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Abstract

RNA transcript expression estimates are a promising method to study the mechanisms and
classification of renal allograft rejections. Here we use the Nanostring platform to profile RNA
expression in renal allografts in a non-human primate (NHP), the Cynomolgus monkey. We
analyzed protocol and indication 278 archival renal allograft samples, both protocol and indication
from 76 animals with diagnoses of chronic antibody (CAMR), acute cellular rejection (TCMR)
and MIXED (both CAMR and TCMR), plus normals and samples with no pathological rejection
using a Cynomolgus specific probe set of 67 genes. Analysis identified RNA expression
heterogeneity of endothelial and NK genes within CAMR and TCMR, including the stages of
CAMR. Three factors were partitioned into additional groups. One group with the longest allograft
survival time is pure CAMR without NK or CD3. Three mixed groups show variation in NK and
CD3. TCMR was split into two groups with variation in NK genes. Additional validation of the
complete gene set correlated many of the genes with diagnoses of CAMR, MIXED, and TCMR
rejections and with Banff histologic criteria defined in human subjects. These NHP data
demonstrate the utility of RNA expression profiling to identify additional heterogeneity of
endothelial and NK RNA gene expressions.
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INTRODUCTION

RNA expression is now commonly used in transplantation to identify important
inflammatory patterns in rejection. A large body of transcriptome-wide microarray data now
exists to define the molecular phenotype of renal allograft rejection (1-8). Although
exciting, results are variable as not all investigators identify uniform gene expression
patterns of RNA expression (1, 6, 9-13).

The nCounter Analysis System (NanoString Technologies, Seattle, WA, USA) is a novel
RNA gene expression platform, both highly multiplexed and flexible, and works reliably
with RNA isolates derived from formalin fixed paraffin embedded (FFPE) tissue (Geiss
2008). More sensitive than microarrays and similar in sensitivity to real-time PCR (14, 15),
this platform efficiently uses small archival FFPE tissue samples permitting correlation of
RNA expression with covariates. In addition, for human subjects, this new technology might
potentially permit its use on archival tissue to correlate retrospective outcome measures like
allograft function, allograft survival, comorbidities and therapy (16). We have previously
demonstrated the feasibility of the NanoString system with routine FFPE transplantation
pathology samples in renal and cardiac allograft biopsies (17-19).

Cynomolgus renal allograft models using bone marrow transplantation (BMT, mixed
chimerism), used extensively for the evaluation of novel transplantation protocols (20-24),
employ no immunosuppression one month post induction, thereby allowing such renal
allografts to represent the natural history of untreated allograft rejection post induction.
These animals have protocol and indication kidney specimens, for which residual archived
FFPE tissue remains.

The goal of the current study is to use FFPE Cynomolgus renal allograft specimens to
identify additional variation in endothelial and NK gene expression with chronic antibody
(CAMR) and T cell mediated (TCMR) rejections.

METHODS

Gene Set

The gene set includes 67 oligonucleotides previously described probes specific to the
Macaca fascicularis transcriptome and was manufactured by Integrated DNA Technologies
(Coralville, 1A, USA) (17). The gene set includes a previously described gene-set comprised
of endothelial, NK cell, and inflammation-related genes (17), plus additional transplantation
immunology-associated genes, and 4 housekeeping genes. Only one B cell gene is present,
MS4AL1, (CD20). No genes for alternate macrophage activation are present. This gene set is
derived from informative genes in human renal allograft rejection (25) (Table S1).

Gene expression analysis and RNA Isolation

Three consecutive 20-um curls 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 with RNase AWAY (Life Technologies, Carlsbad, CA,
USA) between blocks. Curls Xylene deparaffinization and RNA extraction were performed
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with the RecoverAll™ Total Nucleic Acid Isolation Kit for FFPE (Life Technologies,
Carlsbad, CA, USA). RNA concentration and purity were measured with a Nano-Drop 2000
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Gene expression was
then quantified using the nCounter Elements assay (NanoStringTechnologies) with the FFPE
tissue derived RNA isolates (17, 19). Quality control assessment and normalization were
performed with nSolver Analysis Software version 3.0 (NanoString Technologies). The
manufacturer recommended default parameters for quality control flagging were used. Each
sample was first normalized to the geometric mean of the positive controls (with default
flagging of normalization factors <0.3 and >3), followed by normalization to the geometric
mean of the house keeping genes (with default flagging of normalization factors <0.1 and
>10).

76 animals underwent one of two protocols, in which induction medications were used with
bone marrow transplantation (BMT) at day zero (standard protocol) or delayed at about four
months (delayed protocol). Induction cyclosporine was stopped at one month post BMT
(20-24). Control animals did not receive BMT. The data set includes 76 animals with one to
11 biopsies over a time period of zero to 5983 days post transplantation (n = 278). 17 normal
biopsies were from perioperative normal native kidneys from 17 allografted recipients were
also included. Samples included protocol and indication biopsies, plus autopsy
nephrectomies at euthanasia. Specimens were not included from animals with viral
infections (BK or CMV), nephrolithiasis, or post-transplant lymphoproliferative disease.
This animal model for the study of renal allograft rejection has many advantages compared
to humans. The donors and recipients are healthy, and the graft is implanted within 30
minutes, eliminating the co-morbidities of deceased donors and variable peri-implantation
time. In addition, the animals lack recurring native renal disease and human co-morbidities
such as cardiac disease and diabetes. Chronic immunosuppression is not used eliminating
the co-morbidities of drug toxicities. All surgical procedures and postoperative care were
carried out in accordance with NIH guidelines and approved by the MGH subcommittee on
Animal Research.

Alloantibodies

Alloantibodies were identified by indirect flow cytometry on donor T and B cells and scored
as nominal data as either positive or negative (23). Anti-donor specific alloantibodies were
assayed by flow cytometric analysis in post-treatment and all pre-treatment samples. Donor
peripheral blood mononuclear cells (PBMC) were isolated from heparinized blood by
gradient centrifugation over freshly prepared 60% Percoll (Pharmacia Biotech, Uppsala,
Sweden). Contaminating red blood cells were removed by standard water-shock treatment.
PBMCs were incubated with recipient sera for 30 min at 40C. After washing, FITC
conjugated mouse anti-human 1gG mAb was added and incubated for 30 min at 4o0C, then
washed twice. PBMC were further incubated with PE conjugated anti-CD20 mAb (Becton-
Dickinson, Mountain View, CA) for 30 min at 40C. After washing, PBMC were fixed with
2% paraformaldehyde. Cells were then with FACScan (Becton Dickinson, Mountain View,
CA). A positive reaction was defined as a mean channel of fluorescence (MCF) of >10 for T
cells and >50 for B cells. These thresholds are greater than two standard deviations above
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the mean channel level of donor cells stained with pre-treatment serum (4.8 £ 1.7 and 23.3
+ 12.5 for T and B cells, respectively). Anti-T cell and anti-B cell alloantibodies cross
reactive on human HLA class | and class Il antigens, respectively. Class | or class 11
alloantibodies were not distinguished.

Renal biopsies or autopsied nephrectomies (N =278) from 76 animals were scored and
interpreted using Banff criteria (26), including Banff grades of rejection and Banff ordinal
criteria scores. Banff rejection grades were computed in the Filemaker database with
equations using Banff criteria. The stages of chronic antibody mediated rejection (23) are
graded from zero to 4. Stage zero is without alloantibody or C4d and with a normal
creatinine. Stage one is positive alloantibody without C4d and a normal creatinine. Stage
two is positive alloantibody and C4d with a normal creatinine. Stage three is positive
alloantibody and C4d, and cg>0 with normal or slightly elevated creatine. Stage 4 is positive
alloantibody, C4d, and cg>1 (usually cg=3) with elevated and rising creatinine (> 1.5). Five
broad diagnostic groups were created for analyses of gene validations: 1) normal native
kidneys; 2) chronic antibody mediated rejection (CAMR), with no pathological evidence of
TCMR (Banff less than borderline) but with alloantibodies, positive C4d, and various stages
of chronic CAMR; 3) TCMR, Banff TCMR with grades from borderline to 3, and with no
alloantibodies and no C4d; 4) MIXED rejections which showed various grades of TCMR
and CAMR; 5) No evidence of pathological rejection (NPR) is defined as an allograft biopsy
with no pathological evidence of either cellular (Banff less than borderline) or CAMR
(without DSA and/or positive C4d, no transplant glomerulopathy (no CG) and a normal
creatinine.

Statistical analyses

All analyses and graphical figures were performed using JMP Pro, version 13 software
(SAS) with default parameters. Programs used were the Fit Model Platform Standard Least
Squares (scaled estimates), K-means clustering, Mixed Model, Factor Analysis with
Varimax rotation, Life Distribution, Proportional Hazard, and Validation. All p values were
adjusted for false discovery (JMP Addin). Raw gene copy number data are non-parametric
as are the logyg transformed raw data. Gene expression levels are highly interactive with
collinearity. Initial multivariate regressions showed that sample type (biopsy vs autopsy),
therapy type, and individual animals showed no significant effect on the RNA expression
estimates. However, the time post-transplant affected both the magnitude of the scaled
estimates and the p value of some gene estimates. Therefore, significant individual gene
expressions and pathways were identified by the scaled estimates controlling for the time
post-transplant as a fixed effect. Significant individual genes were quantified by the scaled
estimates (Mean, Median = 0, Range -X to +X), controlling for the days post-transplant as a
fixed effect.
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Individual specimens were partitioned into five basic diagnostic groups for gene validation
(NORMAL, NPR, TCMR, CAMR, AND MIXED). Table S2 shows the number in each
group, the distributions of creatinines, and times post-transplant for animals.

Some endothelial genes were validated in a prior report (19). Validation of the complete
gene set for Banff criteria is in the Supplementary Methods, Text, Data, and Tables S3 and
S4.

Table 1 extends the prior validation (19) and shows significant estimates for the pathological
diagnostic groups. The TCMR diagnostic group is dominated by T cell, and interferon
inducible transcripts with little endothelial gene expression. These overall patterns are very
similar to those previously reported in humans (11). No obvious partition of the expected
RNA gene expression for Banff grades of TCMR was observed and is similar to prior reports
showing the difficulty of partitioning some grades of cellular rejection by RNA gene
profiling (27) (data not shown). This may also relate to the paucity of samples in some Banff
groups without a component of alloantibody mediated injury. Alternatively, the Banff grades
of TCMR may represent the accumulation of pathological injury over time and not distinct
inflammatory gene expression pathways. Of the six NK genes (B3GAT1, FGFBP2, KLRB1,
KLRF1, MYBL1, and SH2D1B), KLRB1, KLRF1, and SH2D1B best partitioned with
TCMR.

The CAMR group (Table 1) is dominated by endothelial genes (VWF, CAV1, DARC,
MALL, PECAM1, PALMD, ROBO4, KLF4, AND CD74), plus FCGR3A (CD16), CXCL11
and GNLY. Variation is present when CAMR is compared to MIXED rejections, in which
fewer endothelial genes are highly expressed (VWF, DARC, CAV1, and CD74).

The MIXED group comprising both TCMR and CAMR includes both statistically
significant endothelial, T cell and interferon inducible gene expressions. The MIXED group
shows variations between the CAMR and TCMR groups. Most notably is the high
expression of IL1RL1, a TH2 inducible receptor of CD33, which is absent in CAMR and
much lower in TCMR. Some NK markers (SH2D1B and MYBL1) show less expression in
the MIXED group as compared to the TCMR group.

Chronic alloantibody mediated rejection (CAMR) progresses through stages (22, 23). To
identify endothelial gene expression in CAMR, Figure 1 shows the variation in endothelial
genes in the stages of CAMR. The top panel (Figure 1A) shows the highest endothelial gene
estimates for six genes with the most reliable estimates occurring when the specimen turns
C4d positive (Stage 2). CDH5 is similar but slightly weaker (data not shown). IL1RL1, a
receptor for CD33, is not known to be an endothelial gene is commonly identified in CAMR
and may reflect an antibody induced pattern of gene expression. The middle panel (Figure
1B) shows CD74 with declining expression as CAMR progresses. KLF4, MALL, AND
PALMD show intermediate levels of expression with MALL and PALMD declining with
advancing stage. Most of the other endothelial genes show variable and weak expression,
bottom panel (Figure 1C). Also, included in this latter group are RPS6, RPS6KB, and SELE
(data not shown).
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Because CAMR invariable includes some interstitial inflammation, we tested if endothelial
gene expression varied with inflammation within CAMR stages. CAMR and MIXED
rejection were analyzed within the stages of CAMR and MIXED rejection. Figure 2
illustrates this dynamic variation in endothelial RNA expression in CAMR stages with and
without inflammation. The first pattern (CD34) shows positive estimates with CAMR stages
1 -4 CAMR). The estimates fall if inflammation is present (MIXED rejection). CD74 is like
CD34 (data not shown). The second pattern is that of ILLRL1, which is not known to be an
endothelial gene but rises with CAMR stage and inflammation. The second pattern is also
seen in VWF (DARC, CAV1, and PECAM1 are similar, data not shown), which is markedly
elevated in both CAMR and in MIXED rejections. The endothelial gene expressions of these
four seem less sensitive to inflammation as compared to CD34 and CD74. Three additional
less informative patterns (data not shown) were observed. SELE and RPS6KB1 showed low
estimates with little variation. KLF4 and MALL were higher in CAMR and PALMD was
higher in Stage 3. Other endothelial genes (PLA1A, PLAT, RPS6, RHOJ, SOX7, TEK, AND
THBD) showed inconsistent variation with CAMR stage and inflammation.

To explore the variation in endothelial and NK gene RNA expression (Table 1, Figures 1 &
2), three factors (28-30) derived solely from T cell and interferon inducible genes,
endothelial and NK genes from non-tolerant animals (specimen number is 239) with Eigen
values of 11, 7, and 4 were clustered into nine clusters by K-Mean clustering, Figure 3 and
Table 2. Factor analysis was used to reduce the dataset into a smaller number of correlated
variables (28-31). Table 2 contains the scaled estimates of the clustered groups, and Figure 3
illustrates by Hierarchical Clustering shows a heat map and a constellation plot for the nine
clusters (A — H, plus normals).

The normal group shows mostly negative estimates. Cluster A (N=29), composed for low
grade TCMR, Banff ACR1A and borderline with no DSA or C4d. Cluster B (N=39) was

composed of No Pathological Rejection (Table S2) also showed low estimates. Pair wise

estimates with adjusted False Discovery Rate p values showed that Clusters A and B had

higher CD3 expression above the normal group. Data is not shown for the normal cluster
and clusters A and B.

The most informative clusters, C — H, and their statistically significant estimates appear in
Table 2. Cluster C (N=25), composed of just CAMR (Table S2), appears by RNA gene
expression to be purely CAMR with only significantly elevated estimates endothelial gene
expression and significantly lower estimates for NK, CD3D, and interferon induced gene
expressions. Cluster D (N=40), composed of CAMR and mostly MIXED type rejections
(Table S2) shows a more complex gene expression pattern with high endothelial gene
expression, and some interferon induced genes (ITGAX, CXCL11, PSMB10), high
FCGGR3A, likely an NK marker as CD68 is not identified, plus lower estimates for other
NK cells (KLRF1, CD8A, KLRB1, FGFBP1, MYL1, and BEGAT1). CD3D is very low and
insignificant so that the CD8A is likely NK related. The gene expression pattern in Cluster D
suggests that much of the inflammation in this cluster is likely NK related. Cluster E
(N=42), composed entirely of MIXED rejections (Table S2), shows high estimates for VWF,
DARC, and CAV1 (alloantibody associated gene expressions), plus a high estimate for
IL1IRL1. Other endothelial gens show low or insignificant estimates. CD3D is weakly
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positive. FCGR3A (CD16) shows a high estimate and is likely NK related. Cluster F
(N=21), composed of only MIXED rejections (Table S2) shows a MIXED gene expression
pattern with interferon inducible genes, CD3D, high FCGR3A and positive estimate for
some NK genes (SH2D1B, KLRB1, KLRF1) but not MYBL1, B3GAT1, or FGFBP2. CD68
is significantly elevated so that the high FCGR3A may not represent an NK marker. Clusters
G and H (N=16 and 27), both composed of just TCMR (Table S2), both show high levels of
TCMR associated RNA expression with low levels of endothelial expression. Clusters G and
H show differential expression of B3GAT1 (CD57) and FCGR3A. B3GAT1 is high in
cluster G and low in cluster H, whereas FCGR3A is low in cluster G and high in cluster H.
Cluster G has higher estimates of CD3 and interferon inducible genes.

Table 3 contains summaries for creatinines, days post BMT for the specimen, and the
terminal survival times for the clustered groups C — H. The survival time for Cluster C is
significantly longer as compared to Clusters D, E, and F, P <0.01. Cluster C is purely
CAMR without evidence of significant NK or CD3 gene expressions, whereas Clusters D, E,
and F are CAMR with evidence of NK, or NK/CD3 (MIXED rejections). These findings
suggest that any type of inflammation in CAMR (MIXED) shortens allograft survival and
that pure CAMR (no inflammation) is less pathological. The shorter allograft survivals in
clusters G and H are predominantly TCMR (no C4d, DSA) with differential expression of
B3GAT1 and FCGR3A. Cluster G shows stronger TCMR related estimates and shorter
allograft survival than cluster H.

The MIXED rejection group comprised of both TCMR and CAMR is not classified as a
separate diagnostic category within the Banff classification scheme (26). Nevertheless, some
interstitial inflammation is commonly present in CAMR, though mostly low grade. In this
dataset, there are by pathological criteria 42 pure CAMR samples with Banff ACR less than
borderline but only 25 of 42 samples showed no inflammation by gene expression (cluster
C). 17 of the 42 CAMR samples by pathological criteria alone (no TCMR) were re clustered
into clusters D — F as MIXED rejections. There are 86 MIXED samples with Banff TCMR
grades of borderline (n = 31, 36%), 1A (n= 20, 23%), 1B (n = 4, 4.5%), 2A (n = 17, 20%),
2B (n=1, 1.1%), and grade 3 (n = 13, 15%).

64 animals with multiple specimens were compared for the patterns of clusters C — H. 53.3
percent were stable with the same clusters. 18 percent changed from CAMR to MIXED
(clusters C or D to clusters E OR F). 28.6 percent changed from TCMR to MIXED (clusters
G or H to clusters E or F). Clusters C, D, and E were mostly (>50%) CAMR stage 4,
whereas Cluster F was mostly (>50%) CAMR stage 1.

Additional analyses of the biological relevance of Cluster C — H is complicated by the time
post-transplant because samples occur at different times post-transplant. Gene expression
from the same animal in an earlier sample may or may not be relevant or comparable to
latter samples. To address this issue additional analyses were done and compared both per
sample and per animal. Figure 4 shows Life Distribution Curves per cluster per sample (A)
and per animal (B). In both Cluster C (CAMR without inflammation) shows the longest
survival (although with eventual rejection) as compared to the other clusters. The relative
risk by Proportional Hazard are lowest for Cluster C. These data suggest that CAMR
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without inflammation (Cluster C) has a longer survival time as compared to CAMR with
inflammation (MIXED rejections) in Clusters D — F).
DISCUSSION

This report supports the utility of Nanostring RNA expression using a set of known
informative genes to analyze retrospectively archival renal allograft specimens from
Cynomolgus monkeys using the consistent quality and quantity of RNA derived even from
small archival biopsies.

These findings demonstrate RNA expression profiling readily identifies both the informative
RNA transcripts relevant to the diagnosis of renal allograft rejection and the marked
heterogeneity of gene expression of endothelial and NK gene expression within the broad
diagnostic groups of CAMR, TCMR, and MIXED rejection types, all of which may be split
further into additional groups based solely on gene expression. Endothelial gene expression
is not uniform and shows marked variation in CAMR and change over time with and without
inflammation as the CAMR advances through its progressive stages. Some endothelial genes
(VWF, CAV1, DARC and PECAML1) are reliable markers for alloantibody in the progressive
stages of CAMR even with inflammation in MIXED rejections. The CAMR groups is
dominated by endothelial genes, plus FCGR3A (CD16), likely not an NK marker as CD68, a
macrophage marker is present. CXCL11 and GNLY are also present, possibly related to NK
cells.

CD34 and CD74 hoth seem to decrease with either CAMR stage and/or with inflammation.
The decrease in CD34 is likely associated with inflammation as by linear regression CD34
negatively correlates with CD3, CCR5 (a TH1 cytokine), TBX21 (tBET), and selectin
(FDRPV < 0.05, data not shown). Endothelial protein expression is variably increased with
single cytokine stimulation (TNF, IFNG, IL2) but some including CD34 shown both
synergistic and antagonistic variation with multiple cytokine stimulations (32). PECAM
protein expression is increased with both single and multiple cytokine stimulations (32).
KLRF, MALL, and PALMD show intermediate estimates. Many of the endothelial genes
(lower panel Figure 1) have low estimates and lack utility identifying CAMR and MIXED
rejections. NK and CD3 gene expressions also show variation. These data are like those
previously reported showing the variation the NK and T cells transcripts in antibody and
cellular rejections (33, 34).

A notable finding, after the three factors partitioned CAMR and MIXED rejection into four
clusters is that kidney allografts with pure CAMR group (cluster C) without both
pathological (i = 0) or RNA expression evidence of inflammation show a much-prolonged
survival time as compared to CAMR with evidence of NK and/or CD3 RNA expression
(MIXED rejections, clusters D — F). Cluster C has a longer survival time as compared to
MIXED rejections with NK and/or NK/CD3 inflammation (clusters D — F) suggesting that
the inflammation in CAMR (MIXED rejections) causes shorter allograft survival as
compared to pure CAMR (Cluster C), which lacks inflammation by RNA expression or by
pathological review. Pure CAMR (no inflammation by RNA expression), therefore, seems
less pathological with longer allograft survival suggesting that inflammation in CAMR
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(MIXED rejection) adds additional risk to allograft survival, in addition to DSA, C4d, and
transplant glomerulopathy. One MIXED type, cluster D contains NK, FCGR3A (CD16).
MIXED cluster (E) shows NK and weaker CD3. Cluster F, another MIXED type, contains
both multiple NK and CD3. These data confirm the complexity of gene expression in
CAMR and MIXED rejections (35). Because there is no survival variation among clusters D
— F (MIXED rejections) with variations in NK/CD3 gene expressions, the biological
significance of such NK/CD3 variation is unclear and may not be biologically important.
Such gene expression variation within clusters D — F may be due to case mix or just
variation in expression patterns (rank). 40 percent of CAMR defined only by Banff criteria
(no TCMR) contained inflammation by RNA expression suggesting that RNA expression is
more sensitive, in some samples, than pathological review alone. The TCMR clustered NK
expression differently with one (G) with high B3GAT1 (CD57) and one (H) with high
FCGR3A with cluster G showing higher TCMR related expression. Because many of the
samples in TCMR clusters G and H are from the same animals, the variation likely just
represents variation in the progressing TCMR.

Although this Cynomolgus model is useful to analyze renal allograft rejection, extrapolation
to human subjects is challenging due to human covariates including different therapies,
chronic immunosuppression, and medical co-morbidities. Such human covariates may alter
the patterns of gene expression in human kidney allografts as compared to this Cynomolgus
model. Nevertheless, as the derived gene set is from human studies, and the gene set
validates well against various rejections patterns, also derived from human studies and Banff
criteria, also derived from human studies, data in this report are likely informative for human
studies.

Overall, these findings identify additional heterogeneity within CAMR, MIXED, and TCMR
rejections, which may be partitioned into additional diagnostic groups by RNA expression
and provide additional diagnostic information unavailable solely with just pathological
review.
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Figure 3.
Heat Map and Constellation Plot from the Nine Clusters Derived from the Three Factors
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