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Background. Belatacept-based therapy in kidney transplant recipient has been shown to increase long-term renal allograft and
patient survival compared with calcineurin inhibitor—based therapy, however, with an increased risk of acute T cell-mediated rejec-
tion (@TCMR). An improved understanding of costimulation blockade-resistant rejections could lead to a more personalized ap-
proach to belatacept therapy. Here, immunomic profies of aTCMR biopsies of patients treated with either tacrolimus or
belatacept were compared. Methods. Formalin-fixed paraffin-embedded renal transplant biopsies were used for immunohisto-
chemistry and gene expression analysis using the innovative NanoString technique. To validate NanoString, transcriptomic profiles
of patients with and without biopsy-proven aTCMR were compared. Biopsies from 31 patients were studied: 14 tacrolimus-
treated patients with aTCMR, 11 belatacept-treated patients with aTCMR, and 6 controls without rejection. Results. A distinct
pattern was seen in biopsies with aTCMR compared to negative controls: 78 genes had a higher expression in the aTCMR group
(false discovery rate P value <.05 to 1.42e-05). The most significant were T cell-associated genes (CD3, CD8, and CD4; P <
1.98e-04), y-interferon-inducible genes (CCL5, CXCL9, CXCL11, CXCL10, TBX21; P < 1.33e-04) plus effector genes (GNLY,
GZMB, ITGAX; P < 2.82e-03). Immunophenotypical analysis of the classic immune markers of the innate and adaptive immune
system was comparable between patients treated with either tacrolimus or belatacept. In addition, the transcriptome of both
groups was not significantly different. Conclusions. In this small pilot study, no difference was found in immunomics of aTCMR
biopsies of tacrolimus- and belatacept-treated patients. This suggests that clinically diagnosed aTCMR reflects a final common

pathway of allorecognition which is unaffected by the type of immunosuppressive therapy.

(Transplantation Direct 2018;4: e418; doi: 10.1097/TXD.0000000000000857. Published online 20 December, 2018.)

ene expression analysis of the kidney transplant biopsy
has been shown to improve classification and risk
stratification of patients when used in combination with
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current diagnostic standards. The “molecular microscope”
has been postulated to give a better insight into the
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classification of renal transplant pathology.'™ With the use of
both gene and protein expression analysis, also known as
immunomics, more insight can be gained in the pathophysi-
ology of inflammatory reactions in the renal allograft.

The Banff guideline is a pathology-based classification sys-
tem to diagnose acute renal transplant rejection.” However,
this classification is vulnerable to misinterpretation and the
Banff 2017 guideline states that the combination of conven-
tional histomorphologic examination of a kidney transplant
biopsy with molecular diagnostics leads to superior diagnostic
classification and has the potential to guide therapy and im-
prove allograft outcomes.™® The novel technique NanoString
allows for multiplex messenger RNA (mRNA) analysis of minute
quantities of mRNA from formalin-fixed, paraffin-embedded
(FEPE) biopsies without the need of preamplification.” With
this technique, residual material from conventional histopath-
ological diagnosis can be analyzed.”® NanoString makes it
possible to render data on the intragraft gene expression of
up to 770 targets of interest within 2 days and with a compa-
rable sensitivity to quantitative real-time polymerase chain
reaction, and a better sensitivity than microarray.®’

Long-term outcomes of kidney transplantation are nega-
tively influenced by the nephrotoxicity and metabolic side
effects of calcineurin inhibitor-based therapy.'®!'" A cal-
cineurin inhibitor—free immunosuppressive regimen with
the costimulation blocking drug belatacept has been shown
to increase long-term renal allograft and patient survival.'**
However, belatacept-based immunosuppressive therapy is
associated with an increased risk of acute T cell-mediated re-
jection (aTCMR)." 8 Identification of factors that underlie
such costimulation blockade-resistant rejection could lead
to a more personalized approach to belatacept-based treat-
ment through the identification of patients at “low risk” for
acute rejection.'*'?2!

To expand the understanding of the pathogenesis of
costimulation blockade-resistant rejections, we have com-
pared the immunomic profiles of aTCMR biopsies of pa-
tients treated with maintenance therapy consisting of either
tacrolimus or belatacept. Gene expression analysis of 209
genes with the innovative NanoString technique in combina-
tion with immunohistochemistry (IHC) was used. To vali-
date NanoString for our research question, transcriptomic
profiles of patients with and without biopsy-proven aTCMR
were compared.

MATERIALS AND METHODS

Study Population and Materials

Renal allograft biopsies were obtained from kidney trans-
plant recipients who previously participated in 1 of 2 pro-
spective randomized controlled trials (RCT) (a belatacept
study and a tacrolimus-dosing study) performed at the Eras-
mus MC, the Netherlands (see below). The design and results
of these trials were published previously.>** Both studies
were approved by the institutional review board of Erasmus
MC (Medical Ethical Review Board numbers 2010-080 and
2012-421). Eleven belatacept-treated patients experienced an
aTCMR?" and the renal allograft biopsies of these patients
were analyzed here. These biopsies were compared with 14
biopsies of tacrolimus-treated patients with an aTCMR that
were included in 1 of these 2 RCTs.>%?? The biopsies were
all for-cause biopsies that were matched for time after
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transplantation, Banff 2015 category and grade, and age of
the recipient (Table 1). All biopsies were scored indepen-
dently by 2 pathologists according to the Banff 2015 classifi-
cation.”” In case of differences in classification, consensus was
met. Six renal transplant biopsies without histomorphologic
changes (Banff category 1) were included as negative controls
and these were either derived from one of the RCTs*’ or from
the archives of the department of pathology of the Erasmus
MC (Table 1). The negative controls were matched for age
of the recipient and time after transplantation.

The patients who participated in the belatacept study
were randomized to a belatacept- or tacrolimus-based im-
munosuppressive regimen, as described previously.”’ The
main objective of the tacrolimus-dosing study was to exam-
ine whether a CYP3AS genotype-based tacrolimus starting
dose leads to earlier achievement of the tacrolimus target
predose concentration.”* The target predose concentration
of tacrolimus and the dosing of mycophenolate mofetil and
glucocorticoids were identical in both RCTs.2%-**

Histochemical and Immunohistochemical Stainings
and Digital Quantification

Two-micron sections of FFPE renal allograft biopsies were
stained with hematoxylin and eosin, Periodic acid-Schiff-
diastase, and Jones' silver stain according to standard diag-
nostic practice. Subsequently, IHC stainings were performed
on 4 um FFPE cut sections with an automated, validated and
accredited staining system (Ventana Benchmark ULTRA;
Ventana Medical Systems, Tucson, AZ) using ultraview or
optiview universal DAB detection Kit. Antibodies used (CD3,
CD4, CD8, CD20, CD56, CD68, PD-1, and granzyme B)
and dilutions are summarized in Table S1, SDC (http://
links.lww.com/TXD/A156). FoxP3/CD4 staining was per-
formed at MGH/Harvard, (Boston, MA). All sections were
scanned at 40x magnification using Nanozoomer XR digital
slide scanner (Hamamatsu, Hamamatsu City, Japan). Digital
image analysis was performed using Visiopharm integrator sys-
tem (Version 2017.2.4.3387) with Author module (Visiopharm,
Hoersholm, Denmark). For each section, manual selection of
only cortical tissue was made, excluding the medulla, arti-
facts, and the lumen of blood vessels larger than glomeruli.
Image analysis Application Protocol Packages were devel-
oped to measure the total tissue area (um?) and the area per-
centage of positive staining.

RNA Extraction

Three consecutive 20-um sections cut from each FFPE
block were immediately transferred to sterile microcentrifuge
tubes and stored at room temperature. Microtome blades
were then replaced, and equipment sterilization was per-
formed with RNase AWAY (Life Technologies, Carlsbad,
CA) between blocks. Xylene deparaffinization and RNA ex-
traction of the curls were performed with use of the Recover
All Total Nucleic Acid Isolation Kit for FFPE (Life Technolo-
gies). RNA concentration and purity were measured with the
Nano-Drop 2000 spectrophotometer (Thermo Fisher Scien-
tific, Waltham, MA).

NanoString nCounter Assay, Data Normalization,
and Analysis

A custom code set of 216 genes was created: 209 genes
that are known to be involved in renal allograft rejection
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and renal injury, and 7 housekeeping genes. This was based
on the panel described in the Banff 2017 report.” Probe de-
scription and sequences are provided in Table S2, SDC
(http://links.lww.com/TXD/A157). Gene expression was mea-
sured on 120-200 ng of extracted RNA from FFPE biopsies
with NanoString. NanoString was previously tested in renal
allograft rejection in non human primates.”*** Raw gene ex-
pression counts of all samples are provided in Table S3,
SDC (http:/links.lww.com/TXD/A158). Background correc-
tion, data quality control, normalization of the raw gene ex-
pression counts and data analysis was investigated with
nSolver Analysis Software (Version 4.0.62). The geNorm al-
gorithm was applied to analyze the stability of the reference
genes.26 Seven reference genes (DDX50, HDAC3, GUSB,
POLR2A, OAZ1, UBB, and SDHA) were used for normaliza-
tion. The parameters for quality control flagging as recom-
mended by the manufacturer were used.

Statistical Analysis

SPSS Version 21 (SPSS Inc., Chicago, IL) was used for
IHC analysis. Data are summarized as median and inter-
quartile range. For comparisons between groups, the 2-tailed
Mann-Whitney U test was used. A 2-sided P value less than
.05 was considered significant. For comparison of the 3
groups, Kruskal-Wallis test was used. For gene expression
analysis, normalized mRNA expression values were evalu-
ated with the R-based advanced nSolver Advanced Analysis
Software (Version 2.0.1135). Differential gene expression data
are presented as volcano plots and in a summary table show-
ing the top differentially regulated genes. In addition, the
data was subjected to unsupervised hierarchical clustering
analysis (HCA). The false discovery rate (FDR; Benjamini-
Hochberg) method was used to adjust the P values for multi-
ple t-testing.

RESULTS

Patients

The clinical-pathologic characteristics of the patients are
presented in Table 1. Of the 25 patients with rejection, 21 pa-
tients had an aTCMR (grade IB to III) and 4 patients had a
mixed (@TCMR and active antibody-mediated rejection
[AMRY]) rejection. The timing of the biopsy and patient age
at the time of rejection were not significantly different between
the patients treated with belatacept, patients treated with tacro-
limus and the negative controls (P = .42, and P = .14, respec-
tively). The estimated glomerular filtration rate at the time of
the acute rejection was similar in patients treated with either ta-
crolimus or belatacept (median, 26; interquartile range [IQR],
15-35 mL/min per 1.73 m?; and 28; IQR, 18-41 mL/min per
1.73 m?% P = .57). The median age of the biopsy used for
Nanostring was 3.2 years (IQR, 2.3-4.6).

Quality Control of RNA and NanoString

For the gene expression analysis, 7 samples of patients
with tacrolimus maintenance therapy, 10 samples of patients
with belatacept maintenance therapy, and 6 negative controls
(samples without rejection) were analyzed. The mean A,qo/
Asgp spectrophotometry ratio was 1.88 (standard deviation
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0.17). Two samples (1 negative control and 1 sample of a
belatacept-treated patient) did not pass the quality control
of the nSolver Advanced Analysis Software because of low
probe counts and were excluded from further analysis. Of
the 209 probes, 16 did not reach the detection threshold (less
than double the counts of the median of the negative control)
and were excluded from subsequent analysis (Table S2, SDC;
http:/links.lww.com/TXD/A157).

Validation of NanoString

To validate NanoString, it was tested whether NanoString
could distinguish between the transcriptome of samples with
aTCMR and samples without a TCMR. Unsupervised HCA
of the personalized gene panel showed that the samples with
aTCMR clustered separately from the negative controls
(Figure 1A). However, 1 sample with aTCMR (patient 18)
clustered with the negative controls. The clinical data of this
patient revealed that he had a slight deterioration of kidney
function at the time of the biopsy (serum creatinine rose from
95 to 107 pmol/L). No rejection was diagnosed in the first ex-
amination of the biopsy. However, after revision in the set-
ting of the RCT, the biopsy showed an isolated v-lesion and
was therefore classified as an aTCMR grade IIA (Banff
2015 classification®?). After this for-cause biopsy, the kidney
function of the patient improved to baseline without anti-
rejection therapy and without adjusting his maintenance
immunosuppressive therapy. At present, 45 months after
transplantation, the kidney function of this patient is excel-
lent (serum creatinine concentration 92 umol/L).

Differential gene expression analysis identified a distinct
gene signature in biopsies with aTCMR compared to the neg-
ative controls (Figure 1B and Table S4, SDC; http:/links.
Iww.com/TXD/A159). Comparison of aTCMR and negative
controls identified 78 genes with higher expression levels
in the aTCMR samples [FDR P value <.05 to 1.42e-035;
Table S4; SDC; http:/links.Iww.com/TXD/A159], and 1 gene
with significantly higher expression in samples without aTCMR
(EEF1A1, FDR P value 0.047). The most differentially expressed
genes (DEGs) were T cell-associated transcripts (CD3, CD8, and
CD4; P < 1.98e-04), y-interferon-inducible genes (CCLS,
CXCL9, CXCL11, CXCL10, TBX21; P < 1.33e-04), effec-
tor genes (GNLY, GZMB, ITGAX; P < 2.82e-03), macro-
phage-associated transcripts (SLAMF8, CD86, MS4A7,
MRC1, ADAMDECT; P < .04) and injury-repair response-as-
sociated transcripts (LCP2, CTSS, FCGR3A, MYBL1, LCN2,
and HAVCR1; P < 4.63e-02). The top 15 DEGs were mainly
aTCMR-associated transcripts, denoting an aTCMR profile
(Table 2). A 2-dimensional principal component analysis
was performed with the top 15 DEGs and showed separate
clustering of the samples with acute rejection compared to
the negative controls without aTCMR (Figure 1C).

Next, pathway score profiles were compared between sam-
ples with aTCMR and negative controls. Seventeen pathways
were analyzed (Figure 1D). Each pathway score was a combi-
nation of data from 6 to 23 genes (Table S5, SDC; http://
links.lww.com/TXD/A160). Unsupervised HCA of the
17 pathways showed that the samples with aTCMR clus-
tered separately from the samples without rejection (Figure
1D). Almost all pathway scores were higher in patients with
aTCMR, for instance costimulation by the CD28 family, and
cytokine signaling.
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FIGURE 1. A, Heatmap and unsupervised hierarchical cluster analysis of the 209 normalized genes of samples with acute T cell-mediated re-
jection (@aTCMR) and samples without aTCMR (negative controls). Each row represents a probe. Each column represents a biopsy sample. The
orange samples are the negative controls. The dark green samples are the samples with acute rejection. The color in each cell reflects the level
of expression of the messenger RNA (mMRNA), relative to the geometric mean of all the samples (z score). Increasing intensities of orange point
out higher expression, while increasing intensities of blue indicate lower expression. The degree of relatedness is represented by the dendro-
gram at the top of the panel. The probe threshold is depicted on the left of the heatmap. Blue cells represent probes that were below the de-
tection threshold (less than double the counts of the median of the negative control). Gray cells represent probes that were above the detection
threshold. B, Violcano plot of samples with aTCMR versus patients without aTCMR. The X-axis represents fold change (log2). The Y-axis displays
each gene's P value (—log10). The horizontal lines indicate various false discovery rate P values (FDRPVs). The 40 most statistically significant genes
are labeled in the plot. Genes with a positive fold change are higher expressed in the samples with an acute rejection. Genes with a negative fold
change are higher expressed in the samples without acute rejection. C, Principal component analysis (PCA) plot of the top 15 "differentially
expressed genes (DEGs) in samples with aTCMR and negative controls. PCA samples on the first (X-axis) and second PC plane (Y-axis). The sam-
ples without acute rejection are displayed in pink. The samples with acute rejection are displayed in gray. D, Pathway scores of samples with
aTCMR and samples without aTCMR. Unsupervised hierarchical cluster analysis and heatmap showing pathway scores. Pathway scores are
fit using the first principal component of each gene set's data. Scores are displayed on the same scale via a Z-transformation. Each row represents
a sample with patient ID number. Each column represents a pathway. The orange samples are the negative controls. The dark green samples are
the samples with rejection. Increasing intensities of orange point out higher pathway scores, while increasing intensities of blue indicate lower path-
way scores. The degree of relatedness is represented by the dendrogram at the top of the panel. Each number of the column represents a different
pathway (1) metabolism of proteins, (2) gene expression, (3) insulin receptor substrate signaling mediated signaling, (4) signaling by Wnt, (5) metab-
olism, (6) signaling by fragment C gamma receptor 2 (FGCR2), (7) costimulation by the CD28 family, (8) immunoregulatory interactions between
lymphoid and nonlymphoid cells, (9) cytokine signaling in immune system, (10) signaling by G-protein coupled receptor (GPCR), (11) innate im-
mune system, (12) major histocompatibility complex (MHC)-mediated class | antigen processing and presentation, (13) developmental biology,
(14) hemostasis, (15) cellular response to stress, (16) binding and uptake of ligands by scavenger receptors, (17) Extracellular matrix organization.

Standardized PC1 (88.4% explained variance)
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Immunomic Comparison of aTCMR Biopsies Under
Belatacept or Tacrolimus Therapy

Immunophenotypical Analysis

Twenty-five biopsies were included in the IHC analysis: 11
biopsies of patients treated with belatacept-based mainte-
nance therapy and 14 patients with tacrolimus-based main-
tenance therapy. The infiltrates in the cortical area of
tacrolimus-treated patients with aTCMR mainly consisted
of T cells, monocytes and macrophages (Table 3). Represen-
tative IHC stainings of the infiltrate in an aTCMR biopsy of
a patient with belatacept maintenance therapy are shown in
Figure S1, SDC (http:/links.Iww.com/TXD/A161). The com-
position of cells in the cortical area was not significantly differ-
ent for markers of the adaptive immune response (CD3, CD4,
CD8, CD20, FoxP3, PD-1 and granzyme B) and for markers
of the innate immune response (CD56 and CD68) in both
belatacept- and tacrolimus-treated patients (Table 3). Fur-
thermore, no significant difference was seen in the composi-
tion of cells in the cortical area between both groups of
patients when only aTCMR grade ITA and IIB were analyzed,
or when the mixed AR were compared (data not shown).

Gene Expression Analysis

In an unsupervised HCA, using the personalized panel, the
gene expression profiles of belatacept-maintenance therapy
did not cluster separately from the profiles of tacrolimus
maintenance therapy (Figure 2A). Differential gene expres-
sion analysis demonstrated no significant difference between
the aTCMR samples of patients who received maintenance
therapy with either belatacept or tacrolimus (Figure 2B and
Table S6, SDC; http:/links.lww.com/TXD/A162). The top
15 DEGs (although not statistically different) are summa-
rized in Table 4. In a 2-dimensional principal component
analysis, no separate clustering was seen between the samples
of patients treated with belatacept or tacrolimus maintenance
therapy (Figure 2C).

www.transplantationdirect.com

IHC analysis of CD3, CD4, CD8, FoxP3, CD20, CD56, CD68,
PD-1, and granzyme B

Marker Treatment Median? 10R? P

CD3 Tacrolimus 7.76 4.93-11.35 15
Belatacept 418 3.63-8.28

CD4 Tacrolimus 4.64 1.48-7.84 .85
Belatacept 4.86 2.84-6.91

CD8 Tacrolimus 3.23 1.68-5.73 .69
Belatacept 1.96 1.54-4.25

FoxP3 Tacrolimus 0.05 0.03-0.22 .58
Belatacept 0.05 0.02-0.12

FoxP3/CD4 Tacrolimus 0.009 0.007-0.012 1.00
Belatacept 0.009 0.006-0.019

CD20 Tacrolimus 0.43 0.21-2.92 1.00
Belatacept 1.05 0.29-5.88

CD56 Tacrolimus 0.05 0.02-0.09 12
Belatacept 0.15 0.05-0.39

CD68 Tacrolimus 10.6 3.6-19.2 .37
Belatacept 5.6 4.2-10.2

Granzyme B Tacrolimus 0.21 0.05-0.47 .81
Belatacept 0.16 0.08-0.49

PD-1 Tacrolimus 0.35 0.22-0.70 12
Belatacept 0.05 0.02-0.88

@ Median (%) and interquartile range (%) of the ratio of positive stained cortex area divided by the
total cortex area of CD3, CD4, CD8, CD20, CD56, CD68, granzyme B and PD-1. The ratio of
FoxP3/CD3 is calculated by diving the percentage of FoxP3 staining by the percentage of CD4 staining
for each section.

IQR, interquartile range; PD-1, programmed cell death protein 1.

Unsupervised HCA of the pathway scores is depicted in
Figure 2D. None of the 17 different pathways distinguished
between aTCMR occurring under belatacept or tacrolimus
maintenance therapy. Surprisingly, the genes that are in-
volved in the CD28 costimulatory pathway were similarly

Top 15 of DEGs in patients with an acute rejection compared with patients without an acute rejection

mRNA FC (log2) SE (log2) Lower confidence limit (log2) Upper confidence limit (log2) FDRPV? Panel®
CCL5 3.32 0.354 2.63 4,02 1.42e-05 Rejection
AOAH 314 0.347 2.46 3.82 1.42e-05 TCMR
GBP5 4.87 0.592 3.71 6.03 3.59e-05 TCMR

CD4 2.33 0.287 177 29 3.59e-05 TCMR
CCR5 2.63 0.338 197 329 4.18e-05 Rejection
SP140 3.05 0.392 2.28 3.81 4.18e-05 TCMR
SH2D1A 2.5 0.322 1.86 313 4.18e-05 TCMR
LCP2 2.34 0.304 1.75 2.94 4.18e-05 TCMR
TIGIT 3.63 0.484 2.68 458 5.4e-05 TCMR/Exhaustion
CXCL11 6.17 0.835 453 7.81 6.01e-05 AMR
TBX21 2.92 0.397 214 37 6.01e-05 AMR/exhaustion
CTSS 317 0.437 2.31 4.02 6.7e-05 AKI
ITGAX 3.41 0.478 247 435 7.35e-05 TOLs
FAM26F 3.53 0.498 2.55 451 7.35e-05 TCMR
PSTPIP1 2.41 0.341 175 3.08 7.35e-05 TCMR

Positive ratio means higher expression in samples with rejection.

4 FDR P value was obtained from the adjusted P value of FDR correction by Benjamini-Hochberg method.

5 Panel in Banff kidney report 2017.°

AKI, acute kidney injury; AMR, antibody-mediated rejection; FC, fold change; FDRPV, false discovery rate P value; mRNA, messenger RNA; SE, standard error; TCMR, T cell-mediated rejection, TOLs, tolerance

assisted transcripts.
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FIGURE 2. A, Heatmap and unsupervised hierarchical cluster analysis of the 209 normalized genes in samples of patients with acute T cell-
mediated rejection (aTCMR) treated with belatacept or tacrolimus. Each row represents a probe. Each column represents a biopsy sample. The
purple samples are the samples from belatacept-treated patients. The light green samples are the samples from tacrolimus-treated patients.
The color in each cell reflects the level of expression of the messenger RNA (MRNA), relative to the geometric mean of all the samples (z score).
Increasing intensities of orange point out higher expression, while increasing intensities of blue indicate lower expression. The degree of relatedness
is represented by the dendrogram at the top of the panel. The probe threshold is depicted on the left of the heatmap. Blue cells represent probes
that were below the detection threshold (less than double the counts of the median of the negative control). Gray cells represent probes that were
above the detection threshold. B, Volcano plot of samples of patients with aTCMR treated with belatacept versus patients treated with tacrolimus.
The X-axis represents fold change (log2). The Y-axis displays each gene's P value (—log10). None of the genes was significant different between the
2 groups, therefore no horizontal lines that indicate various false discovery rates P values (FDRPVs) are visible. The 40 most statistically significant
genes are labeled in the plot. Genes with a positive fold change are higher expressed in the samples of patients treated with tacrolimus. Genes with
a negative fold change are higher expressed in the samples of patients treated with belatacept. C, Principal component analysis (PCA) plot of
the top 15 differentially expressed genes (DEGs) in samples of patients with aTCMR treated with belatacept or tacrolimus. PCA samples on the
first (X-axis) and second PC plane (Y-axis). The samples of patients treated with belatacept are displayed in pink. The samples of patients treated
with tacrolimus are displayed in gray. D, Pathway scores of samples of patients with aTCMR treated with belatacept or tacrolimus. Unsupervised
hierarchical cluster analysis and heatmap showing pathway scores. Pathway scores are fit using the first principal component of each gene set's
data. Scores are displayed on the same scale via a Z-transformation. Each row represents a sample. Each column represents a pathway. The
purple samples are the belatacept-treated patients. The light green samples are the samples of patients treated with tacrolimus. Increasing inten-
sities of orange point out higher pathway scores, while increasing intensities of blue indicate lower pathway scores. The degree of relatedness is
represented by the dendrogram at the top of the panel. Each number of the column represents a different pathway: (1) Cellular response to stress,
(2) Costimulation by the CD28 family, (3) Immunoregulatory interactions between lymphoid and nonlymphoid cells, (4) Metabolism, (5) Develop-
mental biology, (6) Hemostasis, (7) Binding and uptake of ligands by scavenger receptors, (8) Extracellular matrix organization, (9) Metabolism
of proteins, (10) Insulin receptor substrate signaling mediated signaling, (11) Signaling by fragment C gamma receptor 2 (FGCR2), (12) Gene ex-
pression, (13) Signaling by Wnt, (14) Cytokine signaling in immune system, (15) Innate immune system, (16) Class | major histocompatability com-
plex (MHC) mediated antigen processing and presentation, (17) Signaling by G-protein coupled receptor (GPCR).
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Top 15 of DEGs in patients with acute rejection treated with belatacept compared with patients treated with tacrolimus

mRNA FC (log2) SE (log2) Lower confidence limit (log2) Upper confidence limit (log2) P FDRPV? Panel”
EHD3 -1.14 0.28 -1.70 -0.59 .0012 1.00 Glomerulus
SLC19A3 -0.98 0.29 -1.54 -0.41 .0045 1.00 eGFR later
ASB15 -1.65 0.53 —2.68 -0.62 .0073 1.00 GOCAR
VEGFA -1.44 0.46 -2.35 -0.54 .0074 1.00 Macrophages
COL1A1 —2.67 0.90 —4.43 -0.91 .0099 1.00 CADI progression/matrix
KLF4 0.83 0.29 0.27 1.39 .0116 1.00 AMR
SLC25A15 1.1 0.42 0.29 1.93 .0189 1.00 eGFR later
IGHG3 1.66 0.66 0.36 2.95 .0249 1.00 Plasma cells
CXCL11 1.88 0.76 0.39 3.37 .0269 1.00 AMR
TRAF4 0.21 0.09 0.04 0.38 .0285 1.00 eGFR later
TNF 0.85 0.35 0.17 1.54 .0288 1.00 AMR
PLATA 0.95 0.40 0.16 1.74 .0328 1.00 AMR

CD8B -0.83 0.36 -1.52 -0.13 .0355 1.00 TCMR
PECAMA1 0.40 017 0.06 0.74 .0356 1.00 AMR
TBX21 0.59 0.26 0.09 1.09 .0369 1.00 AMR / Exhaustion

4 FDRPV was obtained from the adjusted P value of FDR correction by Benjamini-Hochberg method.
b'Panel in Banff kidney report 2017.°

AMR, antibody-mediated rejection; CADI, chronic allograft damage index; eGFR, estimated glomerular filtration rate; FC, fold change; FDRPV, false discovery rate P value; GOCAR, genomics of chronic allograft

rejection; mRNA, messenger RNA; SE, standard error; TOMR, T cell-mediated rejection.

expressed in acute rejection samples of patients treated with
either tacrolimus or belatacept (Table 5).

Distinct pretransplant subsets of T cells have been described
that may be responsible for triggering belatacept-resistant rejec-
tions, namely CD8" CD28°T cells, CD4"CDS7*programmed
death 1 (PD-1)" T cells, and CD8*CD28" Tramra 2> How-
ever, in our RCT, which included the belatacept-treated
patients described here, these 3 subsets did not predict
acute rejection pretransplantation, at least when measured
in peripheral blood.? In addition, during acute rejection,
the 3 subsets in the blood were not significantly different com-
pared with belatacept-treated patients without acute rejection.””
In the present study, the intragraft mRNA concentrations of
CD4, CD8, CD28, PD-1, and B3GAT1 (alias CD57) were de-
termined and compared between belatacept- and tacrolimus-
treated patients with aTCMR (Table S6, SDC; http://links.
Iww.com/TXD/A162). No difference in the expression of these
markers was observed between the 2 groups.

DISCUSSION

The integration of immunomics with the conventional
histomorphologic examination of renal biopsies will lead to
improved classification and a deeper understanding of the
pathogenesis of acute rejection.’ This pilot study shows that
with the innovative technique NanoString, it is feasible to de-
rive gene expression data from FFPE kidney transplant biop-
sies and that it was possible to differentiate biopsies with and
without aTCMR. These results were used to support our
conclusion that the aTCMR immunomic profiles of patients
treated with either tacrolimus or belatacept maintenance
therapy were not significantly different.

The Banff 2013 working group recommends the use of
molecular diagnostics to define AMR.?>* This includes in-
creased expression analysis of transcripts involved in endo-
thelial injury.** The Banff 2017 classification includes more
diagnostic and prognostic molecular biomarkers for AMR.’
However, the Banff 2017 classification does not contain

Gene expression ratios of genes involved in the CD28 pathway between patients with an acute rejection treated with belatacept

and patients treated with tacrolimus

mRNA FC (log2) SE (log2) Lower confidence limit (log2) Upper confidence limit (log2) P FDRPV?
BTLA -0.15 0.52 -1.16 0.87 77 1.00
CD274 0.47 0.41 -0.32 1.27 24 1.00
CD28 -0.42 0.46 -1.32 0.49 37 1.00
CD3D -0.41 0.38 -1.16 0.35 .29 1.00
CD4 0.25 0.30 -0.33 0.83 40 1.00
CD86 0.05 0.49 -0.91 1.02 92 1.00
CTLA4 -0.59 0.73 -2.01 0.84 42 1.00
ICOS -0.17 0.45 -1.05 0.71 71 1.00
PDCD1 -0.42 0.53 -1.46 0.62 43 1.00
PDCD1LG2 0.03 0.41 -0.77 0.83 94 1.00

4 FDRPV was obtained from the adjusted P value of FDR correction by Benjamini-Hochberg method.
FC, fold change; FDRPV, false discovery rate P value; mRNA, messenger RNA; SE, standard error.
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recommendations on the implementation of molecular diag-
nostics for the diagnosis of aTCMR. This may be useful in
differential diagnostic dilemmas, such as borderline rejection
or isolated v-lesions.

NanoString is a high-throughput gene expression quantifi-
cation system that delivers direct multiplexed measurements
of gene expression through digital readouts of mRNA tran-
scripts. Formalin-fixation can cause cross-linkage of nucleic
acids to proteins, which can lead to inhibition of reverse tran-
scriptase. The advantage of the NanoString over other high-
throughput techniques like real-time polymerase chain reaction
and microarray, is that it does not require a reverse transcriptase
step.”*? NanoString is suitable for clinical purposes because it
is fast and has minimal hands-on time. Furthermore, the gene
expression analysis can be performed in the same formalin
fixed paraffin tissue that is used for conventional histopatho-
logic examination. It has been accepted into international
treatment guidelines as a prognostic assay for breast cancer.>*

Here, the allograft transcriptome of aTCMR biopsies
showed a significantly higher expression of 78 genes compared
with the biopsies without aTCMR. The top pathogenesis-
based transcripts were mostly T cell-associated, y-interferon in-
ducible and effector cell, and injury-repair response-associated
transcripts denoting an aTCMR profile.**

This is the first study that compared the immunomics of bi-
opsies with aTCMR of patients treated with either tacrolimus
or belatacept. A better understanding of the pathogenesis of
costimulation blockade resistant rejections could lead to a
more personalized approach of belatacept-based treatment
in kidney transplant recipients. Besides, because molecular
diagnostics of rejection biopsies are increasingly used in com-
bination with conventional histomorphologic examination,’
it is important to know whether the gene signature of rejec-
tion biopsies is dependent of the maintenance immunosup-
pressive therapy.

In this pilot study with a small sample size, the transcriptome
of patients treated with either 1 of the 2 immunosuppressive reg-
imens showed no distinct gene signature, including the genes in-
volved in the CD28 costimulatory pathway. In addition,
immunophenotypical analysis of the classic immune markers
of the innate and adaptive immune system was not signifi-
cantly different between the 2 maintenance therapies. Further-
more, we could not confirm that the previously described
T-cell subsets (CD8*CD28™ T cells, CD4*CD57*PD-1"
T cells, and CD8*CD28 Trmra’"2%?%) were associated
with belatacept-resistant rejections, neither in the periph-
eral blood?® nor in the renal allograft (in this study).

One study analyzed biopsies with aTCMR of patients
treated with belatacept or cyclosporine A (CsA) and com-
pared the ratio of FoxP3* cells among T cells with THC.?
This ratio was significantly elevated in acute rejection biop-
sies of belatacept-treated patients compared to CsA-treated
patients (17.99% versus 6.45%, respectively, P = .044).3¢
Here, no difference was found in the ratio of FoxP3™" cells
among CD4" T cells between aTCMR biopsies of belatacept-
and tacrolimus-treated patients. Besides, the intragraft mRNA
level of FoxP3* was similar between the 2 groups.

No studies have compared the immunomics of biopsies
without aTCMR of patients treated with belatacept or tacro-
limus. However, several studies compared intragraft gene ex-
pression and THC of biopsies without rejection of patients
treated with belatacept or cyclosporine. Two studies
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compared the intragraft gene expression of 12-month
protocol biopsies without rejection of 3patients treated with
belatacept or CsA.>”>*® Grimbert et al®” found that the ex-
pression of FoxP3 was less in biopsies of patients treated with
belatacept compared with CsA. No differences were found in
granzyme B expression or the intragraft expression of genes
associated with Th1 (IFNw, Tbet), Th2 (GATA3), and Th17
(RORwyt, IL-17) cells. Vitalone et al*® compared the intragraft
gene expression of 4451 genes of preimplantation biopsies with
12-month protocol biopsies of patients treated with belatacept
or CsA. The biopsies of CsA-treated patients showed higher ex-
pression of genes associated with fibrosis, early tubulointerstitial
damage and CsA-related toxicity. The biopsies of patients
treated with belatacept showed enrichment of genes associated
with NK cells and monocytes, progressive immune injury and
wound healing.*® Furuzawa-Carballeda et al*” analyzed the 1-year
protocol biopsies (without rejection) with IHC under belatacept
or CsA-maintenance treatment and observed that biopsies of
belatacept-treated patients showed less senescence and a more
immunomodulatory phenotype.

The explanation for the absence of a difference in the
immunomics of aTCMR biopsies of patients treated with ta-
crolimus or belatacept could be that the aTCMR as seen in
biopsies is a shared final common pathway. This phenome-
non was previously named the “immunologic constant of re-
jection.”*%*! This hypothesis is based on the observation that
different immune-mediated tissue destruction processes share
the same final molecular mechanism, like allograft rejection,
cancer, autoimmunity, and infections and includes activation
of ~-interferon—regulated genes, recruitment of cytotoxic
cells by chemokine ligands and activation of immune effector
function genes.*%*!

We recognize the limitations associated with this pilot
study, most notably the small number of patients. This could
have influenced the power of this study. However, to date,
our RCT is the largest to have compared belatacept to tacro-
limus maintenance treatment. Furthermore, we feel that
studies on the immunomics of belatacept-resistant rejection
with more statistical power are unlikely to become available
anytime soon since the treatment of new patients with
belatacept is currently very difficult because of a worldwide
shortage of the drug.** Because of the limited sample size, no
correlation between the IHC stainings, Banff grade and gene
transcripts could be investigated. Furthermore, the scope of
this study was to analyze the immunomics of tacrolimus-
and belatacept-treated patients with acute rejections and
not to study the gene expression profiles of different types
of rejection. Therefore, we studied aTCMR only because
AMR did not occur in our belatacept RCT which compared
belatacept and tacrolimus.

Additionally, we have used the NanoString technique to
measure the expression of a limited number of genes instead
of using an untargeted approach, thereby excluding other
possible differentiating biomarkers. The use of an untargeted
genomic approach on the AR biopsies could possibly identify
new genes and pathways that we did not analyze with the
gene panel used in our study. However, we believe that most
genes involved in aTCMR were included as they were de-
rived from the panel presented in the Banff 2017 report.’
Lastly, more biopsies of the tacrolimus-treated patients used
for Nanostring were taken earlier after transplantation than
the biopsies of the belatacept-treated patients and the
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negative controls. This can be relevant because genes in-
volved in the injury-repair response and inflammation could
be affected by the transplant surgery. However, the timing of
the acute rejection was not different between the 3 groups.

In summary, no differences were found in the immunomic
profiles of aTCMR biopsies of patients treated with tacroli-
mus- or belatacept-based maintenance therapy, suggesting
that clinically diagnosed rejection is a final common pathway
of allo-recognition which is independent of the specific im-
munosuppressive regimen (tacrolimus or belatacept) under
which it occurs. Follow-up studies with larger patient num-
bers are required to confirm our findings when belatacept is
widely available again.**

The authors thank Jan H. von der Thisen for assistance with
classification of the kidney biopsies.
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