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Abstract

Analysis of the transcriptional profile of graft biopsies represents a promising strategy to study 

T cell mediated-rejection (TCMR), also known as acute cellular rejection. However, bulk RNA 

sequencing of graft biopsies may not capture the focal nature of acute rejection. Herein, we 

used the whole exome GeoMX Digital Space Profiling platform to study five tubular and three 

glomerular regions of interest in the kidney graft biopsy from a patient with a chronic-active 
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TCMR episode and in analogous areas from two different normal kidney control biopsies. 

All kidney sections were from paraffin blocks. Overall, inflammatory genes were significantly 

upregulated in the tubular areas of the TCMR biopsy and showed an enrichment for gene-ontology 

terms associated with T cell activation, differentiation, and proliferation. Enrichment analysis 

of the 100 genes with the highest coefficient of variation across the TCMR tubular regions of 

interest revealed that these highly-variable genes are involved in kidney development and injury, 

and interestingly do not associate with the 2019 Banff classification pathology scores within 

the individual regions of interest. Spatial transcriptomics allowed us to unravel a previously 

unappreciated variability across different areas of the TCMR biopsy related to the graft response 

to the alloimmune attack, rather than to the immune cells. Thus, our approach has the potential to 

decipher clinically relevant, new pathogenic mechanisms, and therapeutic targets in acute cellular 

rejection and other kidney diseases with a focal nature.
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INTRODUCTION

T Cell-medicated rejection (TCMR) represents the most common fate of any transplanted 

kidney graft in the absence of immunosuppression.1 Early studies of untreated cases show 

that this is a focal phenomenon, in which areas of severe graft immune infiltration alternate 

with areas of normal tissue. Currently available drugs have reduced the incidence of acute 

rejection below 10% in most centers,2 but this remarkable result has come with increased 

rates of opportunistic infections,3 cancer,4 and immunosuppressive therapy toxicities.5 

Importantly, TCMR development still associates with a high long-term risk of graft failure.6

There is thus an unmet need for more selective, hypothesis-driven therapies to control 

alloimmune responses. This requires a deeper understanding of TCMR pathophysiology to 

identify proper therapeutic targets. Available murine models of organ transplantation only 

partially recapitulate human organ rejection.7 The study of human biopsies has provided 
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important insights,8 but current techniques, both biased and unbiased, often fail to capture 

the focal nature of the TCMR. New spatial technologies offer the opportunity to analyze the 

transcriptional profile of variously affected areas of the graft biopsy separately.9 Herein, we 

report the first spatial whole-genome transcriptomic analysis of a kidney graft biopsy of a 

patient with chronic active TCMR (CA TCMR) (Figure 1) compared with a normal kidney 

control.

METHODS

Patient and control biopsies were obtained from paraffin blocks at pathology biorepositories 

at Mount Sinai Hospital, New York, NY and Gaslini Hospital, Genoa, Italy, respectively 

and deidentified. The Institutional Review Boards of both institutions approved the protocols 

for the collection of human samples. Informed consent for kidney biopsies was obtained 

from both participants. Whole exome sequencing was performed on selected ROIs using the 

GeoMX Digital Space Profiling platform and data analysis and processing performed in R 

(version 3.6.1). For a description of methodological details see Supplementary Information.

RESULTS

Histological analysis of the acute rejection biopsy

The biopsy was obtained from a 23-year old female recipient of a living-donor kidney 

transplant at 15 months after transplant. Immunosuppression consisted of steroids, 

tacrolimus and mycophenolate mofetil. The patient had a rise in serum creatinine of 2.1 

mg/dl over her baseline value of less than 1 mg/dl (Supplemental Figure S1A). The kidney 

biopsy showed diffuse interstitial inflammation in the cortical parenchyma (i-IFTA3) with 

edema and severe tubulitis (t3), in addition to moderate cortical scarring associated with 

interstitial inflammation (i-IFTA3), consistent with CA TCMR grade IB (Supplemental 

Figure S1B).10 The treatment consisted of steroid pulse, thymoglobulin, and intravenous 

IgG, which resulted in a moderate reduction in serum creatinine (Supplemental Figure S1A). 

The patient eventually lost her graft 2.5 years after transplant.

The control biopsy was obtained from a 6-year old individual who underwent nephrectomy 

due to malignant hypertension secondary to renal artery stenosis. We used a biopsy from the 

non-tumorous portion a 70-year-old man with papillary urothelial carcinoma as an additional 

control.

Increased expression of inflammatory genes in the tubular regions but not in the glomeruli 
of ACR biopsy

In both the CA TCMR and control biopsies we identified 5 tubular regions of interest 

(ROIs) and 3 glomerular ROIs and performed individual whole exome sequencing for 

each ROI using the Nanostring Digital Space Profiling (DSP) GeoMX platform. As an 

internal control within the biopsy, we first compared the transcriptional program between 3 

tubular and 3 glomerular ROIs in the CA TCMR biopsy. We detected increased expression 

of key glomerular genes in the glomerular regions (NPHS1, NPHS2, PODXL, PDGFRB, 

PLCE1, and ENPEP) confirming that the technique correctly captures the difference in 

transcriptional programs between nephron areas (Supplementary Figure S2A).
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We next compared the differentially expressed genes between 5 tubular ROIs in the ACR 

biopsy and 5 analogous ROIs in the control biopsy. Our analysis identified 206 differentially 

increased genes in the ACR biopsy when compared to control (Figure 2A) which, in line 

with previous bulk microarray studies,11 showed an enrichment for gene-ontology terms 

associated with T cell activation, differentiation, and proliferation (Figure 2B). The genes 

with differentially decreased expression (n=36) did not show any significant enrichment, 

and the increased T cell transcriptional program was absent when comparing 3 glomerular 

ROIs between CA TCMR and control biopsies (Supplementary Figure S2B), indicating the 

selectivity of the finding to the tubular regions. Of note, we also observed an enrichment for 

T cell-related GO terms when we performed analogous analyses with the additional control 

(Supplementary Figure S3).

High variability in the kidney development transcriptional program across tubular areas in 
ACR

We hypothesized that the DSP approach would allow us to capture informative differences 

in gene transcriptional profiles across various tubular ROIs within the same biopsy that 

are missed by bulk approaches. To identify the genes with the highest variability, we 

started by calculating the coefficient of variation (CV) for each gene across the 5 ACR 

tubulo-interstitial ROIs (Figure 3A). To confidently establish that we were accurately 

capturing the most variable genes we simultaneously calculated the Gini coefficient, a robust 

nonparametric statistical measure of gene variation adopted from the field of economics 
12. The CV and Gini coefficient were highly correlated Across ROIs (Pearson correlation 

coefficient 0.992019; p-value=2.2x10-6). Interestingly, none of the key differentially 

upregulated genes obtained when compared with control showed a high CV (see black 

dots Figure 3A and Supplementary Figure S4), nor did genes typically associated with 

inflammation in the graft (IL6, IL1B, IFNG or TNF), indicating limited variability of the 

immune-associated transcriptional within areas of the graft with inflammatory infiltrates.

We next took the top 100 genes with the highest CV and performed a gene-ontology 

enrichment analysis which yielded terms involved in kidney development (Figure 3B) driven 

by genes such as PAX8 and LIF. These 100 genes had, for the most part, lower CV across 

tubulointerstitial ROIs in the control biopsy, suggesting their specificity and relevance for 

ACR. Furthermore, pathology scores of interstitial inflammation (i), tubulitis (t), interstitial 

fibrosis (ci), tubular atrophy (ct), inflammation and tubulitis in scarring areas, (i-ifta) and (t-

ifta) respectively, were evaluated according to 2019 Banff classification.10 Pathology scores 

of each ROIs were added for a total score (Supplementary Table S1). Interestingly, the 

expression levels of these highly variable ACR genes did not associate with the individual 

i+t, ci+ct, or iIFTA + tIFTA ROI pathology scores (Fig. 3C).

We checked the overlap of these highly-variable genes with 19 pathogenesis-based transcript 

sets (PBTs) from the Halloran group at University of Alberta and the Banff Human Organ 

Transplant (B-HOT) gene panel (Supplementary Figure S5 and Supplementary Table S2). 

As predicted, the set of genes with increased expression in the ACR biopsy compared 

with control overlapped with B-HOT13 and PBTs associated with T cell-mediated rejection 

(GRIT214 and QCAT15). In contrast, the set of highly-variable genes did not overlap with 
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any of the datasets associated with immune rejection, but instead with the IRRAT PBT 

proposed to be capable of distinguishing between early and late post-transplant kidney 

injury.16

Together, our results suggest that there are important biological processes that are not 

captured by histological analyses, which may be key to understand the state of the kidney 

during rejection.

DISCUSSION

The immune cell activation pathways associated with ACR have historically been one of 

the primary focus of transplant research.17 However, bulk biopsy analyses have not allowed 

to capture the changes in the transcriptional profiles across various regions of the graft. 

This is a major limitation, considering that graft response towards the alloimmune attack 

is likely characterized by a transcriptional response that is dynamic in time and does not 

occur simultaneously across the graft. Utilizing a spatial transcriptomic approach allowed 

us to study the transcriptional profile in various regions of CA TCMR biopsy separately 

and uncover the heterogeneity in the graft’s response across tubular areas. The use of a 

whole-genome transcriptomic technique as opposed to targeted techniques that focus on a 

pre-defined panel of transcripts (e.g. cancer-related or immune-related) has provided us with 

an unbiased finding regarding the biological processes at play in the graft.

When we analyzed the various tubular regions together, our data confirm previous reports 

indicating a significant enrichment for immune-associated processes in CA TCMR when 

compared to control.11 Importantly, the immune-associated processes identified by this 

analysis largely overlap with the genes and pathways previously identified by others in 

biopsies showing features of acute rejection (Supplemental Figure 5). Unexpectedly, our 

analysis newly showed that the immune transcriptional profile of those areas is relatively 

homogeneous, possibly because immune molecular abnormalities in the grafts are diffuse 

and not restricted to the areas of inflammation.18 In contrast, the transcriptional program that 

was highly variable across the same ROIs was related to kidney development and included 

PAX8 and LIF, two genes generally upregulated in kidney cancer19,20 and polycystic kidney 

disease.21 Of relevance, these genes are also upregulated in response to injury,22,23 which 

suggests that our transcriptional analysis was able to capture heterogeneity across different 

areas in the graft’s response to immune infiltrates, possibly as a result of different phases in 

the evolution of the ACR process.

This finding is consistent with the concept that accumulation of fibrosis is not primarily 

due to homogeneous collagen synthesis, but to limitations in the ability of the epithelium 

to repair itself, which may vary across different tubuli.24 Intriguingly, the identification 

of a transcriptional profile including both immune- and kidney graft-related genes in the 

acute rejection biopsy support the recent amendment of the Banff classification to include 

chronic-active TCMR as an individual criterion in ACR rejection.10

We also analyzed glomerular transcripts to test the hypothesis that, despite the absence of 

immune infiltrates, they also showed transcriptional abnormalities in the CA TCMR biopsy. 
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Our analyses found no significant differences in the transcriptional profile of glomeruli 

between CA TCMR and control kidney, supporting the concept that glomeruli are largely 

unaffected by alloreactive cells, also at the transcriptional level. This is consistent with 

evidence that after ACR episodes signs of glomerular injury, such as proteinuria, are very 

uncommon.25 Moreover, our study provides important information concerning the normal 

kidney as they show that in the absence of disease the transcriptional profile across tubular 

and glomerular areas is quite homogeneous.

In this work we analyzed a single case of CA TCMR, therefore our results cannot be 

generalized to other ACR biopsies. However, this data provides the proof-of-concept 

that spatial transcriptomics represents a promising strategy to unravel pathophysiological 

mechanisms of rejection and confirming the recent amendment of the Banff classification to 

include chronic-active TCMR as an individual criterion in ACR rejection.10 The importance 

of DSP as an approach to study kidney may go beyond the transplant setting and likely apply 

to any conditions with a focal nature.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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TRANSLATIONAL IMPACT

Our data indicate that whole exome GeoMX Digital Space Profiling platform can be 

used to study the transcriptional profile in different regions of acute rejection biopsies. 

This allows to decipher patterns of gene expression across regions, which is particularly 

relevant for a biological process with a focal nature, such as rejection.

Since this technique can be performed on paraffin sections, transcriptional data can be 

correlated with long-term graft and/or patient outcomes, making this approach suitable 

for the identification of key, clinically relevant, pathogenic mechanisms and novel 

biomarkers.
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Figure 1. Analysis strategy of the digital space transcriptional profile of an ACR biopsy.
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Figure 2. Higher expression of inflammatory genes in tubular ROIs in ACR biopsy.
(A) Volcano plot depicting the number of genes expressed differentially higher (black) 

and lower (purple) in tubular ROIs from the ACR biopsy when compared to the control 

biopsy (N=5 per biopsy). (B) Enriched Gene Ontology (GO) terms in the subset of 

genes differentially expressed higher. Enrichment P-values were obtained applying a 

hypergeometric test (see Statistical Analyses in Supplementary Information)
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Figure 3. High variably in kidney development transcriptional program across interstitial areas 
in ACR.
(A) Scatter plot depicting the maximum value of expression and the coefficient of 

variation across tubular ROIs in the ACR biopsy. Color shading indicates Gini coefficient. 

Upregulated genes when compared to control biopsy (Figure 2) are depicted in black, and 

classic inflammatory genes involved in ACR in blue. (B) Enriched Gene Ontology (GO) 

terms in upregulated genes for the 100 genes with the highest coefficient of variation. 

Enrichment P-values were obtained applying a hypergeometric test (see Statistical Analyses 

in Supplementary Information). (C) Representative graphical description of the spatial 

distribution of the three genes involved in kidney development with high variability and 

an inflammatory gene homogeneously expressed across ROI. Numbers indicate the total 

pathology score (see Supplementary Table 1). The expression levels of these highly variable 

ACR genes did not associate with the individual i+t, ci+ct, or iIFTA + tIFTA ROI pathology 

scores.
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