UCSF

UC San Francisco Previously Published Works

Title
Gene Expression-based Molecular Scoring of Pancreas Transplant Rejection for a
Quantitative Assessment of Rejection Severity and Resistance to Treatment

Permalink
https://escholarship.org/uc/item/Onp9p2zK

Authors

Brown, Audrey E
Kelly, Yvonne M
Zarinsefat, Arya

Publication Date
2024-09-01

DOI
10.1016/j.ajt.2024.09.032

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/0np9p2zk
https://escholarship.org/uc/item/0np9p2zk#author
https://escholarship.org
http://www.cdlib.org/

American Journal of Transplantation xxx (xxxx) xxx

American Journal of

Contents lists available at ScienceDirect TRANSPLANTATION

American Journal of Transplantation

journal homepage: www.amjtransplant.org

Original Article

Gene expression—-based molecular scoring of pancreas
transplant rejection for a quantitative assessment of
rejection severity and resistance to treatment

Audrey E. Brown '@, Yvonne M. Kelly "% '@, Arya Zarinsefat ' ©,

Raphael PH. Meier '@, Giulia Worner ' ®, Mehdi Tavakol ' @, Minnie M. Sarwal ' @,
Zoltan G. Laszik '®, Peter G. Stock " ®, Tara K. Sigdel "~

1 Department of Surgery, University of California, San Francisco, California, USA
2 Department of Surgery, Columbia University, New York, New York, USA
3 Department of Surgery, University of Maryland School of Medicine, Baltimore, Maryland, USA

ARTICLE INFO ABSTRACT

Keywords: Pancreas transplantation improves glycemic control and mortality in patients with diabetes
pancreas transplant but requires aggressive immunosuppression to control the alloimmune and autoimmune
acute cellular rejection response. Recent developments in “omics” methods have provided gene transcript-based
differential gene expression biomarkers for organ transplant rejection. The tissue Common Response Module (tCRM)
tissue Common Response score is developed to identify the severity of rejection in kidney, heart, liver, and lung
Module score transplants. Still, it has not yet been validated in pancreas transplants (PT). We evaluated

the tCRM score’s relevance in PT and additional markers of acute cellular rejection (ACR)
for PT. An analysis of 51 pancreas biopsies with ACR identified 37 genes and 56 genes
significantly upregulated in the case of grade 3 and grade 2 ACR, respectively (P < .05).
Significant differences were seen with higher grades of rejection among several transcripts.
Of the 22 genes differentially expressed in grade 3 ACR, 18 were also differentially
expressed in grade 2 ACR. The rejection signal was attributable to activated leukocytes’
infiltration. Significantly higher tCRM scores were found in grade 3 ACR (P =.007) and
grade 2 ACR (P = .004), compared to normal samples. The tCRM score was able to
distinguish treatment-resistant cases from those successfully treated for rejection.

Abbreviations: ACR, acute cellular rejection; AR, acute rejection; CRM, Common Response Module; DE, differential expression; FDR, false-discovery rate; FFPE, formalin-fixed paraffin-embedded; PA,
pathway analysis; PT, pancreas transplant; PTA, pancreas transplant alone; QC, quality control; SPK, simultaneous pancreas and kidney; tCRM, tissue Common Response Module.
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A.E. Brown et al.
1. Introduction

Since its inception, outcomes of pancreas transplantation
continue to improve, often attributed to improved surgical tech-
nique, improved immunosuppression, and more standardized
and rigorous selection of both donors and recipients." Immuno-
suppression for pancreas transplants (PT) has evolved to more
aggressive lymphodepleting induction regimens to control the
alloimmune and autoimmune response. Despite these advances,
acute rejection (AR) in the first year posttransplant continues to
be a problem, with the most recent Organ Procurement Trans-
plant Network and Scientific Registry of Transplant Recipients
data showing rates of rejection in the first year of 12.5% for
pancreas after kidney transplant, 21.8% for pancreas transplant
alone (PTA), and 10.6% for the simultaneous pancreas and
kidney (SPK) transplant.® Currently, the only method for
assessing rejection is the image-guided biopsy of the allograft.®*
A more quantitative assessment of the rejection episode could
facilitate the decision of the aggressiveness of the treatment.

Recently, gene expression analysis-derived gene transcript
panels have been explored as a tool to monitor molecular events
related to graft injuries in solid organ transplant.'sltion.5’6 A few
studies using targeted gene expression analysis on a limited set of
gene transcripts were performed on peripheral blood”*® and tissue.’
Several studies have used high-throughput transcriptome-level
gene expression profiling to identify key immunologic and inflam-
matory markers in the blood and tissue of solid organ transplant
recipients experiencing AR.'%'* These studies have been per-
formed on solid organ transplants except PT. In one such study,
gene expression analysis of public transcriptional data from kidney,
heart, liver, and lung transplant recipients experiencing rejection
was used to identify the tissue Common Response Module (tCRM)
score based on 11 genes (BASP1, ISG20, PSMB9, RUNX3, TAP1,
NKG?7, LCK, INPP5D, CXCL9, CD6, and CXCL10; Khatri etal'®).
The tCRM score was shown to diagnose the severity of tissue
rejection in all 4 graft types but has not yet been validated in PT.

This study aimed to evaluate the previously reported tCRM
score'>'% in PT and identify any additional markers of PT-AR.
Because both recurrent autoimmunity and alloimmunity
contribute to the immune response following PT in people with
type 1 diabetes, this study also aimed to unravel additional mol-
ecules associated with rejection in PT and the relevance of the
tCRM score in predicting treatment response after PT rejection.

2. Materials and methods
2.1. Patient selection

This study was a retrospective, descriptive study approved by
the institutional review board at the University of California, San
Francisco (UCSF IRB approval number 19-28919). All available
protocols and for-cause biopsies of PT at University of California,
San Francisco from January 2006 to November 2018 were
identified and used for this study. As a quality control (QC)
measure, the formalin-fixed paraffin-embedded (FFPE) speci-
mens were assessed for adequate RNA yield, with a total of 54
unique pancreas biopsies meeting the threshold. All the biopsies
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were reclassified based on the most recent Banff classification
schema.'” Three samples were excluded at the outset as they
were each the only sample in their cohort—one with grade 4 acute
cellular rejection (ACR), one with chronic rejection, and one with
antibody-mediated rejection—bringing the final study total to 51
unique biopsies from 42 patients (Table 1). All 51 biopsies in the
cluster were tested for C4d; all, except 2, were C4d negative. A
single case in the “normal” group showed diffuse capillary
endothelial C4d positivity and microvascular inflammation with
donor-specific antibodies (DSA) positivity; this case has been
excluded from the analysis. Clinical data collected included de-
mographic data, operative data, details pertaining to episodes of
rejection including the reason for biopsy and treatment adminis-
tered, and dates of graft loss, and death (if applicable). Rejection
that was resistant to treatment was defined as patients receiving 2
separate rounds of treatment less than 2 months apart. A detailed
listing of biopsy scores and C4d data are presented in Supple-
mentary Table 1.

2.2. Biopsy and management of rejection

For the vast majority of cases, biopsies were performed prior to
treatment. However, due to timing and processing constraints,
bolus steroids were initiated prior to a final biopsy result in a small
number of patients. The standard protocol is to treat patients with
mild ACR grade 1 with bolus steroids; however, thymoglobulin was
also occasionally used as an initial treatment regimen when the
treating physician felt the recipient was at a higherimmunologic risk.
The higher-risk patients included recipients with prior rejection or
high baseline Panel-reactive antibodies (PRA). The initial treat-
ments are included in Supplementary Table 1. Recurrent rejections
were treated with thymoglobulin and/or Orthoclone (OKT3).

2.3. RNA isolation and gene expression

Total RNA was isolated using the Purelink FFPE RNA Isolation
Kit (Invitrogen; Waltham, MA) from four 10 pm-thick FFPE sec-
tions for each sample. RNA yield (ng/pL) and RNA purity (260/280
ratio) were measured using a Nanodrop 1000 Spectrophotometer
(Thermo Fisher Scientific; Wilmington, DE). The median RNA
yield per FFPE block was 31.01 ng/uL (standard deviation [SD] =
23.82), with a median 260/280 value of 2.02 (SD = 0.22).
Expression analysis of 760 immune response-related genes was
performed on a NanoString nCounter Sprint Instrument (Nano-
String Technologies; Seattle, WA), based on the manufacturer’s
recommendations. Our gene panel (Supplementary Table 2)
consisted of Nanostring’s Cancer Immune v1.1 oligonucleotide
set (n = 730), which includes 40 housekeeping genes, in addition
to a custom panel of 30 probes and 40 housekeeping genes.
Internal QC metrics of the platform were used with the default
settings.'® As a QC metric, 2 duplicate samples were run in each
category for grade 1 ACR, grade 2 ACR, and grade 3 ACR.

2.4. Gene expression analysis

Raw count data were imported into NanoString’s nSolver
software (v4.0) with the Advanced Analysis module, and R 3.3.2
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Table 1
Patient information.
Case no. Unique Age at Sex Primary Transplant Months Indication for biopsy Pathology
patient ID Txp (y) disease type post-Txp diagnosis

1 1 34 M DM1 PAK 8 Cause, elevated glucose No rejection
2 2 53 F DM1 PTA 1 Cause, elevated glucose ACR, grade 2
7 2 53 F DMA1 PTA 8 Cause, elevated amylase/lipase ACR, grade 3
3 3 43 F DM1 SPK 64 Cause, elevated amylase/lipase ACR, grade 2
11 3 43 F DMA1 PTA? 1 Cause, elevated amylase/lipase ACR, grade 2
22 3 43 F DMA1 PTA? 22 Cause, elevated amylase/lipase ACR, grade 1
4 4 43 F DM1 SPK 4 Cause, elevated amylase/lipase ACR, grade 2
5 5 38 M DMA1 SPK 25 Cause, elevated amylase/lipase ACR, grade 1
6 6 48 F DM1 PTA 4 Protocol ACR, grade 2
8 7 19 M DMA1 PTA 22 Cause, elevated amylase/lipase ACR, grade 3
9 8 45 F DMA1 SPK 114 Cause, elevated amylase/lipase ACR, grade 3
10 9 53 F DM1 PTA 2 Protocol ACR, grade 1
12 10 42 F DMA1 SPK 1 Cause, elevated amylase/lipase ACR, grade 2
13 11 41 M DM1 SPK 93 Cause, elevated amylase/lipase ACR, grade 2
14 12 34 F DM1/2 SPK 1 Cause, persistent fevers ACR, grade 2
19 12 34 F DM1/2 SPK 9 Cause, elevated amylase/lipase No rejection
28 12 34 F DM1/2 SPK 26 Cause, elevated amylase/lipase No rejection
34 12 34 F DM1/2 SPK 35 Cause, elevated amylase/lipase No rejection

(excluded from

analysis)
15 13 38 M DM1 SPK 4 Cause, elevated amylase/lipase No rejection
16 14 41 F DMA1 PTA 28 Cause, elevated amylase/lipase ACR, grade 3
25 14 41 F DMA1 PTA 45 Cause, elevated amylase/lipase ACR, grade 1
17 15 38 M DM1 SPK 133 Cause, elevated amylase/lipase ACR, grade 3
18 16 29 F DMA1 PTA 12 Cause, elevated amylase/lipase ACR, grade 2
20 17 49 F DM1 SPK 1 Cause, elevated glucose No rejection
21 18 32 M DMA1 SPK 10 Cause, elevated amylase/lipase ACR, grade 2
23 19 49 F DM1 SPK 12 Cause, elevated amylase/lipase No rejection
24 20 48 M DMA1 PAK 2 Cause, elevated amylase/lipase ACR, grade 2
26 21 49 F DMA1 SPK 11 Cause, elevated amylase/lipase ACR, grade 1
27 21 49 F DM1 SPK 12 Cause, elevated amylase/lipase ACR, grade 1
30 21 49 F DMA1 SPK 13 Cause, elevated amylase/lipase ACR, grade 3
29 22 43 M DM1 SPK 63 Cause, elevated amylase/lipase ACR, grade 3

(excluded from

analysis)
31 23 40 M DM1 PTA® 2 Protocol No rejection
32 24 35 M DMA1 PAK 3 Protocol No rejection
33 25 47 M PTA 4 Cause, pain ACR, grade 1

(continued on next page)
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Table 1 (continued)
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Case no. Unique Age at Sex Primary Transplant Months Indication for biopsy Pathology
patient ID Txp (y) disease type post-Txp diagnosis
Pancreatectomy
after trauma
35 26 40 DMA1 SPK 1 Cause, persistent fevers No rejection
36 27 36 DM1 SPK 1 Cause, persistent fevers ACR, grade 1
(excluded from
analysis)

37 28 51 F DM1 PTA 9 Protocol ACR, grade 1
38 29 41 F DM1 PTA® 103 Cause, elevated glucose ACR, grade 2
39 30 26 F DMA1 SPK 2 Cause, elevated amylase/lipase No rejection
40 31 32 M DM1 PAK 1 Cause, persistent fevers ACR, grade 3
41 32 46 F DM1 PTA 2 Protocol ACR, grade 1
42 33 49 M DM1 SPK 1 Cause, elevated amylase/lipase No rejection
43 34 42 M DMA1 PAK 2 Cause, elevated glucose ACR, grade 1
44 35 12 F DM1 SPK 13 Cause, elevated amylase/lipase No rejection
45 36 48 F DMA1 SPK 40 Cause, elevated amylase/lipase ACR, grade 1
46 37 35 F DM1 SPK 20 Cause, elevated amylase/lipase ACR, grade 1
47 38 52 M DMA1 PTA? 2 Protocol ACR, grade 3
48 39 36 F DMA1 SPK 13 Cause, elevated amylase/lipase ACR, grade 2
49 40 38 M DM1 SPK 40 Cause, elevated amylase/lipase ACR, grade 1
50 41 53 M DM1 SPK 11 Cause, elevated amylase/lipase No rejection
51 42 40 M DMA1 SPK 49 Cause, elevated amylase/lipase ACR, grade 2

ACR, acute cellular rejection; DM1, type 1 diabetes mellitus; DM1/2, mix of type 1 and type 2 diabetes mellitus; F, female; M, male; PAK, pancreas after kidney transplant;
PTA, pancreas transplant alone; SPK, simultaneous pancreas and kidney; Txp, transplant.

& Failed SPK s/p graft pancreatectomy.

(R Foundation for Statistical Computing; Vienna, Austria). The
background noise threshold was determined to be 60 counts
(calculated by taking the highest average count in the negative-
control probe set, which was 30, and then doubling it, which
resulted in 60). To ensure a strict cutoff for robust analysis and
appropriate input data for differential expression (DE) analysis, any
gene not expressed greater than the background noise threshold
of 60 in at least 95% of the samples was excluded from down-
stream analysis. Gene counts were normalized based on a
positive-control probe set (to adjust for technical variation) and the
standard 40 housekeeping genes in the panel (to adjust for varia-
tion in RNA input). One sample from normal was excluded from the
final analysis because of failing the criteria of being C4d and DSA
positive. One sample from the grade 1 ACR cohort and one from
the grade 3 ACR cohort were excluded from further analysis due to
failure to detect a sufficient number of genes above the back-
ground. We performed DE analysis comparing normal pancreas to
grade 1 ACR, normal vs grade 2 ACR, and normal vs grade 3 ACR.

For the analysis of the gene expression data set, DE analysis
was performed in the Advanced Analysis module using a

negative binomial model. The Benjamini-Hochberg method was
utilized to account for multiple comparison testing and calculate
false-discovery rate (FDR) adjusted P values.'® We considered
an adjusted P value < .05 to be statistically significant. The data
were then exported to R for data visualization. The pheatmap
package was utilized to perform unsupervised hierarchical clus-
tering of all genes that had passed the raw count threshold cut-
off.?° Unsupervised clustering does not require any prior
knowledge about the categories or labels of the data points such
as gene transcripts or samples based on their expression pat-
terns across the phenotypes, whereas supervised clustering was
performed to visually display gene expression changes of select
genes in known phenotypes. Z-scores were calculated for each
normalized gene count for use in creating the heatmaps. The
ggplot2 package was used to create volcano plots in the standard
fashion, plotting the log, fold changes against the —logqo P values
for each gene.?' All differentially expressed genes were plotted,
with the 30 genes with the most significant adjusted P values
labeled. The plots were colored based on whether each gene had
an adjusted P value of less than or greater than .05.
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2.4.1. Quantification of inflammation

To compare the amount of inflammation across biopsies and
groups, we compared the expression level of protein tyrosine
phosphatase, receptor type, C, also known as CD45, using the
normalized gene counts. The gene counts in each group were
compared using a Mann-Whitney test. We considered a P value
< .05 to be statistically significant.

2.4.2. Comparison of tCRM gene expression

Using the log transformed gene counts for the 11 tCRM genes
(BASP1, ISG20, PSMB9, RUNX3, TAP1, NKG7, LCK, INPP5D,
CXCL9, CD6, and CXCL1), the tCRM score for each patient was
calculated based on previously reported method'® and used to
calculate the mean tCRM score for each pathologic group. The
tCRM scores between groups were compared using a
Mann-Whitney test. We considered a P value < .05 to be sta-
tistically significant.

2.4.3. Correlation between tCRM score and amylase
values

A Pearson correlation was performed to assess the signifi-
cance between the tCRM scores and time-matching amylase
values. Survival analyses were performed using the Kaplan-
Meier method and log-rank test.

2.4.4. ROC analysis to compare performance or tCRM
score, lipase, and amylase values

A receiver operating characteristic (ROC) analysis was per-
formed to compare the utility of tCRM scores to lipase and
amylase values.

2.4.5. Pathway analysis
Genes from DE analysis, as described above, were then
filtered for all genes with adjusted P values < .05 and log, fold

RNA isolation from
FFPE tissue sections
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changes greater than 0.5 to 1.0. These genes were then input to

the packages clusterProfiler and ReactomePA to perform

Reactome pathway analysis (PA).?>?% The results of the PA were

then visualized as bar plots, and ordered by the adjusted P

values that were calculated for each individual pathway in the PA.
A summary of the study design is presented in Figure 1.

3. Results
3.1. Patient demographics

A total of 51 unique patient biopsies from 42 patients were
included in our initial data set with the following histopathologic
diagnoses: 14 normal biopsies, 14 grade 1 ACR, 14 grade 2
ACR, and 9 grade 3 ACR (Table 1). Of the 42 unique patients, 21
were men (50%). Age at the time of transplant ranged from 12 to
53 years, with the average age being 40.5 years. Time from
transplant to biopsy ranged from 1 to 133 months with the
average time being 22 months. One patient had a total pancre-
atectomy after trauma. Twenty-five patients (59.5%) underwent
SPK transplant, 5 (11.9%) underwent pancreas after kidney
transplant, and 12 (28.5%) underwent PTA. Of those who un-
derwent PTA, 3 of the 12 had a prior SPK transplant with sub-
sequent pancreatectomy due to graft failure. The indications for
biopsies were: (1) elevated amylase and/or lipase, 25 patients
(59.5%); (2) standard protocol biopsy, 7 patients (16.7%); (3)
elevated glucose, 5 patients (11.9%); (4) persistent fever, 4 pa-
tients (9.5%); and (5) graft pain, 1 patient (2.4%).

3.2. Transcriptional differences with increasing grades
of rejection

A total of 188 genes out of 760 genes included in the nCounter
platiorm (Supplementary Table 2) met the raw count cutoff

14 normal

13 Grade 1 ACR

14 Grade 2 ACR [
8Grade3ACR M

Identification of gene transcripts
upregulated or downregulated
during rejection

Difeence

Assessment of
biological systems y o
associated with PRS- it

rejection by Z -

p=0.0012

Figure 1. Study schematic. Pancreas transplant biopsies (n = 51) preserved as formalin-fixed paraffin-embedded (FFPE) blocks were assessed for
gene expression changes for different grades of biopsy-proven rejection at the time of rejection by comparing it with gene expression in normal
nonrejecting controls. We identified several genes associated with rejection and impacted biological processes due to the rejection. We also tested the
utility of a previously published set of 11 gene transcripts known as Common Response Module genes and performed an analysis of correlating
Common Response Module scores with the severity of rejection. ACR, acute cellular rejection; tCRM, tissue Common Response Module; UCSF,

University of California, San Francisco.
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thresholds described above and were included in our analysis. We
ran individual comparisons of normal biopsies (n = 13) against
biopsies with grade 1 ACR (n = 13), grade 2 ACR (n = 14), and
grade 3 ACR (n = 8). No significant differences in gene expression
were seen when comparing grade 1 ACR to normal samples. To
understand and capture subtle differences in grade 1 ACR
compared to normal, we used a simple unpaired t-test Pvalue < .1
as a cutoff threshold. This approach resulted in SMAD3, HMGB1,
MAP2K1, RORA, ITCH, LTBR, NFKB2, CD44, FOS, IGF2R being
significant. These genes are enriched in biological processes such
as regulation of tolerance induction (FDR < 0.022) and myeloid
dendritic cell activation FDR (<0.027).

Unsupervised hierarchical clustering of all 188 genes
revealed ACR-specific clustering by phenotype for the normal vs
grade 2 ACR as 8 out of 14 ACR grade 2 samples were clustered
together (Fig. 2A) and normal vs grade 3 ACR as 6 out of 8 ACR
grade 3 samples were clustered together (Fig. 2B) but not for
normal vs grade 1 ACR (not shown). The clustering demon-
strated a potential sampling bias in the tissue used for gene
expression assay and histologic grading. To better display the
spread of the most significantly upregulated genes, we used
volcano plots for normal vs grade 3 ACR (Fig. 2C) and normal vs
grade 2 ACR (Fig. 2D). Significant differences in gene expression
were found when comparing grade 2 and grade 3 ACR to normal
samples using DE analysis. Fifty-six genes were differentially
expressed in grade 2 ACR (Table 2) and 37 genes were differ-
entially expressed in grade 3 ACR (Table 3), compared with
normal samples.

Among these genes with significantly higher expression, 15 in
the grade 3 ACR group and 24 in the grade 2 ACR group had a

Grado 2 ACR vs, Normal

i e e e W B A

Grade 2 ACR vs Normal

[c]
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logp fold-change >1.0 in gene expression. The top 10 genes
increased in grade 2 ACR group in terms of their fold increase
included APOE, FN1, AMBP, HLA-DRB3, MX1, THBS1, CD74,
PSMB9, C3, and STAT1. The top 10 genes in grade 3 ACR group
in terms of their fold increase were THBS1, CD44, HLA-DRB3,
IL32, PSMB9, CD74, COL4A1, TNFAIP3, TAPBP, and NFKB2.
Among the top transcripts by fold-change, 8 genes were found to
be highly expressed in both the grade 3 and grade 2 ACR groups
compared to normal: ARID5A, CD44, CD74, COL4A1, HLA-
DRB3, NFKB2, PSMB9, TAPBP, and THBS1.

A heatmap with supervised clustering shows the similarity and
differences in gene expression values between grade 2 ACR vs
normal (Fig. 3A) and grade 3 ACR vs normal (Fig. 3B). Among
the upregulated genes in both grade 2 ACR and grade 3 ACR, 28
genes were upregulated in both grades of ACR (Fig. 3C). A PA of
these genes demonstrated significant enrichment of a number of
biological processes. The top 2 processes were the immune
system process (FDR 1.47E-16) and response to cytokine (FDR
4.67E-16) (Fig. 3D).

A PA was performed on the genes that were significantly
differentially expressed with adjusted P value < .05 and
demonstrated a logy fold-change > 1.0 in gene expression
(Fig. 4A). This showed that genes enriched in the ACR groups
tended to be part of inflammatory pathways such as interferon
signaling, antigen processing and presentation, and phagocy-
tosis. In a separate analysis, we analyzed 69 gene transcripts
thatincreased in grade 2 ACR alone, grade 3 ACR alone, or both.
The top 3 enriched molecular networks were responses to cy-
tokines, immune system processes, and the immune system
(Fig. 4B).

Grado 3 ACR vs. Normal
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Figure 2. Gene expression analysis of pancreas transplants identifies genes associated with ACR 2 and ACRS rejection grades. Unsupervised hi-
erarchical clustering of all 188 genes comparing grade 2 acute cellular rejection (ACR) and normal biopsies (A) and comparing grade 3 ACR and
normal biopsies (B). Differential expression analysis plotted as volcano plots comparing grade 2 acute cellular rejection (ACR) and normal biopsies (C)

and comparing grade 3 ACR and normal biopsies (D).
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Table 2
Significantly increased gene transcripts in acute cellular rejection grade 2.
Gene ID Gene name Log, fold-change Adjusted
P value®
APOE Apolipoprotein E (APOE) 2.94 .002
FN1 Fibronectin 1 (FN1) 2.24 .002
AMBP Alpha-1-microglobulin/bikunin precursor (AMBP) 2.09 .009
HLA-DRB3 Major histocompatibility complex, class Il, DR beta 3 1.85 .002
MX1 MX dynamin like GTPase 1 (MX1) 1.75 .020
THBS1 Thrombospondin 1 (THBS1) 1.6 .008
CD74 CD74 molecule (CD74) 14 .017
PSMB9 Proteasome 20S subunit beta 9 (PSMB9) 1.34 .017
C3 Complement C3 (C3) 1.33 .029
STAT1 Signal transducer and activator of transcription 1 (STAT1) 1.3 .026
COL4A1 Collagen type IV alpha 1 chain (COL4A1) 1.26 .009
CD44 CD44 molecule (Indian blood group) (CD44) 1.21 .009
HLA-DRA Major histocompatibility complex, class Il, DR alpha (HLA-DRA) 1.18 .036
ARID5A AT-rich interaction domain 5A (ARID5A) 1.17 .001
TNFSF10 TNF superfamily member 10 (TNFSF10) 1.16 .002
C1S Complement C1s (C1S) 1.15 .026
HLA-DMA Major histocompatibility complex, class Il, DM alpha 1.13 .034
HLA-A Major histocompatibility complex, class I, A (HLA-A) 1.1 .018
MYD88 MYDB88 innate immune signal transduction adaptor 1.05 .002
A2M Alpha-2-macroglobulin (A2M) 1.05 .017
HLA-B Major histocompatibility complex, class |, B 1.04 .038
NFKB2 Nuclear factor kappa B subunit 2 (NFKB2) 1.02 .002
TAPBP TAP binding protein (TAPBP) 1.01 .004
C1R Complement C1r (C1R) 1.01 .036
HLA-E Major histocompatibility complex, class I, E(HLA-E) 0.962 .013
PSMB8 Proteasome 20S subunit beta 8 (PSMB8) 0.92 .034
IFNAR2 Interferon alpha and beta receptor subunit 2 (IFNAR2) 0.916 .002
TNFAIP3 TNF alpha induced protein 3 (TNFAIP3) 0.88 .008
IFIH1 Interferon induced with helicase C domain 1 (IFIH1) 0.854 .026
SERPING1 Serpin family G member 1 (SERPING1) 0.838 .034
STAT2 Signal transducer and activator of transcription 2 (STAT2) 0.765 .008
ITGA1 Integrin subunit alpha 1 (ITGA1) 0.743 .034
SBNO2 Strawberry notch homolog 2 (SBNO2) 0.733 .008
IL4R Interleukin 4 receptor (IL4R) 0.731 .015
JAK2 Janus kinase 2 (JAK2) 0.726 .017
FYN FYN proto-oncogene, Src family tyrosine kinase (FYN) 0.721 .017
CYLD CYLD lysine 63 deubiquitinase (CYLD) 0.683 .001
CD47 CD47 molecule (CD47) 0.677 .020

(continued on next page)
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Gene ID Gene name Log, fold-change Adjusted
P value®
STAT6 Signal transducer and activator of transcription 6 (STAT6) 0.663 .002
CASP8 Caspase 8 (CASP8) 0.623 .009
TNFRSF1A TNF receptor superfamily member 1A (TNFRSF1A) 0.616 .014
TNFRSF14 TNF receptor superfamily member 14 (TNFRSF14) 0.601 .030
IL13RA1 Interleukin 13 receptor subunit alpha 1 (IL13RA1) 0.56 .026
BAX BCL2 associated X, apoptosis regulator (BAX) 0.549 .013
STAT3 Signal transducer and activator of transcription 3 (STAT3) 0.543 .009
GAPDH Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 0.534 .026
ENG Endoglin (ENG) 0.53 .038
ICAM3 Intercellular adhesion molecule 3 (ICAM3) 0.498 .042
ITGB1 Integrin subunit beta 1 (ITGB1) 0.446 .050
IKBKB Inhibitor of nuclear factor kappa B kinase subunit beta (IKBKB) 0.433 .028
CD276 CD276 molecule (CD276) 0.415 .011
NFATC2 Nuclear factor of activated T cells 2 (NFATC2) 0.399 .034
MAPKAPK2 MAPK activated protein kinase 2 (MAPKAPK2) 0.397 .009
CD59 CD59 molecule (CD59 blood group) (CD59) 0.377 .026
SMAD3 SMAD family member 3 (SMAD3) 0.339 .026
ATG7 Autophagy related 7 (ATG7) 0.305 .037
JAKA1 Janus kinase 1 (JAK1) 0.274 .026
CHUK Component of inhibitor of nuclear factor kappa B kinase complex (CHUK) 0.274 .031

& Pvalues adjusted using the Benjamini-Hochberg correction.

3.3. Increased inflammation with increasing grades of
rejection

Mean raw counts of protein tyrosine phosphatase, receptor
type, C, also known as CD45, were compared across groups. The
mean and SD of raw counts were as follows: grade 3 ACR 266 +
146, grade 2 ACR 246 + 164, grade 1 ACR 81 + 82, and normal
78 + 37. Overall analysis of variance (ANOVA) found a statistical
difference between groups with P=.0001. A pairwise comparison
was performed with statistically significant differences in CD45
expression between grade 3 ACR and normal (P =.002), grade 2
ACR and normal (P =.003), grade 3 ACR and grade 1 ACR (P =
.001), and grade 2 ACR and grade 1 ACR (P =.001) (Fig. 5A).

3.4. tCRM score correlated with rejection grades and
amylase levels, and ROC analysis demonstrated that
the tCRM score performs better than the conventional
markers (lipase and amylase) in distinguishing ACR
from normal tissue

The tCRM score for each patient was calculated using tran-
script counts for the 11 Common Response Module (CRM)
genes. The tCRM score between grade 3 ACR vs normal (P =
.0034) and grade 2 ACR vs normal was statistically significant (P

= .0023) (Fig. 5B). tCRM scores of grade 2 ACR and grade 3
ACR were significantly higher compared to the tCRM score of
grade 1 ACR with P values of .004 and .01, respectively. There
was a significant correlation between the tCRM scores and
captured amylase data at the time of biopsy (P =.024, r = 0.33).
Using tCRM scores the area under the curve (AUC) was 0.71
(P = .02) to differentiate AR from normal tissue. With a tCRM
score cutoff of 1.83, the sensitivity and specificity to detect AR
were 71% and 57%, respectively. When the same approach was
tested with lipase, the AUC was 0.52 (P =.89) to differentiate from
normal tissue. With a lipase (log base 2) cutoff of 6.9, the sensi-
tivity and specificity to detect AR were 54% and 43%, respectively.
With amylase, the AUC was 0.52 (P =.86) to identify ACR grade 2
and 3 from normal tissues. With an amylase (log base 2) cutoff of
7.6, the sensitivity and specificity to detect ACR grade 2 and 3
were 50% and 33%, respectively (Supplementary Fig. S1).

3.5. tCRM score correlates with rejection that is
resistant to treatment

Of the 49 samples included in the analysis, 35 were collected
at the time of the ACR event. Treatments administered for each
included episode of rejection were pulse-dose methylpredniso-
lone in 14 patients, thymoglobulin in 17 patients, OKT3
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Table 3
Significantly increased gene transcripts in acute cellular rejection grade 3.
Gene symbol Gene name Log, Adjusted
fold-change P value®
THBS1 Thrombospondin 1 (THBS1) 2.15 .006
CD44 CD44 molecule (Indian blood group) (CD44) 1.83 .003
HLA-DRB3 Major histocompatibility complex, class I, DR beta 3 (HLA-DRB3) 1.81 .011
IL32 Interleukin 32 (IL32) 1.49 .029
PSMB9 Proteasome 20S subunit beta 9 (PSMB9) 1.49 .036
CD74 CD74 molecule (CD74) 1.48 .044
COL4A1 Collagen type IV alpha 1 chain (COL4A1) 1.24 .040
TNFAIP3 TNF alpha induced protein 3 (TNFAIP3) 1.13 .006
TAPBP TAP binding protein (TAPBP) 1.12 .007
NFKB2 Nuclear factor kappa B subunit 2 (NFKB2) 1.1 .006
ARID5A AT-rich interaction domain 5A (ARID5A) 1.11 .006
PSMB8 Proteasome 20S subunit beta 8 (PSMB8) 1.09 .045
HLA-C Major histocompatibility complex, class I, C (HLA-C) 1.08 .044
BCL6 BCL6 transcription repressor (BCL6) 1.03 .007
HLA-E Major histocompatibility complex, class |, E (HLA-E) 1.01 .036
IFNAR2 Interferon alpha and beta receptor subunit 2 (IFNAR2) 0.97 .007
MYD88 MYDB88 innate immune signal transduction adaptor (MYD88) 0.96 .015
IL4R Interleukin 4 receptor (IL4R) 0.94 .008
IFITM2 Interferon induced transmembrane protein 2 (IFITM2) 0.91 .029
SBNO2 Strawberry notch homolog 2 (SBNO2) 0.87 .007
CD47 CD47 molecule (CD47) 0.87 .011
ACTB Actin beta (ACTB) 0.86 .009
TNFRSF14 TNF receptor superfamily member 14 (TNFRSF14) 0.79 .016
FYN FYN proto-oncogene, Src family tyrosine kinase (FYN) 0.78 .041
NFKBIA NFKB inhibitor alpha (NFKBIA) 0.77 .007
CD97 Leukocyte antigen CD97 (CD97) 0.75 .011
CASPS8 Caspase 8 (CASP8) 0.73 .009
STAT3 Signal transducer and activator of transcription 3 (STAT3) 0.66 .008
ETS1 ETS proto-oncogene 1, transcription factor (ETS1) 0.60 .037
CYLD CYLD lysine 63 deubiquitinase (CYLD) 0.60 .008
ITGB1 Integrin subunit beta 1 (ITGB1) 0.59 .032
BAX BCL2 associated X, apoptosis regulator (BAX) 0.54 .048
STAT6 Signal transducer and activator of transcription 6 (STAT6) 0.54 .048
MAPKAPK2 MAPK activated protein kinase 2 (MAPKAPK2) 0.52 .006
CD59 CD59 molecule (CD59 blood group) (CD59) 0.51 .011
JAKA1 Janus kinase 1 (JAK1) 0.42 .006
BCL2L1 BCL2 like 1 (BCL2L1) 0.36 .044

& Pvalues adjusted using the Benjamini-Hochberg correction.
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Figure 3. Common and unique gene transcripts specific to rejection severity and biological processes involved with rejection. A supervised clustering
lists 58 and 37 genes significantly changed in ACR2 (A) and ACR3 (B), 28 genes overlapped as shown in Venn diagram (C). The common genes
significantly changed in acute cellular rejection (ACR) grades 2 and 3 were enriched in biological processes such as the immune system process
(false-discovery rate, 1.47E-16) and response to cytokine (false-discovery rate, 4.67E-16) (D).
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Figure 4. Pathway analysis enriched biological processes. Pathway analysis was performed on the genes that were significantly differentially
expressed and demonstrated a log2 fold-change > 1.0 comparing grade 3 acute cellular rejection (ACR) and normal biopsies (Fig. 3A ) and comparing
grade 2 ACR and normal biopsies. ER-phagosome pathway, antigen processing-cross presentation, and interferon signaling were among the top
processes enriched (A). In a separate analysis, we analyzed 69 gene transcripts that increased in grade 2 ACR and grade 3 ACR. A molecular network
with enrichment of processes such as response to cytokine, immune system process, and immune system are the top 3 processes enriched (B). FDR,

false-discovery rate.

monoclonal antilymphocyte antibody in 2 patients, and escala-
tion of immunotherapy in 2 patients. Patients with rejection who
were resistant to treatment (defined as the receipt of second-line
treatment within 2 months of initial diagnosis) had significantly
higher tCRM scores than those who were successfully treated
with first-line therapy (Fig. 6A). When stratified by pathologic
grade, a statistically significant difference in tCRM scores

10

persisted in patients with grade 1 ACR but was not seen in those
with grade 2 or grade 3 ACR (Fig. 6B). Of the patients who were
resistant to treatment, 3 initially received thymoglobulin followed
by OKTS3, 2 initially received OKT3 followed by a second round of
OKT3, and 1 initially received pulse-dose methylprednisolone
followed by pancreatectomy. The Kaplan-Meier analysis survival
rate at 7 years posttransplant revealed favorable graft survival
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Figure 5. Quantification of inflammation by CD45 expression and the tissue Common Response Module (tCRM) score. A pairwise comparison was
performed with statistically significant differences in CD45 expression between grade 3 acute cellular rejection (ACR) and normal (P <.0001), grade 2
ACR and normal (P =.0014), (A). The tCRM score identifies grade 3 ACR vs normal (P =.0034) and grade 2 ACR vs normal (P =.0023) (B).
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Figure 6. The tissue Common Response Module (tCRM) score by the response to treatment for acute cellular rejection (ACR) rejection. A pairwise
comparison was performed with statistically significant differences in tCRM scores for patients with successfully treated rejection compared with those
with rejection resistant to treatment (P =.018) (A). When stratified by pathologic grade, a significant difference in tCRM scores was seen in grade 1

ACR (P =.02), but not within grade 2 or grade 3 ACR (B).

outcomes with grafts with tCRM score <2.1 in our cohort (Sup-
plementary Fig. S2). The difference in survival rates between
pancreas grafts with low vs high tCRM scores highlights the
importance of tCRM assessment.

4. Discussion

Pancreas transplantation outcomes have steadily improved
over the past 40 years. However, acute pancreas allograft
rejection continues to pose a clinical challenge and is the primary
cause of death-censored pancreas allograft loss after 3 months
posttransplant.1 In this first-of-its-kind study in pancreas trans-
plantation, we report significantly different gene expression pat-
terns and associated biological pathways in pancreas biopsies of
patients with grade 2 and grade 3 ACR compared with normal
samples. By taking a more focused approach with a clinically
translatable gene panel, we analyzed tCRM gene transcripts. We
found that the tCRM score correlates with the Banff histologic
grading criteria and may identify patients at risk for
treatment-resistant rejection. CRM gene set was identified using

11

a meta-analysis approach on publicly available high-throughput
gene expression data.'® The tCRM score (CRM score for tis-
sues) has been demonstrated as a robust biomarker for trans-
plant rejection in multiple organs that include kidney
tissue'" 131624 of kidney transplant recipients, urine of kidney
transplant  recipients,”> lung transbronchial brushings,
broncho-alveolar lavage, and lung explant.'” The 11 CRM
genes have been reported to be expressed in B cells,?® NK
cells®”*® and T cells.?®

Diagnosis and treatment of acute pancreas allograft rejection
continue to be a challenge. Pancreas allograft rejection is typi-
cally asymptomatic, which means laboratory markers like serum
amylase, lipase, and glucose are critical to the early identification
of possible rejection. The same laboratory abnormalities can be
seen in a number of other pathologies, however, including large
vessel thrombosis, recurrence of autoimmune disease, islet cell
drug toxicity, and chronic rejection or graft sclerosis. This makes
tissue biopsy necessary for diagnosis,30 with most centers using
the Banff histologic grading criteria which were initially published
in 2008 and continue to be widely used.®’
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Despite consensus on histologic grading criteria, there con-
tinues to be debate on treatment paradigms for patients with acute
allograft rejection. As with rejection following any solid organ
transplant, adequate treatment of the rejection episode must be
balanced with an increased risk of infection from increased
immunosuppression. A recently published single center report
demonstrated that 83% of patients with grade 1 ACR will be
adequately treated with pulse-dose steroids, whereas those with
grade 2 and grade 3 ACR experienced better graft survival when
treated with thymoglobulin.®> Of the 17% of patients with grade 1
ACR who were resistant to treatment with steroids, more than half
ultimately required thymoglobulin to treat their rejection. Our find-
ings suggest that the tCRM score may be able to identify patients,
particularly those with grade 1 ACR, who have more aggressive
rejection than would be diagnosed based on histologic findings
alone, and thus warrant more aggressive initial treatment regimens.

Limitations of this study include a relatively small sample size
and the inclusion of samples from a single center. Given the
paucity of data focused on pancreas-specific allograft rejection,
significant center-to-center variation exists with regard to allograft
monitoring and rejection treatment protocols. Similarly, the
samples included in this study were collected between 2006 and
2018, and even within our center, multiple changes have been
made to the management of our immunosuppression, biopsy
protocols, and treatment regimens during this time period. The
use of FFPE in assessing transcriptome poses some issues with
fragmented RNA, which might have contributed to damping down
the signal reflected in no significant difference between ACR
grade 1 vs no rejection. Antibody-mediated rejection has been
increasingly recognized in pancreas allografts but was excluded
from this analysis due to an insufficient number of samples.
Lastly, we were not able to perform independent validation of the
study results except for validation of the tCRM gene score, which
validates the assay and the strategy overall.

In summary, increased access to gene expression data in
blood”®%% and biopsy’ from PT recipients, including the data
presented in this report, provides a much-needed means of AR
detection and management by consolidating conventional diag-
nostic methods and subclassifying PT recipients based on resis-
tance to rejection therapy. This study profiled rejection-specific
gene transcripts in pancreas transplantation and that tCRM score,
significant in transplant rejection in other solid organ trans-
plants'!"1316:2425 was also highly informative for diagnosing and
quantifying AR injury in PT. Longitudinally assessing tCRM scores
would provide clinically relevant signals about long-term out-
comes and graft failure.
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