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Abstract

Advances in bioinformatics allow identification of single nucleotide polymorphisms (variants)
from RNA sequence data. In an allograft biopsy, two genomes contribute to the RNA pool, one
from the donor organ and the other from infiltrating recipient’s cells. We hypothesize that
imbalances in genetic variants of RNA sequence data of kidney allograft biopsies provide an
objective measure of cellular infiltration of the allograft. We performed mRNA sequencing of 40
kidney allograft biopsies, selected to represent a comprehensive range of diagnostic categories. We
analyzed the sequencing reads of these biopsies and of 462 lymphoblastoid cell lines from the
1000 Genomes Project, for RNA variants. The ratio of heterozygous to non-reference genome
homozygous variants (Het/Hom ratio) on all autosomes was determined for each sample, and the
ESTIMATE score was computed as a complementary estimate of the degree of cellular infiltration
into biopsies. The Het/Hom ratios (P=0.02) and the ESTIMATE scores (P<0.001) were associated
with the biopsy diagnosis. Both measures correlated significantly (r=0.67, P<0.0001), even though
the Het/Hom ratio is based on mRNA sequence variation while the ESTIMATE score uses mMRNA
expression. Het/Hom ratio and the ESTIMATE score may offer unbiased and quantitative
parameters for characterizing cellular traffic into human kidney allografts.
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1. Introduction

Kidney transplantation has moved from a high-risk experimental procedure to a safe
lifesaving therapy. Besides the clinical application of potent immunosuppressive drugs and
effective infectious prophylaxis, refinements in diagnostics including standardized readings
of kidney allograft biopsy specimens with the use of the Banff classification schema has
contributed to the current success rates (1-3). Multiple challenges however still remain. An
often-repeated concern is that long-term survival rates of kidney allografts have not
improved pari-pasu with improvements in the short-term outcomes (4). There are concerns
related to inter-observer variability regarding interpretation of biopsy findings (5, 6). In
addition, tubulitis in the kidney allograft, an essential criterion for histological diagnosis of
Banff acute T cell mediated rejection, is often missed in the absence of immunostaining of
the allograft biopsy for T cell CD3 protein (7). An additional issue is that the current Banff
scoring system is semi-quantitative (2, 3). Thus, development of precise quantitative
measures to monitor allograft status might be of value.

Transplantation is a unique situation from a genetic perspective. Two diploid genomes, the
genome of the recipient and the genome of the donor, are brought together by a clinical
intervention. An allograft with graft infiltrating cells therefore contains genomes from two
distinct sources; the donor genome from the graft parenchymal cells and the recipient
genome from graft infiltrating cells. Quantification of the relative contribution of recipient’s
genome and donor genome within an allograft biopsy may hence offer an objective readout
for the degree of allograft invasion by recipient’s cells. Advances in genomics can be
innovatively applied leveraged to carry out such quantification.

RNA sequencing has enabled genome-wide transcriptome profiling at an unprecedented
level of precision (8-11), and is being increasingly applied to clinical investigation,
including kidney allograft pathologies (12-14). Recent advances in computational methods
have enabled the extraction of additional genomic information from the RNA sequence data
(15-19). Variant calling of single nucleotide polymorphisms (SNPs), hitherto a domain of
DNA sequencing, is now possible using mRNA sequencing data and novel bioinformatics
tools (20-22). In this approach, the ratio of heterozygous variants to non-reference
homozygous variants (Het/Hom ratio) is generally used as quality control measure in DNA
sequencing (23, 24), as it offers accurate resolution of genome admixture, often due to
experimental errors, such as sample cross-contamination. Because the kidney allograft
infiltrated by recipient’s cells is a unique situation of admixture of two genomes, we
reasoned that variant calling on RNA sequencing of kidney allograft biopsy specimens and
therefrom derived Het/Hom ratios could function as a quantitative measure for the invasion
of the transplant organ by recipient’s cells. We further reasoned that a method used in cancer
studies to estimate purity scores for the degree of stromal and immune cell invasion of tumor
tissue (called ESTIMATE) may also be of use to gauge graft infiltration, as this method is
based on cell-type specific gene expression levels (25).

In this first-in-its-kind study, we report that kidney allograft biopsies manifesting cellular
invasion have higher Het/Hom ratios and ESTIMATE scores compared to pristine biopsies
from patients without manifest allograft rejection. We observe significant relationships
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between Banff biopsy classification and Het/Hom ratios and between Banff biopsy
classification and the ESTIMATE scores. Moreover, we find a robust correlation between the
Het/Hom ratios and ESTIMATE scores. This is of interest as the two methods are based on
different readouts of the mMRNA sequencing data: The Het/Hom ratio is derived from genetic
variance while the ESTIMATE score is based on cell-type specific gene expression. In order
to establish robust Het/Hom ratios of single genomes using RNA sequencing data, we
leveraged a publicly available database of mMRNA and small RNA sequencing data from 462
lymphoblastoid cell lines (LCLs) from five distinct populations included in the 1000
Genomes Project (26).

2. Materials and Methods

2.1. Study Groups and Allograft Biopsies

We studied 40 adult recipients of human kidney allografts, a subset of kidney allograft
recipients transplanted and followed at our center, the New York Presbyterian-Weill Cornell
Medicine. All recipients provided written informed consent to participate in the study, and
our Institutional Review Board approved the study. The clinical and research activities that
we report here are consistent with the principles of the ‘Declaration of Istanbul on Organ
Trafficking and Transplant Tourism’. The overall workflow used in this investigation is
shown in Figure 1.

Each study participant underwent ultrasound guided percutaneous core needle biopsy of the
allografts and 40 unique kidney allograft biopsy specimens were obtained. Among the 40
biopsies, 35 biopsies were performed for clinical reasons (for-cause biopsies) in patients
with graft dysfunction and the remaining 5 biopsies were protocol (surveillance) biopsies in
clinically stable patients. Biopsy tissue sections were stained with hematoxylin and eosin,
periodic acid Schiff, and Masson trichrome, as well as for polyomavirus, for complement
factor 4 degradation product d (C4d), and for CD3, C20 and CD68. The biopsies were
categorized by our pathologists blinded to RNA sequencing data and with the use of Banff
2017 update of the Banff ‘97 classification of allograft pathology (1, 3). We selected these
40 unique biopsies for inclusion in this study since the allograft biopsy diagnosis represented
major Banff diagnostic categories; acute T-cell mediated rejection (acute TCMR, N=11),
active antibody mediated rejection (active ABMR, N=7), chronic active antibody mediated
rejection (chronic active ABMR, N=11), interstitial fibrosis and tubular atrophy (IFTA, N=6)
or Normal biopsies (N=5). Each patient provided a single biopsy sample to this study.

2.2. RNA Sequencing of Allograft Biopsies

At the time of allograft biopsy, a portion of the biopsy tissue was immediately submerged in
RNAlater® RNA stabilization solution (Life technologies, Grand Island, NY) and stored at
—-80°C. We isolated total RNA from the stored biopsy tissues using miRNeasy mini kit
(Qiagen, Inc., Valencia, CA). The quantity and purity of the RNA were measured using
NanoDrop 1000 spectrophotometer (Thermo Scientific, Wilmington, DE) and the RNA
integrity number using Agilent 2100 Bioanalyzer (Agilent Technologies Inc., Santa Clara,
CA). For mRNA sequencing we used 400ng of total RNA obtained from each biopsy
sample. We used the TruSeq™ sample preparation kit v2 (Illumina, Inc., San Diego, CA) to
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prepare individual cDNA libraries. Briefly, this consists of poly-A selection of mMRNA and
conversion to single-stranded cDNA using random hexamer primer followed by second
strand generation to create double stranded cDNA. Sequencing adapters were then ligated to
the fragmented cDNA. This was followed by PCR amplification and pooling of the libraries.
Six cDNA samples were pooled per lane of the flow cell for 100bp single-end sequencing on
a HiSeq 2500 sequencer (lllumina, Inc., San Diego, CA). The raw sequencing data was
stored in FASTQ format.

2.3. Lymphoblastoid Cell Line (LCL) RNA Sequencing Data

We downloaded FASTQ files of the gEUVADIS (Genetic European Variation in Health and
Disease) RNA sequencing project (26). This is a European medical sequencing consortium
with a publicly available database of MRNA and small RNA sequencing from 462 LCLs
from five distinct populations included in the 1000 Genomes Project: residents from Utah,
USA with Northern and Western European ancestry (CEU), Finnish in Finland (FIN),
British in England and Scotland (GBR), Tuscany in Italy (TSI), and Yoruba in Ibadan,
Nigeria (YRI).

2.4. RNA Sequence Alignment and Variant Calling

RNA sequence reads from the kidney allograft biopsy specimens and the RNA sequence
reads downloaded from gEUVADIS were processed using Genome Reference Consortium
human genome reference build 37 (GRCh37) as the reference genome. We used the “Spliced
Transcripts Alignment to a Reference’ (STAR) aligner together with the iGenome’s
(1lumina®) Human Ensemble gene annotation to process the data following Genome
Analysis ToolKit (GATK) best practices for RNA sequence variant calling (27-31). Briefly,
we used Picard (1.107) to sort, add read groups and remove duplicates in the aligned Binary
Alignment/Map (BAM) files as generated by STAR aligner (32). We then used GATK
(version 3.4-46) to split reads into exon segments and trim overhang regions with
mismatches before calling variants for each sample individually using HaplotypeCaller with
‘Single Nucleotide Polymorphism Database build 138" (dbSNP 138) (33). The variant calls
were filtered with settings ‘Quality by Depth’ (QD) <2.0 and “Fisher Strand value’ (FS)
>30.0. Insertions/Deletions were removed from the analysis. These preprocessing and
filtering steps using GATK improve the alignment quality and reduces the rate of false
positive variants calls.

2.5. Determination of Het/Hom Ratio

We calculated the number of heterozygous variants and the number of non-reference
genome homozygous variants on all autosomes using an in-house Python script and
determined the Het/Hom ratio of an individual sample as the number of all SNPs with
heterozygous genotype dived by the number of all SNPs with a non-reference allele
homozygous genotype (23).

2.6. Determination of ESTIMATE Score

We used the raw sequencing read counts (as generated by STAR aligner in quant mode) as
input for the ESTIMATE software (25), a tool for predicting tumor purity and the presence
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of infiltrating stromal/immune cells in tumor tissues using gene expression data. The
ESTIMATE algorithm combines gene expression of 141 stromal and 141 immune genes and
performs single-sample gene set-enrichment analysis for each set of selected genes,
calculate a stromal score and an immune score to predict the level of infiltrating stromal and
immune cells, respectively, and combines these individual scores to provide a final score
called the ESTIMATE score which is converted to a tumor purity score, ranging from 0 to 1,
with 1 denoting a highly pure sample. For simplicity, we represent ESTIAMTE score as 1-
Purity score, so that a higher score represents increasing degrees of immune cell infiltration
in the biopsy specimens.

2.7. Statistical Analysis

We used the non-parametric Kruskal-Wallis test to compare Het/Hom ratios and ESTIMATE
scores among the different diagnostic categories followed by the Dunn’s test for pair-wise
comparisons. We used Spearman rank-order correlation test for assessing associations. We
used Prism 6.07 software (GraphPad Software, La Jolla, CA, USA) for statistical tests and
generating graphs.

3. Results

3.1. Clinical and Biopsy Characteristics

Table 1 is a summary of the clinical characteristics of the 40 adult recipients of kidney
allografts, stratified by Banff kidney allograft biopsy diagnosis. The selection based on
biopsy diagnosis resulted in clinical heterogeneity such as time from transplant to biopsy,
steroid maintenance therapy but all received calcineurin inhibitor as the primary
immunosuppressive drug. A detailed assessment of the biopsy phenotype is shown in Figure
2. Immunostaining of all rejection biopsies showed that the CD3+ T cells were the most
abundant cell type in the biopsies classified as acute TCMR and also in biopsies classified as
active or chronic active ABMR. CD20+ B cells were the least frequent cell type including
those classified as active ABMR or chronic active ABMR (Table 2). Biopsies categorized as
active antibody mediated rejection and chronic active antibody mediated rejection fulfilled
all the three criteria as per the revised Banff 2017 classification. All 7 patients with biopsies
categorized as active ABMR were positive at the time of biopsy for donor HLA-specific 19G
antibodies detected using single HLA coated beads and the Luminex platform. The mean
fluorescence intensity (MFI) of the highest ranked donor specific bead was 17201 (median,
IQR: 13307-22585). All 11 patients with biopsies categorized as chronic active ABMR
antibody were also positive at the time of biopsy for donor HLA-specific 1gG antibodies.
The mean fluorescence intensity of the highest ranked donor specific bead was 4072
(2796-12900).

A graphical representation of the histological characteristics of the kidney allograft biopsies
is illustrated in Figure 2. All 7 biopsies classified as active antibody mediated rejection and 5
of 10 (50%) biopsies classified as chronic active antibody mediated rejection were positive
for peritubular capillary deposition of complement split product (C4d). Among the biopsies
classified as chronic active antibody mediated rejection that were negative for C4d, all had at
least moderate microvascular inflammation (g+ptc =2) as evidence of current/recent
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antibody interaction with vascular endothelium. Altogether, the data provided in Figure 2
demonstrate that the Banff criteria for biopsy categorization are fulfilled in each instance and
that the biopsies included in this study are prototypical for the Banff biopsy classification
(3). Importantly, the biopsies displayed varying degree of intragraft infiltration.

3.2. Nucleotide Variant Calling and Het/Hom Ratio Computation using the RNA Sequencing
Data from the 1000 Genomes Project

We leveraged the publically available gEUVADIS RNA sequence data to compute Het/Hom
ratios and develop robust estimates of ratios of single genomes representing major races/
ethnicities (Table 3). Figure 3 shows the distribution of Het/Hom ratios in these cells,
stratified by continental ancestry. The median (IQR) ratio was 0.770 (0.730-0.800) for the
CEU cohort, 0.770 (0.739-0.799) for the FIN cohort, 0.773 (0.744-0.797) for the GBR
cohort, 0.776 (0.747-0.817) for the TSI cohort and 0.866 (0.839-0.890) for the YRI cohort.
The median Het/Hom ratio was highest in the YRI cohort, in agreement with Het/Hom ratios
obtained using DNA sequencing data (24). The differences in the Het/Hom ratios among the
5 major populations were statistically significant (P<0.0001 Kruskal-Wallis test). By Dunn’s
multiple comparison test, differences in the Het/Hom ratios between YRI population and
each of the other 4 population were statistically significant (all P<0.001) and that none of
other pair-wise comparisons were significant (P>0.05).

3.3. Nucleotide Variants Calling and Het/Hom Ratios Computed from the RNA Sequencing
Data of Human Kidney Allograft Biopsies

After establishing the range of Het/Hom ratios for single genomes from the 462 LCL
included in the 1000 genome project, we next computed Het/Hom ratios for the kidney
allograft biopsies representing major diagnostic categories (Table 4). Figure 4 shows the
Het/Hom ratios, stratified by kidney allograft biopsy diagnosis and it is evident the number
of heterozygous variants are strikingly higher in the biopsies compared to LCLs and among
the biopsies, normal biopsies with minimal or no cellular invasion had the lowest number of
heterozygous variants and acute TCMR biopsies with the highest degree of graft infiltration
had the highest number of heterozygous variants (Table 3 vs. Table 4). Accordingly, the
Het/Hom ratio was highest for biopsies that were categorized as acute TCMR and the
median (IQR) ratio was 1.149 (1.033-1.269) and lowest for biopsies that were categorized
as normal, 0.898 (0.888-0.908). The Het/Hom ratios were 0.997 (0.910-1.199) for active
ABMR, 1.020 (0.952-1.068) for chronic active ABMR, and 0.954 (0.914-0.975) for IFTA.
The differences in the Het/Hom ratios among the 5 diagnostic categories were statistically
significant (P=0.02, Kruskal-Wallis test, Figure 4). By Dunn’s multiple comparison test,
differences in the Het/Hom ratios between acute TCMR biopsies and Normal biopsies were
statistically significant (P<0.05). The median Het/Hom ratio of normal biopsies (0.898
[0.888-0.908]) is closest to the values we calculated for the LCLs representing single
genomes.

3.4. Het/Hom Ratios and Biopsy Infiltration Scores

For each kidney allograft biopsy sample, we summed the Banff lesion scores (0 to 3) for
tubulitis, interstitial inflammation, glomerulities, peritubular capillary inflammation and
vascular inflammation, and created a single numerical value, designated herein as the biopsy
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infiltration score. The score ranged from 0 to 15. We examined the relationship between the
biopsy infiltration scores and the Het/Hom ratios in the 40 biopsies. The biopsy infiltration
scores and Het/Hom ratios showed a significant association despite the semi quantitative
nature of the Banff lesion scores (r=0.62, P<0.0001, Spearman correlation, Figure 5).
Het/Hom ratios vary not only across diagnoses but also within a diagnostic category and this
later finding suggests that the ratio may help capture different degrees of graft infiltration.

3.5. The ESTIMATE Scores

Normal allograft biopsies have the lowest ESTIMATE score of 0.098 (0.081-0.145) (Figure
6). The ESTIMATE score was much higher in rejection biopsies; 0.394 (0.315-0.552) for
acute TCMR, 0.307 (0.206-0.393) for active ABMR, 0.278 (0.239-0.357) for chronic active
ABMR, 0.170 (0.123-0.224) for IFTA. The difference in the ESTIMATE score among the
biopsy diagnostic categories was significant (P<0.001, Kruskal-Wallis test). By Dunn’s
multiple comparison test, differences in the ESTIMATE scores between acute TCMR
biopsies and IFTA biopsies (P<0.01) and between acute TCMR biopsies and Normal
biopsies (P<0.001) were statistically significant. We did not compute ESTIMATE score for
RNA sequencing data from the LCLs as the algorithm includes a stromal score and cannot
be interpreted for hematopoietic cell lines.

The biopsy infiltration scores and ESTIMATE scores showed a significant association
(rs=0.77, P<0.0001). The ESTIMATE score was positively associated (r;=0.54, P<0.01) with
the sum of graft infiltrating CD3+ cells, CD68+ cells and CD20+cells, and among the two
components contributing to the ESTIMATE score, the immune score was more strongly
associated (rs=0.55, P<0.01) than the stromal score (rs=0.37, P=0.47) with the sum of graft
infiltrating cells. Graft infiltration determined using the ESTIMATE score correlated with
Het/Hom ratio for the 40-kidney allograft biopsies (r=0.67, P<0.0001, Spearman correlation,
Figure 7).

3.6. Time from Transplantation to Biopsy and Het/Hom Ratios or the ESTIMATE Scores

We assessed whether time from transplantation to biopsy affects the Het/Hom ratio. Among
the 29 biopsies with rejection (acute TCMR, active ABMR and chronic active ABMR), 9
(31%) biopsies were done within the first 12 months of transplantation. Within each
diagnostic category, the correlation between Het/Hom ratio and time from transplantation to
biopsy was not statistically significant (P>0.05, Spearman correlation, Figure 8). Similarly,
the relation between ESTIMATE score, or the biopsy infiltration score, and time from
transplantation to biopsy was not statistically significant (P>0.05, Spearman correlation,
Figure 8).

3. Discussion

With the use of RNA sequencing data from 40 unique biopsy samples representing clinically
relevant diagnostic categories of human kidney allograft pathology, we tested the hypothesis
that the ratio of heterozygosity to non-reference genome homozygosity (Het/Hom ratio) can
serve as a yardstick of allograft infiltration by recipient’s cells. In accord with our postulate,
we found that kidney biopsies classified as acute T-cell mediated rejection biopsy had the
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highest Het/Hom ratio and normal surveillance biopsies with no or minimal infiltration had
the lowest Het/Hom ratio and a positive correlation was demonstrable between the Het/Hom
ratio and the biopsy infiltration score.

Single nucleotide polymorphisms have traditionally been identified using DNA sequencing
information. Recent advances in computational biology have led to the identification of
genomic variants from RNA-Seq data (20, 21). Apriori, there are no reasons that variant
calling using RNA-seq data should be more accurate compared to variant calling using DNA
sequence data. However, RNA-Seq data has the additional advantage of charecterizing gene
expression patterns.

The ESTIMATE score has hitherto been used to reflect tumor purity and is based on the
expression of 141 selected stromal signature genes and of 141 selected immune signature
genes. In accord with the notion that graft “contamination” by varying degrees of infiltrating
cells would impact the ESTIMATE score, it was highest for acute rejection biopsies, lowest
for normal allograft biopsies, and differed significantly among biopsy diagnoses
characterized by different degrees of graft infiltration. Deconvolution of bulk RNA
sequencing data can yield information regarding cell composition of complex tissues based
on their gene expression patterns. The ESTIMATE score computed in this study is a
composite score of immune and stromal signature scores. We demonstrate that the
ESTIMATE score is positively associated with the sum of graft infiltrating CD3+ cells,
CD68+ cells and CD20+cells, and that between the two components contributing to the
ESTIMATE score, the immune score is more strongly associated than the stromal score with
the sum of graft infiltrating cells. Further deconvolution, i.e., identification of cell subtypes
such as T cell subsets, is not feasible using the ESTIMATE score and requires apriori
availability of reference gene expression profiles (34) and statistical workflows such as
DeconRNASeq (35) to deconvolve the bulk RNA sequencing data generated in our study.

As anticipated, the biopsy Het/Hom ratios and the ESTIMATE scores were highly
correlated. Taken together, these observations confirm our hypothesis that the total burden of
cellular invasion of the allograft during allograft rejection can be interrogated using the ratio
between genetic material derived from the donor cells and the genetic material derived from
the recipient cells, and that the Het/Hom ratio may represent a precisely quantifiable
parameter of cellular invasion into the allograft.

Many features of our investigation are worthy of emphasis. The use of RNA sequencing data
of human kidney allograft biopsies for variant calling and applying the Het/Hom ratios,
hitherto used as quality control parameter of DNA sequencing data (23), to infer cellular
traffic into the allograft is unprecedented. Another innovation is the first successful
application of the ESTIMATE algorithm, until now utilized to estimate tumor purity, to
gauge cellular infiltration into the kidney allograft. It is readily acknowledged that RNA
sequencing characterizes whole transcriptome at an unprecedented level of precision. It is
therefore reasonable to hypothesize that computations based on RNA sequencing data of
kidney allograft biopsies would yield robust estimates of cellular infiltration in to an
allograft.
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Our study is significant from both biologic and clinical perspectives. Not only the execution
phase but also the priming phase of allograft rejection is likely to be dependent upon the
physical contact between the recipient’s immune cells and graft parenchymal cells and in all
probabilities assessment using mRNA is likely to be more sensitive than using proteins or
cells as parameters of graft infiltration. From a clinical perspective, the concerns related to
variations in the interpretation of biopsy findings, less than optimal reproducibility for
grading severity of histological lesions, and poor sensitivity for detecting tubulitis using
conventional microscopy are all mitigated using RNA sequencing data.

Our study has several limitations. Although the kidney allograft biopsies included in this
study were selected to represent most of the major types of graft pathology, our biopsy
sample size of 40 biopsies is not large enough to capture the full spectrum of graft
infiltration and associated variability in Het/Hom ratios and ESTIMATE scores. Our study
cohort was also insufficient to investigate the contribution of ethnicity of the organ donor
and the recipient to the observed variability in Het/Hom ratios; we note however that that
only 3 of the 40 organ donors were categorized as black and 8 of 40 recipients were
classified as black. Another limitation is that we did not include allograft biopsies
manifesting viral infections such as BK virus or CMV. Changes in RNA expression may
influence the ESTIMATE scores. Such biases are not correctable using ESTIMATE score.
However, the bulk RNA-seq data used in this study to generate the ESTIMATE score can be
deconvolved to elucidate cell types infiltrating the allograft. This would require single cell
RNA sequencing of human kidney allograft biopsies to develop reference gene expression
patterns and appropriate statistical work flow to deconvolve bulk RNA-seq data. We used
conventional histopathology as the gold standard for classifying the phenotypes. It should be
noted that inter-observer variability remains an important issue in the Banff classification

).

We did not include patients with subclinical rejection in this study. Whether the Het/Hom
ratio or the ESTIMATE score is diagnostic of subclinical rejection is not known. Because
subclinical rejection is diagnosed by the presence of graft infiltrating cells and because
RNA-Seq is a highly sensitive and precise technique, there is no apriori reason that
subclinical rejection will not be associated with the Het/Hom ratio or the ESTIMATE score.

An important unresolved question is whether the Het/Hom ratio or the ESTIMATE score
computed from RNA-sequencing of kidney allografts is useful for the differential diagnosis
of biopsies manifesting different types of rejection, e.g., discrimination of acute TCMR from
active ABMR. We believe that this is feasible but would require single cell RNA sequencing
of human kidney allograft biopsies with different biopsy diagnosis to develop reference gene
expression patterns for the deconvolution of bulk RNA-seq data with appropriate statistical
work flow.

To our knowledge, this is the first study to assess the Het/Hom ratio and ESTIMATE score
as measures of immune cell invasion of the kidney allograft. If validated in larger cohorts,
and with increasing use of RNA sequencing and accordingly falling costs, these novel
measures have a wide-ranging potential for assessing rejection events in organ allograft
recipients. For instance, it should also be possible to derive Het/Hom ratios also from
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transcriptome and genome sequencing data of urinary cells, which would provide a
noninvasive assessment of immune cells invasion of the kidney allograft. In the future, it
may then be possible to derive strong objective classifiers by combining both approaches.
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Chronic active ABMR Chronic active antibody mediated rejection

dbSNP 138 Single Nucleotide Polymorphism Database build 138

DNA Deoxyribonucleic acid
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GATK Genome Analysis Tool Kit

GRCh37 Genome Reference Consortium human genome build 37

Het/Hom ratio

Heterozygosity to non-reference genome homozygosity
ratio

IFTA Interstitial fibrosis and tubular atrophy
LCL Lymphoblastoid cell line

mRNA Messenger ribonucleic acid

PCR Polymerase chain reaction

RNA Ribonucleic acid

SNP Single nucleotide polymorphism
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40 kidney allograft biopsies from 40 kidney transplant recipients

Reported by transplant pathologist using Banff classification

Tissue samples stored in RNAlater” at -80°C

Total RNA isolated using QIAGEN miRNeasy mini kit

For each sample:
Banff infiltration score = sum of all Banff acute scores

Quantity and purity of the RNA measured using NanoDrop 1000 spectrophotometer

RNA integrity number determined using Agilent 2100 Bioanalyzer

cDNA library for sequencing prepared using TruSeq™ sample preparation kit

For each sample:
Derived 1-purity (ESTIMATE) score

T

100bp single-end sequencing of the cDNA library done on a HiSeq 2500 sequencer

Sequence read counts used as input in ESTIMATE software

T

Raw sequence read files of kidney biopsy tissue RNA samples and
publically available raw sequence read of gEUVADIS RNA samples stored in FASTQ format

Raw sequence reads aligned to GRCh 37 reference genome using STAR aligner

Aligned reads split into exon segments and overhanging regions trimmed using GATK 3.4-46

For each sample:
Het/Hom ratio = Sum of all SNPs with heterozygous genotype
divided by the sum of all SNPs with a non-reference allele

homozygous genotype

v

Variant calling done using HaplotypeCaller with dbSNP 138

—
|
|

Total number of heterozygous variants and the total number of
non-reference genome homozygous variants on all autosomes
determined using an in-house Python script

Figure 1. Workflow of the study

Forty allograft biopsy specimens obtained from 40 unique kidney allograft recipients were
RNA sequenced. For each sample: (i) Biopsy infiltration score was derived as the sum of
Banff acute scores, reported by the transport pathologist; (ii) A purity score was computed
using the aligned RNA sequencing reads as input in ESTIMATE software; and (iii) Het/Hom
ratio was computed after variant calling was done from the RNA sequencing data.
Throughout the manuscript, the ratio of heterozygous to non-reference genome homozygous
variants on all autosomes, for each sample, is called as the Het/Hom ratio, and the
ESTIMATE score and 1-Purity score are used interchangeably.
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Figure 2. Histopathological characteristics of the 40 kidney allograft biopsies
The histopathological characteristics of the 40 kidney allograft biopsies obtained from 40

kidney allograft recipients (“Sample #” 1 through 40) are shown. Biopsy tissue sections
were stained with hematoxylin and eosin, periodic acid Schiff, and Masson trichrome for
light microscopic evaluation. Staining for polyoma virus was done using affinity-purified
and agarose-conjugated 19G,; mouse monoclonal antibody (Calbiochem, San Diego, CA)
that recognizes a 94-kDa SV40 large T antigen. Indirect immunofluorescence for
complement factor 4 degradation (C4d) product was done on cryosections using a
monoclonal anti-C4d antibody (Quidel, Santa Clara, CA). These biopsies were categorized
using the Banff 2017 update of the Banff ‘97 classification. The Banff diagnostic categories
include acute T-cell mediated rejection (“Acute TCMR, Sample # 1 through 11), active
antibody mediated rejection (“Active ABMR, 12 through 18), chronic active antibody
mediated rejection (19 through 29), interstitial fibrosis and tubular atrophy (“IFTA”, 30
through 35) and Normal (36 through 40). The median number of glomeruli per biopsy
sample was 16 (range 13-24). Colors represent Banff scores 0 to 3. Banff acute scores
include the “t” (tubulitis) score, “i” (interstitial inflammation) score, “g” (glomerulitis)
score, “ptc” (peritubular capillary inflammation) score and “v” (vascular inflammation).
Banff chronic scores include the “ci” (interstitial fibrosis) score, “ct” (tubular atrophy) score,
“cg” (chronic glomerulopathy) score, “cv” (chronic vascular lesions) score and “ah”
(arteriolar hyaline thickening) score). Also shown in the figure is the staining for
complement factor 4d (C4d) in the peritubular capillaries. Sample 13, categorized as active
ABMR and samples 20 and 29, categorized as chronic active ABMR, fulfilled the criteria for
borderline changes suspicious for acute TCMR as well. Sample 19, categorized as chronic
active ABMR, fulfilled the criteria for acute TCMR as well.
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Figure 3. Het/Hom ratio by population derived from mRNA sequencing of 462 lymphoblastoid
cell lines

In order to assess the variability of Het/Hom ratio at a population level for “normal” cells,
we used the gEUVADIS (Genetic European Variation in Health and Disease), RNA
sequencing project data. This is a European medical sequencing consortium with a publicly
available database of mMRNA and small RNA sequencing from 462 lymphoblastoid cell line
samples from five populations of the 1000 Genomes Project. The five populations depicted
in the above panels are: (i) CEU- Utah, USA, residents with Northern and Western European
ancestry (N=92), (ii) FIN- Finnish in Finland (N=95), (iii) GBR- British in England and
Scotland (N=94), (iv) TSI- Tuscany in Italy (N=93), and (v) YRI- Yoruba in Ibadan, Nigeria
(N=89). The figure depicts the box plot of Het/Hom ratio derived from the RNA sequencing
data of the five populations. The median Het/Hom ratio was 0.770 for CEU; 0.770 for FIN;
0.773 for GBR; 0.776 for TSI and 0.866 for YRI. The difference in the Het/Hom ratio
among the groups was statistically significant (P<0.0001, Kruskal -Wallis test). By Dunn’s
test, the difference in the Het/Hom ratio between YRI and each of the other four groups was
statistically significant (P<0.05). None of the other pair-wise comparisons were statistically
significant (all P>0.05).
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Figure 4. Het/Hom ratio by diagnostic categories of the 40 allograft biopsies
Boxplot and individual data points of the Het/Hom ratios computed from RNA sequencing

data of 40 kidney allograft biopsy samples, stratified by kidney allograft biopsy diagnosis
category. Acute TCMR, acute T-cell mediated rejection, Active ABMR, active antibody-
mediated rejection, Chronic active ABMR, chronic and active antibody-mediated rejection,
IFTA, interstitial fibrosis and tubular atrophy or normal allograft biopsy (Normal). Biopsies
were categorized using the Banff 2017 update of the Banff ‘97 classification scheme. The
median Het/Hom ratio was 1.149 in acute TCMR, 0.997 in active ABMR, 1.020 in chronic
active ABMR, 0.954 in IFTA and 0.898 in Normal. The difference in Het/Hom ratio among
the diagnostic categories was significant (P=0.02, Kruskal-Wallis test). By Dunn’s test,
difference in Het/Hom ratio between acute TCMR and IFTA (P,0.05), and between acute
TCMR and Normal (P<0.05) was statistically significant. None of the other pair-wise
comparisons were statistically significant (all P>0.05).
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Figure 5. Association between the Het/Hom ratio and the biopsy infiltration score of the 40
allograft biopsies

Banff acute scores include the “t” [tubulitis] score, “i” [interstitial inflammation] score, “g
[glomerulitis] score, “ptc” [peritubular capillary inflammation] score and “v” [vascular
inflammation] score. Each score ranges from 0 through 3. For each kidney allograft biopsy,
we summed all the Banff acute scores and created a single numerical value, called the
biopsy infiltration score, that ranges from 0 to 15. This figure depicts the infiltration score on
the y-axis and Het/Hom ratio on the x-axis, for the 40 kidney allograft biopsy samples. The
association between the Het/Hom ratio and the biopsy infiltration score was statistically
significant (r=0.62, P<0.0001, Spearman rank-order correlation).
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Figure 6. ESTIMATE score by diagnostic categories of the 40 allograft biopsies
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The ESTIMATE score was derived from the RNA sequencing data using the ESTIMATE
algorithm. We used the raw sequencing read counts (as generated by STAR aligner in quant
mode) as input for the ESTIMATE software (25), a tool for predicting tumor purity and the
presence of infiltrating stromal/immune cells in tumor tissues using gene expression data.

The ESTIMATE algorithm combines gene expression of 141 stromal and 141 immune

genes

and performs single-sample gene set-enrichment analysis for each set of selected genes,
calculate a stromal score and an immune score to predict the level of infiltrating stromal and
immune cells, respectively, and combines these individual scores to provide a final score
called the ESTIMATE score which is converted to a tumor purity score, ranging from 0 to 1,
with 1 denoting a highly pure sample. For simplicity, we represent ESTIAMTE score as 1-
Purity score, so that a higher score represents increasing degrees of immune cell infiltration

in the biopsy specimens. In the y-axis, the 1-Purity score ranges from 0 to 1, where 0

denotes a highly pure sample. Biopsies were categorized using the Banff 2017 update of the

Banff ‘97 classification. The median 1-Purity score was 0.394 in acute TCMR, 0.307 i

n

active ABMR, 0.278 in chronic active ABMR, 0.170 in IFTA and 0.098 in Normal. The
difference in the 1-Purity score among the groups was statistically significant (P<0.001,
Kruskal-Wallis test). By Dunn’s test, difference in ESTIMATE score between acute TCMR

and IFTA (P<0.01), and between acute TCMR and Normal (P<0.001) was statistically
significant. None of the other pair-wise comparisons were statistically significant (all
P>0.05).
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Figure 7. Association between Het/Hom ratio and ESTIMATE score of the 40 allograft biopsies
The Het/Hom ratio and the ESTIMATE score was derived from the RNA sequencing data.

We show the ESTIAMTE score as a 1-Purity score. The association between Het/Hom ratio
and 1-Purity score was statistically significant (r=0.67, P<0.0001, Spearman rank-order
correlation).
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Figure 8. Lack of association between the time from transplantation to biopsy and Het/Hom

ratio, ESTIMATE score, or the biopsy infiltration score

Scatterplot depicts the relationship between the time from transplantation to biopsy and
Het/Hom ratio (Panel A), ESTIMATE score (1-Purity) (Panel B), and biopsy infiltration

score (Panel C) for all 40 biopsies. Within each diagnostic category, there was no significant
correlation between the time from transplantation to biopsy and Het/Hom ratio, ESTIMATE

score, or the biopsy infiltration score (P>0.5, Spearman rank-order correlation).
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Het/Hom ratio and number of variants called in the 462 lymphoblastoid cell lines

Population” | Number of | Number of Heterozygous Variants [ Number of Homozygous Variants, Het/Hom ratio,
Individuals Median (IQR) Median (IQR) Median (IQR)
CEU 91 24,301 (21,185-28,283) 32,199 (26,771-38,394) 0.770 (0.730-0.800)
FIN 95 26,473 (22,500-30,951) 34,623 (28,876-41,536) 0.770 (0.739-0.799)
GBR 94 26,794 (23,991-33,319) 35,563 (30,866-43,821) 0.773 (0.744-0.797)
TSI 93 25,750 (22,514-29,834) 33,005 (27,534-38,355) 0.776 (0.747-0.817)
YRI 89 34,524 (29,252-41,074) 38,646 (32,666-46,137) 0.866 (0.839-0.890)

Page 24

*

Residents from Utah, USA with Northern and Western European ancestry (CEU), Finnish in Finland (FIN), British in England and Scotland
(GBR), Tuscany in Italy (TSI), and Yoruba in Ibadan, Nigeria (YRI). The difference in the Het/Hom ratio among the groups was statistically
significant (P<0.0001, Kruskal -Wallis test). By Dunn’s test, the difference in the Het/Hom ratio between YRI and each of the other four groups
was statistically significant (P<0.05). None of the other pair-wise comparisons were statistically significant (all P>0.05).
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