsequently detected in urine. 

To address the level of transcriptional similarity between 
renal biopsy and urine samples, functional analyses were 
performed to identify BPs shared by the two biological 
matrixes. GSEA showed that renal and urine biopsy samples 
from AcR and ChR patients were enriched in BPs such as 
renal development, renal morphogenesis, keratinization, and 
corni ication. Furthermore, compared with renal biopsy and 
urine samples, peripheral blood samples from AcR patients 
were enriched in T-cell activation processes and those from 
ChR patients in B-cell activation processes. Although these 
indings seem contradictory, considering that allograft 

rejection is an immune-mediated process, we hypothesized 
that in lammatory mechanisms triggered by the innate and 
adaptive response within the renal allograft progressively 
induce tissue remodeling. In the irst place, the renal allograft 
contains very diverse cells and molecules [29], and the number 
of cells that make up the kidney exceeds the number of 
immune cells; in the second place, tissue remodeling processes 
stimulated by in lammation are associated with rejection and 
induce proliferation of cells such as ibroblasts and biological 
processes such as angiogenesis [30-32]. Likewise, it is known 
that ibrosis can result from in lammatory processes that 
arise during allograft rejection mediated by the humoral 
response [33]. These tissue remodeling processes could then 
be superimposed on those of the immune, thus explaining the 
enrichment of renal development and morphogenesis process 
mentioned above. Indeed, this hypothesis is consistent with 
the elevated ibroblast score and up-regulated VEGF observed 
in urine and renal biopsy samples. VEGF is an angiogenic factor 
that promotes endothelial proliferation, differentiation, and 
survival and is involved in vasodilation, a biological process 
required for endothelial activation leading to leukocyte 
migration [34].

We also evaluated the enrichment of up-regulated immune 
DEGs and immune system-related BPs in renal biopsy and 
urine compared to peripheral blood samples from patients 
with AcR and ChR. Functional analyses showed that up-
regulated DEGs in those samples were enriched in the GO 
term immune system processes (GO:0002376). Notably, up-
regulated immune DEGs in renal biopsy and urine samples 
were enriched in genes coding for chemokines and those 
in peripheral blood samples for chemokine receptors. This 
inding is striking, given the role of chemokines in the anti-

allograft response. Indeed, different authors have focused on 
evaluating the expression levels of chemokines and chemokine 
receptors to assess their potential value as biomarkers of 
renal allograft rejection [35,36]. Some studies have reported 
up-regulation of CXCL9, CXCL10, and CXCL11 in renal biopsy 
and urine samples. These molecules play an essential role in 
the migration of CD4+ and CD8+ T cells and NK cells into the 
allograft upon interacting with the common surface receptor 
CXCR3 [36]. Elevated urinary CXCL10 mRNA levels have also 
been reported in kidney transplant patients as a diagnostic 
marker of rejection [37], and elevated urinary CXCL9, CXCL10, 
and CXCL11 levels are observed in patients with humoral and 
cell-mediated rejection [36]. 

On the other hand, up-regulated DEGs in peripheral blood 
samples were enriched in CCR3 in patients with AcR and CCR4, 
CCR6, CCR7, and CXCR5 in patients with ChR. Interestingly, in 
both patient groups, up-regulated DEGs encoding CCL3 (CCR3 
ligand), CCL17 (CCR4 ligand), CXCL13 (CXCR5 ligand), CCL19 
(CCR7 ligand), and CCL21 (CCR7 ligand; only in patients with 
ChR) were found in renal biopsy and urine samples [38].

The transcriptomic pro iles of peripheral blood, renal 
biopsy, and urine samples from patients with AcR and ChR 
were similar, suggesting activation of common immune 
mechanisms in both types of allograft rejection. Indeed, 
Figure 2 shows deposits of the complement fragment C4d 
—compatible with the formation of immune complexes in 
the graft— in biopsies from patients with AcR. This inding 
evidenced that, despite the predominance of a cellular 
immune response in AcR, a humoral response, more typical of 
ChR, can also occur. 

Conclusion
We conclude in the irst place that transcriptomic pro iles 

of renal biopsy and urine samples from kidney transplant 
patients with acute and chronic allograft rejection were 
similar, as demonstrated by MDS analysis and the number 
of up-regulated DEGs found in both samples. Despite similar 
reports in the literature [39], this inding was the most 
relevant result of the present study because we found that 
about 48% of renal allograft DEGs could be subsequently 
detected in urine. Thus, urine samples might be appropriate 
to detect molecules associated with acute or chronic renal 
allograft rejection. In the second place, aside from the similar 
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number of DEGs in renal biopsy and urine samples, we found 
they were enriched in similar BPs relevant to delving into 
the immune mechanisms triggered in the renal allograft. In 
particular, a set of up-regulated DEGs in renal graft biopsies 
and urine samples encoded chemokines, whereas peripheral 
blood samples were enriched in up-regulated DEGs encoding 
chemokine receptors. These indings could be related to the 
migration of immune cells from the blood circulation to the 
allograft through activated endothelia. The pro-in lammatory 
environment generated in the renal allograft favors AcR or 
ChR. Over time, rejection promotes tissue regeneration and 
remodeling through ibrosis and keratinization. However, 
immune responses against the renal allograft remain active, 
with a predominance of a cellular response in acute rejection 
and a humoral response in chronic rejection, as shown in Figure 
2. According to the present results, urine could be proposed 
as an appropriate biological matrix to identify molecules and 
biological processes associated with renal allograft rejection. 
However, validating the molecules and processes identi ied 
here requires further investigation involving a larger patient 
population.
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