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A cross-sectional study of the role of
epithelial cell injury in kidney transplant
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BACKGROUND. Expression of acute kidney injury-associated (AKl-associated) transcripts in kidney
transplants may reflect recent injury and accumulation of epithelial cells in “failed repair” states.
We hypothesized that the phenomenon of failed repair could be associated with deterioration and
failure in kidney transplants.

METHODS. We defined injury-induced transcriptome states in 4,502 kidney transplant biopsies
injury-induced gene sets and classifiers previously developed in transplants.

RESULTS. In principal component analysis (PCA), PC1 correlated with both acute and chronic kidney
injury and related inflammation and PC2 with time posttransplant. Positive PC3 was a dimension
that correlated with epithelial remodeling pathways and anticorrelated with inflammation. Both PC1
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and PC3 correlated with reduced survival, with PC1 effects strongly increasing over time whereas
PC3 effects were independent of time. In this model, we studied the expression of 12 “new” gene
sets annotated in single-nucleus RNA-sequencing studies of epithelial cells with failed repair in
native kidneys. The new gene sets reflecting epithelial-mesenchymal transition correlated with
injury PC1 and PC3, lower estimated glomerular filtration rate, higher donor age, and future failure
as strongly as any gene sets previously derived in transplants and were independent of nephron
segment of origin and graft rejection.

CONCLUSION. These results suggest 2 dimensions in the kidney transplant response to injury: PC1,
AKIl-induced changes, failed repair, and inflammation; and PC3, a response involving epithelial
remodeling without inflammation. Increasing kidney age amplifies PC1and PC3.

TRIAL REGISTRATION. INTERCOMEX (ClinicalTrials.gov NCT01299168); Trifecta-Kidney
(ClinicalTrials.gov NCT04239703).

FUNDING. Genome Canada; Natera, Inc.; and Thermo Fisher Scientific.

Introduction

The molecular changes induced in response to parenchymal injury are important in acute kidney injury
(AKI) and chronic kidney disease (CKD) and are associated with reduced function and progression to
failure (1, 2). AKI and CKD are difficult to study molecularly in native kidneys because these condi-
tions are not uniformly biopsied. In contrast, kidney transplants with dysfunction are frequently biop-
sied and universally experience parenchymal injury from donation implantation, rejection, drug toxicity,
and other stresses, making kidney transplant biopsies of interest for exploring the spectrum of the kid-
ney response to injury. In previous bulk transcriptomics studies, we used genome-wide microarrays to
identify transcript sets characteristic of AKI and CKD. AKI in mouse kidney isografts (3) and human
kidney transplant biopsies (4) manifested increased expression of transcripts such as vimentin and ver-
sican (VCAN) and decreased expression of many transcripts related to normal kidney function and
metabolism, i.e., dedifferentiation. CKD (or atrophy-fibrosis) in transplant biopsies was associated with
a separate constellation of changes: increased expression of transcripts representing plasma cells, e.g.,
immunoglobulin transcripts (IGTs) (5); mast cell transcripts (MCATS), e.g., CPA3 and FCER1A (6); and
others such as CXCL6, a chemokine increased in progressing CKD but not in AKI (6). We also devel-
oped injury-related classifiers based on low estimated glomerular filtration rate (¢GFR) (lowGFR,_,)
(7), proteinuria (Prot,_,) (8), and histologic atrophy (ct>1, ) and fibrosis (ci>1,_,) (9). These CKD- and
AKl-related transcript sets and classifier scores predicted progression to failure more strongly than did
rejection-associated transcripts (7, 10), even in kidneys with rejection (1, 11), indicating that molecular
injury states were a final common pathway to failure.

In these studies, we developed a model of kidney transplant injury in 1,526 transplant biopsies
and used principal component analysis (PCA) and archetypal analysis (AA) to describe variance in
injury-induced gene expression (2, 7, 12). PCA revealed PC1 (all injury) and PC2 (time) but also
identified PC3, a previously unknown dimension of injury-related variance that correlated with the
expression of genes related to epithelial structure, e.g., par-3 family cell polarity regulator (PARD3),
involved in polarity and adherens junctions. AA revealed heterogeneity within AKI, distinguishing
“AKI1” and “AKI2,” and within CKD, distinguishing “mild CKD” from “CKDAKI,” a CKD state
with AKI changes.

The expression of AKI-associated transcripts in kidney transplants may reflect not only recent injury
but also accumulation of epithelial cells in “failed repair” states. This concept arises from mRNA-sequenc-
ing studies of the single epithelial cell nuclei from native kidneys with AKI (13-18). Failed repair man-
ifested as populations of injured tubule epithelial cells, believed to be arrested at the G2/M cycle phase
and sometimes manifesting a senescence-associated secretory phenotype (13, 19). Hinze et al. (14) demon-
strated 4 distinct, hierarchically interconnected “new” injury-induced cell states by transcriptome patterns:
Newl, oxidative stress; New2, hypoxia; New3, interferon response; and New4, epithelial-to-mesenchymal
transition (EMT). Transcriptome differences between individuals were driven by the abundance of cells in
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these 4 injury states. Similar transcripts develop in human kidney transplants (16, 20), and at least in rats,
such transcripts are increased by aging (21).

We hypothesized that this failed repair phenomenon could be associated with deterioration and fail-
ure in kidney transplants (14, 16). The present analysis aimed to expand the transplant injury model to
increase power and to test the relevance of transcript sets reflecting the epithelial cell failed repair states in
the new model. We hoped to define the associations of these injury and failed repair states with function
and outcomes in kidney transplants, including their relationship to donor age, and the implications for the
responses to injury in native kidneys.

Results

The biopsy population. We collected 4,502 biopsies (86% for indications) with a median time of biopsy post-
transplant (TxBx) of 367 days (range 1 day to 45 years) (Figure 1 and Table 1). To ensure that the inju-
ry measurements were independent of molecular rejection measurements, the present study separately
analyzes injury in the whole 4,502-biopsy population and in the subset of 2,479 biopsies automatically
assigned to the “no rejection” archetype (22, 23). Note that because some no rejection archetype biopsies
have subthreshold rejection activity (23), this group should be considered as minimal rejection. The demo-
graphics of the whole population and the no rejection subset were similar (Table 1).

Developing a PCA/AA injury model in 4,502 biopsies. Molecular injury in each biopsy was assessed using
10 published injury-related multigene scores developed in transplants: 6 transcript sets (Supplemental Table
1; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.188658DS1)
and 4 classifiers (Supplemental Table 2). Unlike the earlier model (7), normal kidney transcripts were not
included as inputs in the expanded model because we found that they did not improve the model. The cor-
relations between the input scores and the resulting PCs are shown in Figure 2, A and B. Injury PC1 (55%
of variance) was associated with increased scores for all 10 injury-related variables. Injury PC2 (21% of
variance) was strongly related to TxBx, separating CKD-related scores (positive) from AKI-related scores
(negative). PC3 (8% of variance) identified variance with AKI and within CKD.

AA identified 5 archetype clusters, labeled normal, AKI1, AKI2, mild CKD, and CKDAKI based on
their injury-related features as described below. This was similar to the earlier model (2) but with 5 rather
than 6 clusters to simplify the classification.

We distributed all 4,502 biopsies in PCA based on the 10 injury scores in Figure 3A, coloring biopsies
by their injury archetype class. PC1 (55% of variance) strongly separated all injury groups from normal
and separated AKI2 from AKI1 and CKDAKI from mild CKD. PC2 (21% of variance) separated all AKI
(negative) from CKD (positive). Positive PC3 separated AKI1 from AKI2 and CKDAKI from mild CKD
(Figure 3B).

Note that although archetypal clustering assigns the biopsies to groups, the actual distribution of biop-
sies is continuous. This interpretation is supported by using uniform manifold approximation and pro-
jection (UMAP), which collapses all injury-related variance into 2 dimensions, with no separation into
distinct groups (Figure 3C).

In PCA or UMAP, the distribution of no rejection biopsies (Figure 3, D—F) was similar to all 4,502
biopsies (Figure 3, A-C).

Relating molecular injury changes to the TxBx and eGFR. The 10 injury gene set (pathogenesis-based tran-
script sets, PBTs) scores used as input (y axis) are plotted as splines in Figure 4, A and B, and are strongly
related to TxBx (x axis) as expected. The 5 AKI-related scores were highest early, fell to a trough at 1-2
years, and rose late (Figure 4A). The 4 CKD-related scores (MCAT, IGT, ci>1,, .,
with time, as did the histologic fibrosis (ci) score; the proteinuria (Prot, ) classifier score was high early
and rose again late (Figure 4B).

The injury PC scores (Figure 4C) and archetype scores (Figure 4D) also correlated with TxBx (x axis).
In Figure 4C, the relationship of injury PC1 score to time was U shaped: slightly higher early, lowest
around 1 year, and rising late. Injury PC2 was strongly negative early and rose steadily with time. PC3 was
higher at early times posttransplant but not strongly correlated with TxBx. In Figure 4D, the archetype

and ct>1,  rose steadily

scores (y axis) varied with TxBx. The normal score showed an inverted U shape with TxBx, the inverse of
PC1: low early, peaking at about 1 year, and falling late. AKI1 and AKI2 archetype scores were high early
(AKI2 > AKI1), decreased with TxBx, and never rose again (because late biopsies with AKI were in the
CKDAKI cluster). Mild CKD and CKDAKI scores were low early and rose steadily with time.
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Figure 1. CONSORT diagram

and study design. (A) CONSORT
diagram showing biopsy inclusion
for the INTERCOMEX and Trifec-
ta-Kidney Study (N = 4,502) com-
bined dataset. (B) Study design.
ATACGC, Alberta Transplant Applied
Genomics Centre; CV, cross-valida-
tion; MMDx, Molecular Microscope
Diagnostic System.
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The relationship to eGFR (x axis) is shown in Figure 4E for PC scores and Figure 4F for archetype
scores. In Figure 4E, high injury PC1 and injury PC3 scores and low PC2 scores correlated with low
eGFR. In Figure 4F, the eGFR also strongly correlated with the injury archetype scores; lowest with high

AKI1, AKI2, and CKDAKI scores; and highest with high normal and mild CKD scores.
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Table 1. Patient demographics and biopsy data

Patient demographics

Mean recipient age (range)
Recipient sex male/female (% male)
White
Black
Other*
Not available®
Diabetic nephropathy
Hypertension/large vessel disease
Glomerulonephritis/vasculitis
Interstitial nephritis/pyelonephritis
Polycystic kidney disease
Others
Unknown etiology
Not available

Race

Primary disease

Mean donor age (range)
Donor sex male/female (% male)

Donor type (% deceased donor transplants)
Graft failed
Graft functioning/censored
Missing/no graft status available

Mean (median) follow-up
(functioning grafts) in days

Latest kidney status
(% of total)

Biopsy features

Mean, median time of biopsy posttransplant (TxBx; range)

Mean, median days to most recent follow-up after biopsy (range)
Mean (median) eGFR at time of biopsy (IQR)
Early biopsies (<1year)
Late biopsies (>1year)

For cause
Indication for biopsy Surveillance
Not recorded
DSA positive
DSA status DSA negative

Not recorded

All
(N = 3,611 patients)
50 (3-91)
1,129/694 (62%)
698
260
504
931
305
140
616
34
188
432
317
361
43 (1-85)
551/546 (50%)
1,461 (72%)
208 (16%)
1,078 (84%)
2,325

617 (282)

(N = 4,502 biopsies)
1,182, 367 days
(1day to 45 years)
858, 564 days
(1t010.5 years)
43 (39; IQR 25-55)
2,093 (49%)
2,208 (51%)
2,047 (82%)
439 (18%)
2,016
842
919
2,741

No rejection
(N = 2,168 patients)
51(4-91)
7441413 (64%)
449 (48%)
159 (17%)
331(35%)
515 (35%)
AN
84
366
22
138
248
187
198
45 (3-85)
341/334 (51%)
900 (72%)
91 (12%)
686 (88%)
1,391

868 (553)

(N = 2,479 biopsies)
1,057, 245 days
(1day to 45 years)
898, 568 days
(1day to 10.5 years)
43 (40; IQR 26-57)
1,316
1,026
1,200 (86%)
202 (14%)
1,077
331
607
1,541

Percentages shown are percentage of known data. “Any other race or ethnicity noted by the center not included in the larger categories listed. BSome

centers preferred not to identify race. DSA, donor-specific antibody; “No rejection,” assigned to the no rejection archetype.

The TxBx and eGFR relationships in 2,479 no rejection biopsies were similar to those in all 4,502 biop-

sies (Supplemental Figure 1, A-D). The TxBx showed considerable overlap among the archetype groups

(Supplemental Figure 1E).

Relating injury PC and AA scores to donor age. Donor age at transplantation correlated (p = correlation
coefficient) with the PC scores: positively for PC1 (p = 0.10, P =1 x 107°); negatively for PC2 (p =-0.10, P
= 2 X 107); and most strongly positively for PC3 (p = 0.20, P < 2 X 107'¢) (Supplemental Table 3).

Donor age tended to be higher in AKI1 and CKDAKI, the groups with highest PC3 (Table 2). In all
biopsies, compared with normal, mean donor age was older and percentage of donors aged =50 was higher
in CKDAKI and AKI1 and lower in mild CKD. In early biopsies (<42 days), AKI1 had older donor age
than normal or AKI2 biopsies. In late biopsies, mean donor age and the percentage of donors aged =50

were higher in CKDAKI than normal.
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Figure 2. Factor maps in the N = 4,502 kidney transplant biopsy population showing the correlations between the input variables (red circles) and the
principal components in the N = 4,502 kidney transplant biopsy population. AA groups are shown in green. The correlations between the PCA input
variables and the PC scores are shown as factor maps in (A) PC2 vs. PC1 and (B) PC2 vs. PC3.

Top genes and Gene Ontology terms correlated with injury PC scores. In Table 3, the top 10 transcripts
correlating positively with injury PC1 were typical AKI-induced genes, potentially reflecting both recent
injury and failed repair, e.g., VCAN. However, PC1 also correlated with some CKD features: For exam-
ple, CXCL6 was highly correlated with PC1 (p = 0.75). We previously showed that CXCL6 correlates
with CKD and is not AKI induced (24). VCAM1, a major feature of proximal convoluted tubule (PCT)
failed repair cells in AKI (17, 18), also correlated strongly with PC1 (p = 0.70). The negative correlations
with injury PC1 were related to decreased expression of genes related to metabolism or transport, e.g.,
KCl cotransporter SLC12A6. Injury PC2 negatively correlated genes were annotated as induced in early
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Figure 3. PCAs for biopsies. (A) PC2 vs. PC1in all 4,502 biopsies, (B) PC2 vs. PC3 in all 4,502 biopsies, (D) PC2 vs. PC1in 2,479 no rejection biopsies, (E) PC2
vs. PC3 in 2,479 no rejection biopsies, (C) UMAP visualization of the 4,502 population with variation compressed into 2 dimensions only, and (F) UMAP
visualization of the 2,479 population of no rejection biopsies. PCAs and UMAP panels are colored by the 5-archetype injury model cluster assignments
(normal, mild CKD, AKI1, AKI2, and CKDAKI). D-F show the no rejection samples within the original plots, rather than generating new PCAs/UMAPSs using
only the no rejection samples. MCAT, mast cell transcripts; IGT, immunoglobulin transcripts; ci>1pmb, ci lesion classifier; ct>1, o ct lesion classifier; Prot, .,
proteinuria classifier; IRITDS, injury and repair induced transcripts day 5; IRITD3, injury and repair induced transcripts day 3; IRRAT, injury and repair asso-
ciated transcripts; DAMP, damage-associated molecular pattern transcripts; lowGFR, , probability of low GFR < 30 cc/min/M?.

AKI, e.g., OLFM4 (4), whereas positively correlated genes were features of CKD, e.g., immunoglobulin
and mast cell genes. Injury PC3 correlated positively with the expression of genes related to epithelial
structure, e.g., PARD3, and negatively with genes expressed in inflammatory cells, e.g., LSP1. The results
were similar in no rejection biopsies (Supplemental Table 4).
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Figure 4. Relationships between injury principal component scores, injury archetypes, eGFR, and time posttransplant in all 4,502 biopsies with available
data. (A) Restricted cubic splines showing the relationship between DAMP, IRITD3, IRITDS, IRRAT, and lowGFR,, , and time posttransplant. (B) Restricted
cubic splines showing the relationship between MCAT, IGT, ct>1, , ci>1, ., cilesion, and Prot, . (C) Restricted cubic splines showing the relationship between
injury PC1, PC2, PC3 and time posttransplant in the N = 4,502 biopsy population. (D) Restricted cubic splines showing the relationship between injury arche-
types and time posttransplant. Scores were standardized before analysis so that they could be shown on the same scale. (E) Restricted cubic splines showing
the relationship between injury PC1, PC2, PC3, and eGFR. (F) Restricted cubic splines showing the relationship between injury archetypes and eGFR.
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Table 2. Relating injury archetypes to donor age at transplant in all 4,502 biopsies

Injury archetype All biopsies Early biopsies <42 days Late biopsies >1year

Mean donorage +  Fraction (%) donor Mean donorage +  Fraction (%) donor Mean donor age + Fraction (%) donor
SEM (years)” age >50 of known® SEM (years)” age >50 of known® SEM (years)? age >50 of known®

Normal 44+062a 255/648 (39%) a 45+17a 38/83 (46%) a 42+096a 88/264 (33%) ab
AKI1 49:11b 138/245 (56%) b 51:1.8b 39/64 (61%) a 44+ 2.4 ab 26/58 (45%) ac
AKI2 46+0.98ab  105/231(45%) abc 46+15a 53/113 (47%) a 39+2.5ab 3/22 (14%) b

Mild CKD 42+0.77c 127/a01 (32%)d (o0 fewcasesto  (too few cases to 40+0.93a 77/285 (27%) b
assess) assess)

CKDAKI 47:0.83b 185/388 (48%) ¢ (100 fewcasesto (oo few cases to 45:0.96b 121/282 (43%) ¢

assess) assess)

Archetypes significantly different from normal are bolded. *Compact lettering display: Means not sharing any letter are significantly different by all
pairwise comparisons at the 5% level of significance. BCompact lettering display: Numbers not sharing any letter are significantly different by all y?
comparisons at the 5% level of significance.

The Gene Ontology (GO) terms associated with the top 200 genes correlating positively or negatively
with PC scores are shown in Tables 4, 5, and 6 (for all 4,502), and Supplemental Table 5 (for no rejection):
PCI1 positive, wound healing and inflammation; PC1 negative, metabolism and transport; PC2 positive,
immunity (immunoglobulin genes); PC2 negative, mitosis; PC3 positive, epithelial organization; PC3 neg-
ative, inflammation and immunity.

Top genes and GO terms correlated with injury archetype scores. As shown in Supplemental Table 12 (all
biopsies) and Supplemental Table 6 (no rejection biopsies), correlates with the normal score were reciprocal
to those of PC1. The AKI1 score correlated positively with epithelial structure-related genes (e.g., PARD3)
and negatively with plasma cell genes (e.g., CD79A and immunoglobulin genes), whereas the AKI2 score
correlated positively with injury-induced genes, such as S100A8, and negatively with genes expressed in
normal kidneys. The mild CKD score correlated positively with immunoglobulin genes and negatively with
injury-inducible and mitosis inhibitor gene CDKN1A. The CKDAKI score correlated positively with genes
induced in CKD (e.g., CXCL®6) or both CKD and AKI (e.g., MMP7) and negatively with genes associated
with normal kidney function (e.g., SLA12A6).

Relating mitosis gene MKI67 with injury PC and AA scores. Since AKI triggers mitosis, we studied expression
of the MKI67 gene mitosis-associated gene (probe set 11721143_a_at). MKI67 was increased in TCMR, so
we studied its relationships to injury in no rejection biopsies. MKI167 was highest in the early biopsies and cor-
related strongly positively with injury PC1 (p = 0.24; P = 6.8 x 10-3), negatively with injury PC2 (p = —0.30;
P =17.2 x 10%?), and weakly positively with injury PC3 (p = 0.07; P = 0.0008). MKI67 correlated negatively
with the normal score (p = —0.29; P = 2.9 X 10*) and most positively with the AKI2 score (p =0.32; P=1.1
x 10-%Y), weakly positively with the AKI1 score (p = 0.12; P = 5.8 X 10~°) and negatively with the mild CKD
score (p =—0.18; P=3.5 x 107"), and did not correlate with the CKDAKI score (p = 0.003; P = 0.87).

Conventional and molecular features of the archetype groups. The timing, eGFR, molecular injury scores,
and histologic fibrosis scores for each archetype group are summarized for all 4,502 biopsies in Table 7.
AKI1 and AKI2 biopsies were both early, with low eGFR. AKI1 had lower macrophage and injury-in-
duced molecular scores, less dedifferentiation (loss of kidney transcripts), and very low expression of
immunoglobulin transcripts. CKDAKI and mild CKD were both late posttransplant, but CKDAKI had
more fibrosis; more AKI-induced, mast cell, and macrophage transcripts; and lower eGFR, whereas mild
CKD had more immunoglobulin transcripts. The features of the archetype groups were similar in the no
rejection biopsies (Supplemental Table 7).

Relationships of model features to survival after biopsy. Figure 5A shows the actuarial 3-year survival for
each archetype group (death censored, 1 random biopsy per kidney) in all cases with recorded follow-up.
Postbiopsy 3-year graft survival was above 88% after normal biopsies; approximately 75% after AKII,
AKI2, or mild CKD biopsies; and less than 50% after CKDAKI biopsies.

After early biopsies (Figure 5B), survival was lowest after AKI1 biopsies. (There were too few early
biopsies with CKDAKI or mild CKD to analyze reliably.)
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Table 3. Top 10 genes in all 4,502 biopsies by Spearman’s correlation coefficient correlating positively and negatively with injury PC1,

PC2, and PC3
Injury PC1 Injury PC2 Injury PC3
Gene syn?bol PBT annotatl?n SCC (o) e s PBT annotatlfm orcell SCE(p) Genssymbol PBT annotatl?n o occ )
(annotation)  orcell expression expression cell expression
Positive correlation
VCAN IRRAT 0.88 FCER1A MCAT 0.69 PPP1RSA normal kidney 0.60
YWHAH IRITD3 0.87 MS4A2 mast cells 0.66 PLEKHH1 normal kidney 0.59
ANXA2 IRITD3 0.87 FAM46C plasma cells, others ~ 0.60 PTPN3 normal kidney 0.59
NNMT IRRAT 0.87 IGHG1 IGT 0.59 PARD3 normal kidney 0.58
ANXA2P2 IRITD3 0.86 IGHG3 IGT 0.59 MYEF2 normal kidney 0.57
ANXA1 IRITD3 0.86 IGKV1-39 IGT 0.59 SAMD12 normal kidney 0.57
TPBG injury-induced 0.86 JCHAIN IGT 0.59 TUFT1 normal kidney 0.56
VIM IRITD3 0.86 IGKC IGT 0.58 PTPRK normal kidney 0.56
ARLC injury-induced 0.85 IGKV1-5 IGT 0.58 CABLEST normal kidney 0.55
CIRL injury-induced 0.85 CPA3 MCAT 0.58 SEMABA normal kidney 0.55
Negative correlation
SLC12A6  normalkidney ~ -0.81 RAB20 injury-induced ~ -0.52 LSP1 p'azrt';]aefse”s' -0.60
ACAT1 normal kidney -0.80 OLFM4 IRRAT -0.52 ITGAL Rej-RAT -0.56
IVD normal kidney -0.79 PVR injury-induced -0.48 PTPN7 TCMR-RAT -0.56
MSRA normal kidney -0.79 LDHA injury-induced -0.47 TNFRSF1B T, NK, Mac -0.55
TRPM3 normal kidney -0.79 RASD1 IRITD3 -0.46 ARHGAPS T, NK, Mac -0.55
HAGH normal kidney -0.78 SERPINA3 IRRAT -0.46 SLA TCMR-RAT -0.54
HYAL1 normal kidney ~ -0.78 RRM2 IRITDS -0.45 CELF2 p'amaef:"s' -0.54
DIP2C normal kidney -0.78 CDKN1A injury-induced -0.45 CORO1A T, NK, Mac -0.54
DDC normal kidney -0.78 L0C100129518 injury-induced -045 SLAMF7 T N:ﬁdhﬂiicbIIENG- -0.54
HINT2 normal kidney -0.78 P4HB injury-induced -0.45 S1PR4 T, NK, l\gzlcl,splasma -0.53

All P values were significant at <0.0001. Injury-induced, significant increase in kidneys with AKI; IRITD3, injury and repair induced transcripts day 3; IRRAT,
injury and repair associated transcripts; IGT, immunoglobulin transcripts; Mac, macrophages; MCAT, mast cell-associated transcripts; Rej, rejection; TCMR,
T cell-mediated rejection.

JCl Insight 2025;10(10):e188658 https://doi.org/10.1172/jci.insight.188658

Graft survival after late biopsies (Figure 5C) was similar to that in all biopsies, with the lowest
survival in CKDAKI.

In random survival forest models comparing injury scores with rejection scores and TxBx, the best
predictor of graft survival after biopsy in all biopsies (Figure 5D) was injury PC1 followed by injury PC3.
In early biopsies (Figure 5E), the only strong predictor was injury PC3. PC1 was also the best predictor of
graft survival in late biopsies (Figure 5F). In these multivariable analyses, rejection activity had little impact
on survival once injury was considered, though some injury is caused by rejection.

Time of biopsy was a factor among all biopsies, with late biopsies having higher failure rates. The rela-
tive impact of PC1 and PC3 on hazard differed by the TxBx. PC1 had little relative impact on survival after
early biopsies but steadily increased as the time of biopsy increased. PC3 had a constant negative relative
impact, early and late (Figure 5G).

The results in no rejection biopsies were similar to the results in all biopsies (Supplemental Figure 2).

Expression in transplants of gene sets representing epithelial cell failed repair states. We used the new trans-
plant injury model to explore in transplant biopsies the expression of the new epithelial cell injury gene
sets identified in single-nucleus transcriptome studies of native kidneys with AKI (Supplemental Table 1)
(14, 16). As stated earlier, those studies found cells from various nephron segments to be in 1 of 4 distinct
biological states: oxidative stress (New1), hypoxia (New2), interferon response (New3), and EMT (New4).
For transplant studies, we selected new injury gene sets derived from single nuclei from cells localized in
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Table 4. Top 20 GO pathways by adjusted P value associated with the top 200 genes negatively correlated
with injury PC1in 4,502 biopsies

1D Description Adjusted P value
PC1up
G0:0005925 focal adhesion 1x107
G0:0030055 cell-substrate junction 1x107®
G0:0042060 wound healing 5x107°
G0:0007015 actin filament organization 5x10°
G0:0005604 basement membrane 8x10°®
G0:0002697 regulation of immune effector process 2x107
(0:0062023 collagen-containing extracellular matrix 3x107
G0:0034774 secretory granule lumen 3x10°®
(0:0060205 cytoplasmic vesicle lumen 3x10°
G0:0031983 vesicle lumen 3x10°®
PC1down
G0:0044282 small molecule catabolic process 5x10%
G0:0006520 amino acid metabolic process 5x10°2%
G0:0016054 organic acid catabolic process 1x 102
G0:0046395 carboxylic acid catabolic process 1x107%
G0:1901605 alpha-amino acid metabolic process 2x10%
G0:1901606 alpha-amino acid catabolic process 1x107
G0:0009063 amino acid catabolic process 2 x107®
G0:0005759 mitochondrial matrix 9x10™"
G0:0072329 monocarboxylic acid catabolic process 2x10™"
G0:0009083 branched-chain amino acid catabolic process 1x107

the proximal tubule (PT), thick ascending limb (TAL), and distal convoluted tubule (DCT). However, the
TAL-Newl1 gene set had only 1 probe set, so we substituted the thin limb (tL)-New1 to have each biological
state represented by 3 different segments. (We stress that the derivation of genes in various cell types does
not imply that their expression in bulk transcriptomic data is necessarily attributable to that cell type.)

We studied the mean expression of the 12 gene sets (14) in the transplant model. Having established
that injury changes were similar in all biopsies and no rejection biopsies, we used the full 4,502-transplant
population. The heatmap in Figure 6 demonstrates the relationship between the mean expression for each
set and that of the other 11 sets in the transplant biopsies. The gene set mean scores correlated strongly with
the others in their biological state but not with their nephron segment of origin. (PT_New3 emerged as an
outlier and is not discussed further.) The New4 sets strongly correlated with the New2 and New3 groups
and anticorrelated with the New1 sets. Thus, the new gene sets annotated as biological states in native kid-
neys behaved as coherent sets in the transplant biopsies.

To see the relationship of the new gene sets to the PC scores, Figure 7 projects the 12 new scores (blue
symbols) onto the factor map for the transplant injury model presented in Figure 2. The 10 transplant-de-
rived input scores are red symbols; the 5 injury archetype scores are green arrows and symbols; and the
new gene set means are blue symbols. In Figure 7A, The New2, New3, and New4 scores correlated pos-
itively with PC1, the strongest being the New4 groups representing EMT. They correlated positively with
AKl-related gene sets defined in transplants (IRRAT, IRITD3, IRITDS5, and DAMP) and injury classifier
lowGFR,, . All correlated negatively with PC2. In contrast, the New1 gene sets correlated negatively with
PCl1, similar to the normal archetype score, with no association with PC2.

All 12 new gene sets, even the Newl sets, correlated positively with PC3 (Figure 7B).

The correlation coefficients of the new gene sets with PCA and archetype scores are shown in Supple-
mental Table 8.

Thus, new gene sets representing epithelial cell states derived in single epithelial cell nuclei from
native kidneys with AKI strongly correlated with the injury dimensions in 4,502 kidney transplant biop-
sies, the strongest being the New4 EMT-related sets. The nephron segmental location of the single cells
was not important.

JCl Insight 2025;10(10):e188658 https://doi.org/10.1172/jci.insight.188658 11
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Table 5. Top 20 GO pathways by adjusted P value associated with the top 200 genes negatively
correlated with injury PC2 in 4,502 biopsies

ID Description Adjusted P value
PC2 up
G0:0019814 immunoglobulin complex 7x10™
G0:0003823 antigen binding 2x10°®
G0:0042571 immunoglobulin complex, circulating 4x10°¢®
G0:0071735 IgG immunoglobulin complex 5x108
G0:0072562 blood microparticle 3x10°
(G0:0034987 immunoglobulin receptor binding 3x10°
G0:0071745 IgA immunoglobulin complex 6x10-°
G0:0050853 B cell receptor signaling pathway 9x10*
(0:0002377 immunoglobulin production 1x1073
G0:0019731 antibacterial humoral response 2x10°
PC2 down
G0:0044772 mitotic cell cycle phase transition 2x10°°
G0:0006520 chromosome, centromeric region 1x10°®
G0:0140014 mitotic nuclear division 3x10°®
G0:0000280 nuclear division 5x108
G0:0048285 organelle fission 5x108
G0:0098687 chromosomal region 2x107
G0:0033044 regulation of chromosome organization 2x107
G0:0000070 mitotic sister chromatid segregation 2x107
G0:0000779 condensed chromosome, centromeric region 2x107
G0:0000819 sister chromatid segregation 3x107

The time courses of the new gene set scores in the 4,502 transplant biopsies indicated that all standard-
ized scores were the highest initially and decreased in the first year posttransplant (Figure 7C). However,
the New3 and New4 gene sets universally increased after 1 year posttransplant, similar to the AKI-related
scores in Figure 4A. The Newl and New2 gene sets consistently decreased over time, except for in PT,
which showed an increase after 1 year.

Association of mean new injury scores with graft survival, eGFR, and donor age. Table 8 presents the associa-
tions of each new injury gene set with 3-year death-censored graft survival (Cox analysis), with eGFR, and
with donor age in the 4,502 kidney transplant biopsies. We included some injury gene sets derived from
kidney transplants for comparison: IRRAT30, IRITD3, and IRITDS5. In Table 8, the gene sets are ordered
by their P value in the survival analysis. The injury PC scores are shown separately.

The 3 New4 gene set scores were the strongest predictors of graft survival, slightly better than the
IRRAT gene set derived in transplant biopsies; injury PC1 was the strongest predictor. The New1 gene sets
were protective, i.e., associated with decreased risk.

The New4 injury gene sets were the strongest correlates of depressed eGFR, stronger than the injury
scores derived in kidney transplants, even injury PC1. The New]1 gene sets correlated with higher eGFR.

The New4 gene sets all correlated positively with donor age. The New1 gene sets did not correlate with
age. In this analysis, PC3 had the strongest correlation with donor age, as in our earlier analysis (7).

Similar results were found when the same analyses were done in the 2,479 no rejection biopsies
(Supplemental Table 9).

We used random survival forests to examine the relative importance of the 12 new injury gene sets for pre-
dicting 3-year death-censored survival in kidney transplants (1,292 of the 4,502 kidney biopsies with available
follow-up data; 1 random biopsy per transplant) (Figure 8). The forests included kidney transplant—derived
injury measurements (injury PC scores and gene sets). In all biopsies, the best predictors of 3-year survival were
injury PC1 and the New4 scores representing EMT (Figure 8A). Injury PC3 also affected survival. In kidneys
having early biopsies, PC3 was the dominant predictor, but the new injury transcript sets also had some impact
(Figure 8B). Findings in late biopsies (>1 year posttransplant, Figure 8C) were similar to findings in all biopsies.

JCl Insight 2025;10(10):e188658 https://doi.org/10.1172/jci.insight.188658 12
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Table 6. Top 20 GO pathways by adjusted P value associated with the top 200 genes negatively correlated
with injury PC3 in 4,502 biopsies

D Description Adjusted P value
PC3 up
G0:0060271 cilium assembly 8 x10™
G0:0044782 cilium organization 2x10™"
(0:0007224 smoothened signaling pathway 4 x10°®
G0:0097542 ciliary tip 1x107
G0:0035869 ciliary transition zone 1x107
G0:0030990 intraciliary transport particle 1x107
G0:0008589 regulation of smoothened signaling pathway 1x107
G0:0042073 intraciliary transport 2 x107
G0:0005930 axoneme 2x10°®
G0:0097014 ciliary plasm 2x10°®
PC3 down
G0:0050863 regulation of T cell activation 3x102%
G0:0007159 leukocyte cell-cell adhesion 1x102%
G0:0030098 lymphocyte differentiation 2x10%
G0:1903131 mononuclear cell differentiation 1x102
G0:1903037 regulation of leukocyte cell-cell adhesion 5x102%
G0:0022407 regulation of cell-cell adhesion 2x102%
(G0:0002443 leukocyte mediated immunity 3 x102
G0:0051251 positive regulation of lymphocyte activation 8 x 107
G0:0002449 lymphocyte mediated immunity 2x102%°
G0:0002696 positive regulation of leukocyte activation 4x10%

Correlations of selected individual new injury genes in the kidney transplant injury model. We examined
the correlations of a sample of 13 new injury genes selected from the native kidney AKI studies in the
kidney transplant model (Supplemental Table 10). These genes were selected because they were men-
tioned in the original paper (16). The genes annotated in the New4 gene sets such as IFITM3, VCAMI,
HIF1A, and MET had strong associations with injury PC1, but many also correlated with injury PC3,
e.g., MET, SPP1, and MYO5B. Genes associated with New1 states, such as ALDOB, LRP2, and NQOI1,
had negative correlations with injury PC1 but positive correlations with PC3. For NQO1, LRP2, and
MYOS5B, the strongest positive correlations were with PC3.

Discussion
This study characterized molecular injury in a large cohort of kidney transplant biopsies using injury scores
previously defined in transplant studies and explored how gene sets defined in single failed repair cells in
native kidneys correlated with the features of kidney transplants. In the transplant biopsies, molecular
injury did not separate into discrete groups such as AKI and CKD, instead forming continuous gradients
in 3 dimensions: PC1, PC2, and PC3. PC1 correlated with many AKI and CKD features and related
inflammation; PC2 defined variance related to time; PC3 defined injury-induced epithelial remodeling and
anticorrelated with inflammation. This transplant injury model allowed us to study how the failed repair
states previously described in native kidneys with AKI mapped in a large cohort of transplants. Expression
of the new failed repair gene sets in transplants was consistent with their description as biological processes
in native kidneys and correlated strongly with the injury PC scores in the transplant biopsies. In partic-
ular, the New4 gene sets related to EMT were as strongly related to injury PC1, outcomes, dysfunction,
and even donor age as any gene sets and classifiers previously derived in transplants. This illustrates how
discoveries in single-nucleus transcriptome data that are necessarily limited to small numbers of samples
can be integrated into a bulk transcriptomics model derived from large numbers of biopsies from a relevant
population, combining the power of these 2 high-dimensionality approaches.

As summarized in Supplemental Table 13, the major finding in this study is that there are 2 major
independent processes in the kidney response to injury: PCI1, the typical response to recent injury, and
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Table 7. Features of the injury archetype groups in all 4,502 biopsies

Archetype groups

Group N

Normal 1,216
AKI 837
AKI2 466

Mild CKD 1,019

CKDAKI 964

Time of biopsy
posttransplant (days)

Median

278

104

a/

1,067

1,232

Mean scores + SEM
Macrophage- Recent injury- Normal kidne
eGFR” associated induced (AKI) Atrophy fibrosis-associated features . v
) . transcripts
transcript sets transcript sets

Mean s\ \ATI QCMATA IRITD3*® IRRATA® IGTA®  MCATAe Classifier Histologic y pa.g
SEM ci>1, M cilesion
869 54%0.95 036+ 0.32: 0.01¢+ -0.05+ 033+ 054: 017¢ 081+ -0.01:0.004
+43a a  001a 0.01a 0003a 001a 002a 002a 0.004a 0.03a a
424 32140 055+ 042: 014+ 055:¢ 004 067: 024: 101& o000
£36b b 001b 001b 0004b 002b 0.02b 0.03b 001b 006b
166 134+ 121+ 036+ 137¢ 060: 032¢ 023+ 079
s19c 7*M28¢ gopc 002c¢ 0.01c 0.02¢c 005c 0.04c 0.01b 0.06a OA9001¢
1810 49:095 085+ 069+ 0N+ 038+ 216: 180: 040+ 136% .. oo
+61d d 001d 001d 0003d 0.01d 0.03d 0.02d 00lc 004c o
2072+ 33:084 100+ 079+ 030+ 106+ 189+ 247: 075¢ 205 .. .
74e b 0.0le 00le 0004e 0.0le 0.04e 0.03e 0.004d 0.04d =

Bold underlined scores are the highest per column in each biopsy group. Bold italics signify the lowest in the column. “Compact lettering display: Means
not sharing any letter are significantly different by all pairwise comparisons at the 5% level of significance. BThese variables were used in the injury AA. AA,
archetypal analysis; TxBx, time of biopsy posttransplant; AMATT1, alternatively activated macrophage; QCMAT, constitutive macrophage; IRITD3, injury and
repair induced transcripts day 3; IRRAT, injury and repair associated transcripts; IGT, immunoglobulin transcripts; MCAT, mast cell-associated transcripts;
ci>1pmh, probability of fibrosis; KT1, normal kidney transcripts — set 1; eGFR, estimated glomerular filtration rate (cc/min/M?).

PC3, which involves epithelial remodeling. PC1 combines AKI-induced and failed repair transcripts, mac-
rophage infiltration, and mitosis and had an increasing effect on the risk of failure with time. Positive PC3
anticorrelates with inflammation and mitosis but is also correlated with expression of failed repair gene
sets. PC1 and PC3 are independently associated with lower eGFR and older donor age. The independence
of these elements is clear in the diversity they reveal within AKI and CKD: AKI2 had more positive PC1
than AKI1, but AKI1 had more positive PC3; CKDAKI had more positive PC1 and PC3 than mild CKD,
but mild CKD had more immunoglobulin transcripts.

The striking association of the new gene sets representing failed repair with the injury dimensions in
transplants, and the previous finding that differences between individuals in the native kidney studies were
driven by the abundance of cells in the injury states (14), argues that failed repair epithelial cells accumu-
late in kidney transplants, at least those undergoing biopsies. (Admittedly, this must ultimately be shown
in single-nucleus transcriptome studies in transplants.) The New4 gene sets representing failed repair and
EMT correlated strongly with injury PC1 but also moderately with injury PC3. Each set tended to behave
like others in its new designation with no allegiance to the nephron segment of origin. The strength of the
correlations of the New4-EMT gene sets with injury PC1, AKI2, CKDAKI, low eGFR, progression to fail-
ure, and donor age support the conclusion that failed repair and EMT are strongly associated with adverse
transplant outcomes. However, New1 gene sets were protective, correlating with lower risk and higher
eGFR, with minimal correlations with donor age.

The correlation of PC3 with CKDAKI, donor age, dysfunction, outcomes, and expression of all
New4 gene sets suggests that PC3 (conditioned in part by donor age) is an element independent of
injury PC1 that correlates with the added risk of graft loss at all times posttransplant (14, 16) but may
be a response to failed repair that attempts to restore nephron integrity when missing cells cannot
be replaced. PC3 correlates with injury-induced increased expression of genes involved in epithelial
development and remodeling, independent of PC1 mathematically (by definition in PCA) and presum-
ably biologically. PC3 is the dominant influence on risk in biopsies in the first weeks posttransplant
when the relative impact of PC1 is minimal. In this formulation, optimal recovery from injury requires
effective repair; aging increases failed repair and requires more PC3. The correlations of the new gene
sets in transplants with PC3 (epithelial remodeling), donor age, dysfunction, and risk of failure argue
that these associations should be explored in native kidneys.
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Table 8. Associations of various scores with risk of 3-year graft loss, eGFR, and donor age (N = 4,502 biopsies)

Three-year graft loss in 4,502,

Correlations with eGFR Correlations with donor age
arranged by P value
Spearman’s Spearman’s
Variable Hazard ratio P value correlation P value correlation P value
coefficient (p) coefficient (p)

PT_New4 EMT 2.24 41 %102 -0.54 4 %107 014 3x107
DCT_New4 EMT 1.98 41x10% -0.55 2 x 10748 012 7 %108
TAL_New4 EMT 2.04 1.4 x103 -0.54 1x 1072 0.15 8 x10™

PT_New?2 hypoxia 1.90 3.2x10™ -0.51 4 x 1072 013 1x10°®

IRRAT30 1.82 3.9x107® -0.54 9 x 1073 014 1x107°

IRITD3 171 1.9x10™ -0.50 3x10™ 012 6x10°®

DCT_News3 interferan 1.82 1x 10 -0.49 2 x10°M 0.2 1x107
response

TAL_News interferon 1.68 4.6 %10 ~047 3 x 10702 0.09 2x10
response

IRITD5 147 3.7 %107 -0.36 2 x107%¢ 0.06 1x 1072

DCT_New2 hypoxia 141 3.2x107 =035} 4 x 10748 0.06 7 %1073

PT_New1 oxidative stress 0.80 0.00004 0.23 2x10%3 -0.02 3x107

tL_New1 oxidative stress 0.80 0.00006 0.27 3x1073 -0.04 5x 1072

TAL_New?2 hypoxia 1.24 0.0002 -0.30 3x10™ 0n 2x10°®

DCT_New?1 oxidative stress 0.82 0.0003 019 5x107® 0.05 3 x107

PT_News3 interferon response 0.98 0.80 -0.05 0.03 -0.02 3 x107

Injury PC1 2.28 130 s = -0.47 2 x107%? 0.10 1x10°

Injury PC2 1.05 0.45 0.26 2 %1073 -0.10 2x10°

Injury PC3 145 4.3 x107 -0.31 9 x 104 0.20 1x10™

DCT, distal convoluted tubule; EMT, epithelial-mesenchymal transition; PT, proximal tubule; TAL, thick ascending limb; tL, thin limb; IRRAT30, injury and
repair associated transcripts (human kidney), top 30 transcripts; IRITD3, tissue injury and repair associated transcripts day 3; IRITDS5, tissue injury and
repair associated transcripts day 5.

These findings suggest a theoretical model of response to injury that may help design future experi-
mental studies. Injury evokes a repair response that requires mitosis, evokes inflammation, and persists in a
variety of failed repair cells (PC1) but also evokes epithelial remodeling without mitosis, particularly when
repair is limited. Incomplete repair over time creates nephron loss and fibrosis (mild CKD). However, the
persistence of failed repair with EMT-related changes and inflammation (perhaps triggered by secretory
failed repair cells) leads to CKDAKI, with increased PC3/epithelial remodeling. The adverse associations
of failed repair are underscored by the high correlation of New4 gene sets with PC1, CKDAKI, dysfunc-
tion, risk of failure, and donor age.

A key issue that cannot be resolved in biopsy-based cross-sectional studies is how the early responses to
injuries at the time of transplantation relate to the changes observed in late biopsies years or decades later in
the population. It is neither ethical nor practical to perform protocol biopsies in a decades-long time series:
biopsies are potentially complicated interventions, and our study protocol specified standard-of-care biopsies.
It seems likely the AKI transcripts and new gene sets are expressed in many injured cells, with peak expres-
sion occurring 3-5 days posttransplant in our mouse kidney transplant isograft model and in other studies
(13), followed by declining expression as much of the injury is successfully repaired (3) but then increasing
in the late biopsy population. The time courses of the expression of the New4-EMT transcripts sets is similar
to that of the AKI-induced transcripts identified in transplants, and their expression in late biopsies probably
reflects the accumulation of failed repair cells, but whether the rise with time is a late consequence of early
injury or an indication of new injury cells is not known (13, 14, 16). However, the increasing association of
PC1 with risk of failure, even in biopsies with no rejection, makes these questions very relevant.

The limitations of this study include its cross-sectional design in the population of biopsies for clinical
indications per standard of care and its use of microarrays rather than RNA sequencing. Every biopsy from
a consented patient was included, but the best kidney transplants never get biopsied, limiting generalization
from biopsy-based observations to the unbiopsied population. We note that other donor or recipient features
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Figure 5. Visualizing the relationship between injury and 3-year postbiopsy death-censored survival (1 random biopsy per kidney) in all 4,502 biopsies.
(A) Kaplan-Meier plots for the injury archetype groups in all 4,502 biopsies. (B) Kaplan-Meier plots for the injury archetype groups in biopsies <42 days. (C)
Kaplan-Meier plots for the injury archetype groups in biopsies >1year. (D-F) Relative variable importance plots from random survival forest analyses using
injury PC1, PC2, and PC3; rejection PC1, PC2, and PC3; and time of biopsy posttransplant (TxBx) as predictors (D) in all 4,502 biopsies, (E) in biopsies <42
days posttransplant, (F) and in biopsies >1year posttransplant. (G) Time-varying effects of injury PC1 and PC3 on the hazard of graft loss, estimated from
a Cox proportional hazards model with interaction terms between time posttransplant and the injury PCs.

may also contribute to graft function and failure. We cannot fully exclude all effects of rejection even in
biopsies called no rejection in these analyses because rejection can operate at subthreshold levels,and could
have been operating at earlier times to induce the injury observed in the present biopsies (23, 25, 26). Finally,
while the new gene sets were annotated in single failed repair epithelial cells, we acknowledge that we do
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Figure 6. Heatmap showing pairwise Spearman correlations between the PBT scores of the 12 new gene sets in the N = 4,502 data set.

not formally know whether the expression of the new gene sets in the bulk transcriptomics model reflects
the accumulation of single failed repair epithelial cells and whether other cells such as endothelial or matrix
cells express these genes.

We acknowledge that RNA sequencing is the ideal platform for discovery, but we selected microar-
rays because our goal is to apply the MMDx system in diagnostic service laboratories that are clones
of the discovery laboratory, using the algorithms defined in the discovery laboratory. We found that
microarrays are ideal for this purpose. Their high standardization, manufacturing quality, and mature
analysis strategies are advantageous when performing genome-wide molecular analysis in multiple sites,
and the strong correlation of gene sets derived in single-nucleus RNA sequencing with the features of
the bulk transcriptomic transplant model is reassuring. The microarray measurements in a remote ser-
vice laboratory, such as Kashi Clinical Laboratories (see Figure 1), are virtually identical to those in the
discovery laboratory, which is essential for the application of the many machine learning algorithms
developed in the Edmonton discovery laboratory.

Despite their associations, we are reluctant to call PC1/failed repair or PC3 maladaptive until we can
abrogate these elements and determine the consequences. The response to wounding is an ancient and
ultimately beneficial response of all multicellular organisms, even if blunted by the aging process, but it
still may be better than failure to respond. The real maladaptive elements are the agents causing injury,
which we must strive to eliminate, even as we seek opportunities to mitigate their consequences. Whether
failed repair cells are innocent bystanders or injurious will have to be shown by interventions that manip-
ulate the cells and change outcomes. Failed repair cells may reflect the net failure of regeneration, with
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Figure 7. Factor maps in the N = 4,502 kidney transplant biopsy population showing the correlations between the input variables (red circles) and the
principal components. Additional variables of interest (injury archetype scores in green and gene sets from ref. 14 as blue circles) were not used for the
analysis but were projected as supplementary variables into the original PCA in (A) PC2 vs. PC1and (B) PC2 vs. PC3. (C) Restricted cubic splines showing
the relationship between the PBT scores for the 12 new gene sets and log(time posttransplant). N = 4,301 samples with TxBx available. MCAT, mast cell

transcripts; IGT, immunoglobulin transcripts; ci>1

ci lesion classifier; ct>1 ct lesion classifier; Prot, .. proteinuria classifier; IRITDS, injury and repair
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induced transcripts day 5; IRITD3, injury and repair induced transcripts day 3; IRRAT, injury and repair associated transcripts; DAMP, damage-associated
molecular pattern transcripts; GFR, probability of low GFR < 30 cc/min/M? New1, oxidative stress; New2, hypoxia; New3, inflammation; New4, EMT; PT,
proximal tubule; TAL, thick ascending limb; tL, thin limb; DCT, distal convoluted tubule.

loss of nephron reserve and capacity for peak function, exposing the remaining cells to the possibility of
exhaustion. However, some failed repair cells may actively interfere with nephron function and evoke
more injury, and trigger EMT, further increasing the number of failed repair cells and ultimately driving
nephron loss. As we noted above, the inflammation in CKDAKI may reflect the secretory properties of
failed repair cells, analogous to the impact of senescent cells (16). The possibility that failed repair cells
are actively harmful like senescent cells opens the possibility of senolysis-like treatments to mitigate the
adverse impact of failed repair cells (27). Focusing on individual molecules mapped in the present study
could also be useful. For example, chemokine CXCL6 is not induced by AKI but is strongly associated
with CKD in transplants (24) and with EMT generally (28) and is of interest because it has not been a
feature of failed repair epithelial cells. Thus, these studies of injury in transplants and in native kidneys
open many new opportunities for experimental exploration.
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Methods

Sex as a biological variable. This study includes both male and female kidney transplant recipients and
donors and did not exclude any biopsies based on recipient or donor sex to represent the true transplant
population as closely as possible. Similar to the overall registered kidney transplant population (29), we
found an overrepresentation of male recipients (62% male recipients). Sex was not considered as a biolog-
ical variable for these analyses, as we focused primarily on population-wide analyses.

Patient population and data collection. The patient and biopsy population were similar to previous studies
(7, 23). We used all valid/available research biopsies and accompanying phenotype data collected as part
of the MMDx-Kidney studies INTERCOMEX NCT01299168, and Trifecta-Kidney NCT04239703) (22,
23, 30-36). Data transmitted from the local centers for analysis at the ATAGC were sent via electronic or
printed forms and stored in a REDCap database. Recruitment for this study began in September 2008 and
was extended to May 2022, mean follow-up time was 858 days (range 1-10.5 years), and data collection
was completed on September 15, 2024.

The 5,086 biopsies were assessed by microarrays (23) and had complete gene expression data (49,495
probe set values representing 19,462 genes). MMDx diagnoses sign-outs were available for most of the data
set. For the present injury analysis, we included only biopsies with more than 10% cortex (37) (resulting in
the final population of 4,502 biopsies), but including all biopsies created similar models. Quantitative vari-
ables in these analyses included injury archetype scores (2); PBT scores, which include the new injury gene
sets (14) (Supplemental Table 1); classifier scores (Supplemental Table 2); and principal component scores
(Figure 2). Quantitative variables were used as continuous values except where noted. Archetype groups
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were assigned based on the highest archetype score for that biopsy, as previously described (2, 22), to obtain
meaningful groupings based on molecular data.

Biopsy processing. As previously described (12), a portion of 1 core of each biopsy (mean length
3 mm) (33) was immediately stabilized in RNA/ater (Thermo Fisher Scientific) and shipped to the
ATAGC (http://atagc.med.ualberta.ca) or Kashi Clinical Laboratories at ambient temperature for RNA
extraction and processing as previously described (33). Gene expression was measured using GeneChip
PrimeView 219 Human Gene Expression Arrays (Applied Biosystems). All molecular diagnoses were
made without knowledge of the biopsy’s corresponding histology, clinical data, or human leukocyte
antibody status. MMDx reports were sent to the participating centers, usually within 2 working days of
receiving the biopsy.

Transcript sets. PBTs are described in Supplemental Table 1 and the ATAGC home page (https://www.
ualberta.ca/medicine/institutes-centres-groups/atagc/research/gene-lists.html). The new transcript sets
(14) are detailed in Supplemental Table 1. PBT scores are calculated as the mean fold-change in expression
across all probe sets in the PBT versus the mean expression of the same probe sets in a control group (4
nephrectomy samples).

Updating the published injury classifiers. The probabilities of histologic atrophy and fibrosis, low GFR,
and proteinuria were updated in the new, larger N = 4,502 data set using the same methodology as previ-
ously published (22, 32). We rederived these 4 classifiers (Supplemental Table 2) using the ClinicalTrials.
gov biopsies that had the appropriate phenotype recorded: (¢GFR < 30 cc/min/M?; lowGFR,, ), protein-
uria positivity (Prot

), fibrosis ci lesion scores (ci>1, ), and atrophy ct lesion scores > 1 (ct>1, ). For

Prob Prob:
classifier development, PCA, AA, and UMAP, we excluded biopsies with estimated cortex content less
than 10% (37), since the reliability of some injury-related molecular readings is slightly more variable in
samples that are predominantly medulla (37). The full classifier process is outlined in Figure 1B. AUC for
the binary classes used for training classifiers (Supplemental Table 2) ranges from 0.68 (proteinuria) to 0.86
(GFR). The low AUC:s for the proteinuria classifier (0.68) probably reflect the different standard-of-care
methods and definitions in the centers. Note that the purpose of these classifiers trained on the convention-
al and histologic labels is not to predict the class used for training — this is already known — but to find
the molecular states associated with these labels, taking advantage of the large N of samples and the high

information content of the microarray chip. For example, the Prot,  classifier assigns the probability that

Prob
the biopsy has molecular changes that correlate with proteinuria, whether they have been designated as
positive for proteinuria or not.

Rejection classifiers. The rejection-based PCA/AA and the 7 classifiers used to build them in the 5,086 set
have been published previously (23). Figure 1B uses these rejection scores, only showing the distribution in
the 4,502 biopsies with an estimated %cortex = 10% used in this study.

Injury AA, PCA, and UMAP. Six previously defined injury-related PBT scores (Supplemental Table 1)
and 4 newly updated injury classifier scores (Supplemental Table 2) were used as inputs for both the injury
PCA and the injury AA. Each biopsy was assigned 5 archetype scores reflecting its proximity to each arche-
type center and assigned to 1 AA group based on its highest archetype score. UMAP (38) was used as an
alternative to PCA for dimensionality reduction and visualization.

Survival analysis. Survival was defined as death-censored graft loss by 3 years after biopsy, using
time of biopsy as time 0, and selecting 1 random biopsy per transplant for analysis from the samples
that had follow-up data (N = 1,292 biopsies, with 210 failures by 3 years postbiopsy). Random survival
forests used the randomForestSRC (39) package with default parameter settings other than impor-
tance="“permute”, ntree=5000, nsplit=1, and na.action=“na.impute.” Error rates were defined as 1.0
— the C statistic, as measured in the out-of-bag samples in the forests. Relative variable importance was
determined using rfsrc’s permutation method. Kaplan-Meier plots were generated using the survival
(40) and survminer (41) packages. The hazard of graft loss was estimated from a Cox proportional
hazards model with interaction terms between time posttransplant and the injury PCs using the coxph
function from the survival (40) package.

Cell panel. The tissue and cell basis of expression of each gene was interpreted using microarray results
of a previously studied cell panel (44), as well as literature and the Human Protein Atlas (45).

Statistics. All analyses were performed with the R computing language (42) version 4.3.2. Restrict-
ed cubic splines with 3 knots were generated using the rms package (43). P < 0.05 was considered
statistically significant.
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Study approval. Histologic scores, diagnoses, clinical data, and DSA status were assigned by the local
center’s standard of care following Banff guidelines. Biopsy collection was approved by IRBs at each
center (locations given in the list of author institutions for this manuscript) and approved by the central
IRB (Research Ethics Office) at the University of Alberta, Edmonton, Alberta, Canada (Pro00022226).
Written informed consent was obtained from all patients before enrollment as approved by the local
center’s IRB.

Data availability. CEL files are available on the NCBI’s Gene Expression Omnibus (accession number
GSE275126). The Supporting Data Values file is available in the supplement.
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