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Relating Molecular T Cell-mediated Rejection
Activity in Kidney Transplant Biopsies to Time and
to Histologic Tubulitis and Atrophy-fibrosis

Katelynn S. Madill-Thomsen, PhD," Georg A. Bohmig, MD,? Jonathan Bromberg, MD, PhD,?
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Philip F. Halloran, MD, PhD, "' and the INTERCOMEX Investigators*

Background. e studied the variation in molecular T cell-mediated rejection (TCMR) activity in kidney transplant indication
biopsies and its relationship with histologic lesions (particularly tubulitis and atrophy-fibrosis) and time posttransplant.
Methods. \We examined 175 kidney transplant biopsies with molecular TCMR as defined by archetypal analy-
sis in the INTERCOMEX study (ClinicalTrials.gov #NCT01299168). TCMR activity was defined by a molecular classifier.
Results. Archetypal analysis identified 2 TCMR classes, TCMR1 and TCMR2: TCMR1 had higher TCMR activity and more
antibody-mediated rejection (“mixed”) activity and arteritis but little hyalinosis, whereas TCMR2 had less TCMR activity but more
atrophy-fibrosis. TCMR1 and TCMR2 had similar levels of molecular injury and tubulitis. Both TCMR1 and TCMR2 biopsies were
uncommon after 2 y posttransplant and were rare after 10y, particularly TCMR1. Within late TCMR biopsies, TCMR classifier
activity and activity molecules such as IFNG fell progressively with time, but tubulitis and molecular injury were sustained. Atrophy-
fibrosis was increased in TCMR biopsies, even in the first year posttransplant, and rose with time posttransplant. TCMR1 and
TCMR2 both reduced graft survival, but in random forests, the strongest determinant of survival after biopsies with TCMR was
molecular injury, not TCMR activity. Conclusions. TCMR varies in intensity but is always strongly related to molecular injury
and atrophy-fibrosis, which ultimately explains its effect on survival. We hypothesize, based on the reciprocal relationship with
hyalinosis, that the TCMR1-TCMR2 gradient reflects calcineurin inhibitor drug underexposure, whereas the time-dependent
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decline in TCMR activity and frequency after the first year reflects T-cell exhaustion.
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INTRODUCTION

T cell-mediated rejection (TCMR) is the fundamental
reaction of the mammalian host to allogeneic tissue and
was the principal barrier to successful organ transplanta-
tion before effective immunosuppressive drugs (ISDs) were
available. Biopsy-proven TCMR was used as the endpoint
for the development of ISDs' and substantially decreased
in frequency with the introduction of calcineurin inhibi-
tor (CNI)/mycophenolate-based protocols,” leaving the
main rejection phenotype as antibody-mediated rejection
(AMR).? Nevertheless, TCMR continues to be diagnosed
in approximately 10% of indication biopsies,* and his-
tologic TCMR-related changes negatively impact sur-
vival.»® TCMR often reflects underimmunosuppression:
nonadherence,” ISD “minimization,”® or dose reduction
during infections such as BK nephropathy (BKN). BKN
often develops a TCMR-like process as ISD minimization
continues, directed at alloantigens, BK antigens, or both.”
Hyalinosis of the glomerular afferent arteriole, a marker
for CNI exposure, is less than expected in TCMR biop-
sies, consistent with underimmunosuppression as a risk for
TCMR.'™'"! Although TCMR becomes uncommon after 5
to 10y, unlike AMR,' late TCMR (usually defined as after
1y posttransplant) is associated with worse outcomes.'*'*

Histologic diagnosis of TCMR largely depends on tubu-
litis (t-lesions) and interstitial inflammation (i-lesions).
Pollak™ described tubulitis in the native kidney in 1975
as the invasion of tubules by mononuclear cells, usually
accompanied by interstitial inflammation. Sibley et al'® in
1983 and Verani et al'” in 1984 described tubulitis in the
transplanted kidney. In 1985, Solez et al'® recognized that
the mononuclear cells in tubulitis lie between or beneath
tubular epithelial cells inside the tubular basement mem-
brane. Tubulitis was a major feature of the Banff classifi-
cation in 1993" and remains the key histologic lesion in
TCMR. Intimal arteritis (v-lesion) is less common and can
be caused by TCMR, AMR, or injury.*’

The present analysis aimed to study the variation in
TCMR incidence, molecular activity, and histologic fea-
tures with time posttransplant and the relative impact
of these features on graft survival. We defined TCMR
molecularly to permit us to assess its relationship with
the diagnostic histologic lesions, particularly tubulitis.
We characterized molecular TCMR using genome-wide
microarray measurements interpreted by the Molecular
Microscope Diagnostic System (MMDx) algorithms.*"**
Archetypal analysis (AA) recognized 2 TCMR classes®"*:
TCMR1 and TCMR2. TCMR1 was formerly called
“mixed” but was renamed TCMR1 because some TCMR1
biopsies lack AMR activity. We defined TCMR activity by
the molecular TCMR classifier*® and its associated mol-
ecules such as IFNG and LAG3.**

MATERIALS AND METHODS

Study Population

We studied 1679 prospectively collected indication
biopsies obtained with consent from 19 established cent-
ers under local institutional review board-approved proto-
cols (ClinicalTrials.gov #NCT01299168; Table S1, SDC,
http://links.lww.com/TP/C603). The population was previ-
ously described*>***” and is summarized in Table S2 (SDC,
http://links.lww.com/TP/C603). Histologic diagnoses were
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assigned by the local pathologist following standard-of-
care (SOC) Banff guidelines per study protocol. Donor-
specific antibody (DSA) assessment was assigned per local
SOC. The research plan for these analyses is shown in
Figure 1.

Rederiving Molecular Features of Rejection

All algorithms previously derived in the 1208 biop-
sies>! were updated as recently published,”” using AA to
assign 6 rejection archetype scores to each biopsy in the
1679 population, with 228 death-censored graft failures
within 3 y postbiopsy. We used the scores assigned by an
ensemble of 7 rejection classifiers to visualize the rejection
states in principal component analysis (PCA) and assign
AA groups.?'?*?® All classifier algorithms were previ-
ously developed, trained, and tested on class comparisons
comparing an abnormal condition with a more normal
condition. The rejection classifiers were those predict-
ing histologic diagnoses of AMR (AMR, ) or TCMR
(TCMR,,,) or histologic lesions ptc (ptc>0,,.), g (g>0
cg (cg>0, ,),1(i>1, ,),and t (1, ).

This report focuses on the 175 biopsies in the 2 TCMR-
related archetype groups, TCMR1 and TCMR2, compared
with the no rejection (NR) group, and the relationships
between molecular TCMR disease activity, time posttrans-
plant, and histologic lesions. TCMR disease activity was
defined as the TCMR molecular classifier score and associ-
ated transcript expression.

Prob) 3

Principal Component Analysis

PCA was used to visualize the rejection states using
classifier algorithms previously described.”"** PCA was
therefore based on a 1679 (samples)x7 (variables) data
matrix, using the “PCA” function in the R “FactoMineR”
package.”

Transcript Sets

Details regarding transcript sets used in these analyses
are shown in Table S3 (SDC, http://links.Iww.com/TP/
C603). Transcript sets were used as input in some analyses
and to interpret results.

Statistical Analyses

All ¢ tests for differential gene expression were per-
formed using the "wilcox.test" function in base R.>

Survival Analyses

Survival analyses compared select biopsy subpopula-
tions, that is, different archetypally assigned or histol-
ogy classes. These analyses were done using 1 randomly
selected biopsy per patient (N=1153) and the “survfit”
function from the “survival” package in R.%!

Time Course of Archetypal Biopsy Assignment

Splines were used to show nonlinear relationships
between variables. Three “knots” were selected for splines
in this article, and smooth curves fit based on within-knot
data with constraints so that curves between segments were
joined. Overfitting was avoided by restricted cubic splines
using only linear trend lines for the segments beyond the
left-most and right-most knots, thereby reducing the influ-
ence of the extreme ends of these distributions where fewer


http://links.lww.com/TP/C603
http://links.lww.com/TP/C603
http://links.lww.com/TP/C603
http://links.lww.com/TP/C603

1104 Transplantation m May 2023 m Volume 107 ®m Number 5

Reference set: 1679 indication
biopsies from international centers
ClinicalTrials.gov NCT01299168
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FIGURE 1. Research plan. AMR, antibody-mediated rejection; PCA, principal component analysis; TCMR, T cell-mediated rejection.

data points are available. Splines were generated using the
R package “rms.”

Diagnoses

The dominant molecular diagnosis in each biopsy was
assigned by its highest rejection archetype score: NR,
TCMR1, TCMR2, early AMR (EAMR), fully developed
AMR (FAMR), and late-stage AMR (LAMR). In addition,
all MMDx report results are signed out by an expert to rec-
ognize additional details beyond the dominant diagnosis.
All molecular diagnoses were assigned with no knowledge
of local histologic findings, DSA, and C4d results. SOC
histologic findings were also recorded by the local centers.

RESULTS

Patient Population

We defined TCMR molecularly to establish its relation-
ship with various histologic features, particularly tubulitis,

atrophy-fibrosis, and hyalinosis. The present analysis
focuses on biopsies assigned to the TCMR1 and TCMR2
archetype groups, that is, whose dominant molecular
phenotype was TCMR objectively assigned by AA. This
included some biopsies that also had some AMR-related
disease activity in TCMR2 (eg, mixed rejection). Note that
TCMR1 and TCMR?2 are archetype-assigned clusters that
designate the dominant phenotype of the biopsy, but they
both can include elements of a second rejection pheno-
type—AMR. We recognize this complexity in the MMDx
diagnoses, where we distinguish “TCMR” from “mixed,”
that is, biopsies that have molecular TCMR and molecular
AMR classifier scores.

Table 1 presents the molecular report signouts and
histology diagnoses in all 175 archetypal TCMR1/2
biopsies. MMDx report signouts called 57 mixed
(TCMR1=44 and TCMR2=13). Histology called
26 mixed (TCMR1=18 and TCMR2=8). DSA was
increased in the TCMR with mixed features but was



© 2022 The Author(s). Published by Wolters Kluwer Health, Inc. Madill-Thomsen et al 1105
Histologic and MMDx diagnoses and DSA in the TCMR1 vs TCMR2 biopsy groups in the 175 TCMR cohort
Rejection archetype group
All TCMR TCMR1 TCMR2 PTCMR1 vs
(N=175) (N=75) (N=100) TCMR2
MMDx signout diagnoses
Rejection-related AMR 5 (3%) 0 5 (5%) 0.07
Possible AMR 0 0 0 1.00
Mixed 57 (33%) 44 (59%) 13 (13%) <0.0001
TCMR 103 (59%) 31 (41%) 72 (72%) <0.0001
Possible TCMR 10 (6%) 0 10 (10%) 0.005
No rejection 0 0 0 1.00
Histology diagnoses
Rejection-related AMR 8 (5%) 4 (5%) 4 (4%) 0.73
Transplant glomerulopathy 3 (2%) 0 3 (3%) 0.26
AMR suspected 2 (1%) 1(1%) 1(1%) 1.00
Mixed 26 (15%) 18 (24%) 8 (8%) 0.003
TCMR 73 (42%) 39 (52%) 34 (34%) 0.02
TCMR/BK 3 (2%) 2 (3%) 1(1%) 0.61
Borderline rejection 12 (7%) 2 (3%) 10 (10%) 0.07
No rejection BK nephropathy virus 24 (14%) 3 (4%) 21 (21%) 0.001
No major abnormalities 4 (2%) 1(1%) 3 (3%) 0.64
Others® 20 (11%) 5 (7%) 15 (15%) 0.09
DSA status
Nin all TCMR N in TCMR1 N in TCMR2 PTCMR1 vs
(% of N=142 tested) (% of N=59 tested) (% of N=283 tested) TCMR2
DSA positive 51 (36%) 24 (41%) 27 (33%) 0.32
DSA negative 91 (64%) 35 (59%) 56 (67%)
DSA missing/unknown 33 16 17

#0thers includes diabetic nephropathy, glomerulonephritis, fibrosis and atrophy (IFTA), calcineurin inhibitor toxicity, C4d deposition without morphologic evidence for active rejection, donor origin vas-

cular disease, pyelonephritis, systemic infection/diarrhea, and bacterial infection.
Chi-square was performed on the comparison of TCMR1 vs TCMR?2 for each histologic diagnosis.
Bold values indicate significant difference between TCMR1 and TCMR2.

AMR, antibody-mediated rejection; DSA, donor-specific antibody; MMDx, Molecular Microscope Diagnostic System; TCMR, T cell-mediated rejection.

often absent, like AMR generally.”” Details of the
AMR groups were reported previously.?> Archetype
assignments recognize the dominant rejection state of
the biopsy automatically assigned by highest score.
Molecular report signouts often recognize additional
details in archetype assignments because they consider
both archetype scores and binary classifiers (Table S4,
SDC, http://links.lww.com/TP/C603).

TCMR Archetypes in the 1679 Biopsy Population

Figure 2A and B shows the biopsy distribution colored
by the 1679 archetype group assignment.>* Principal com-
ponent 1 (PC1) separated NR from all rejections, whereas
principal component 2 (PC2) separated TCMR from AMR
(Figure 2A). TCMR1 biopsies had slightly more negative
PC2 scores than TCMR2 biopsies, reflecting rejection
intensity. Principal component 3 (PC3) defined the stages
of AMR (Figure 2B).

Within archetypal TCMR1/2 biopsies, the molecular
AMR, . classifier scores (y-axis) rose as the TCMR,_,
classifier scores rose (x-axis, Spearman correlation=0.33,
P=1.8E-6, Figure 2C). Thus, within biopsies with molecu-
lar TCMR, the intensity of TCMR activity (the classifier
score) correlates with the probability of accompanying
AMR activity.

The Gradient in TCMR-related Disease Activity
Within the 175 TCMR1/2 Biopsies

The scores for histologic and molecular features are
outlined in Table 2 for biopsies with TCMR1, TCMR2,
and biopsies with NR as a comparator. Compared with
TCMR2, TCMR1 had more molecular TCMR activity
(ie, increased TCMR-related classifier scores), more fre-
quent AMR histology lesions (g- and ptc-lesions), and
increased molecular AMR classifier scores. TCMR1 had
very little hyalinosis, compared with TCMR2 or NR biop-
sies. TCMR2 had more atrophy-fibrosis, more fibrous
intimal thickening (cv), and more arteriolar hyalinosis
(ah). However, even in TCMR2 biopsies, hyalinosis was
less than in biopsies with NR. Despite their differences,
TCMR1 and TCMR2 had similar levels of tubulitis, inter-
stitial infiltrate, and molecular injury (eg, Injury repair
response-associated transcripts scores), all of which were
elevated compared with NR biopsies.

Effects of Time Posttransplant on the Frequency of
Molecular TCMR Within 1679 Biopsies

Consistent with previous findings,'* the frequency of
biopsies assigned to TCMR1 and TCMR2 archetypes rose
after 60 d, plateaued for about 3 vy, then both declined to
very low levels after 10 y (Figure 3A and Table 3). The
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FIGURE 2. Visualizing TCMR1 and TCMR2 archetypal groups. The 1679 biopsies are shown distributed by their rejection classifiers scores
in PCA and colored by their archetype assignment, with y-axis PC2 and x-axis (A) PC1, and (B) PC3. A, TCMR1 and TCMR2 show a gradient
across PC1, and TCMR1 is lower than TCMR2 in PC2. B, PC3 separates AMR stages but does not separate TCMR1 and TCMR2. C, TCMR1
and TCI\/IF%2 biopsies distributed by their AMR activity (y-axis, AMR_  classifier scores) vs their TCMR activity (x-axis, TCMR,_, classifier
scores). AMR activity was correlated with TCMR activity (Spearman corelation coefficient=0. 35, P=1.8E-6). The biopsies from D& A-p03|t|ve
patients are indicated. AMR, antibody-mediated rejection; AMR, _ , AMR-probability classifier; EAMR, early-stage molecular AMR; FAMR, fully
developed molecular AMR; LAMR, late-stage molecular AMR; Nth no rejection; PC1, principal component 1; PC2, principal component 2;
PC3, principal component 3; PCA, principal component analysis; TCMR, T oell—mediated rejection; TCMR TCI\/IR—probability classifier.

TABLE 2.

Differences between TCMR1 and TCMR2 in 25 scores for histology lesions and molecular scores

Prob’

No rejection TCMR1 TCMR2 Pvalue for
(N = 1040) (N =75) (N = 100) TCMR1 vs TCMR2
9 histology lesion scores
TCMR-related t (tubulitis) 0.30 2.19 2.00 0.09
i (interstitial infiltrate) 0.32 2.16 1.92 0.16
All rejection-related v (vasculitis) 0.01 0.37 0.07 0.0002
AMR-related g (glomerulitis) 0.27 0.50 0.18 0.01
ptc (capillaritis) 0.25 0.32 0.60 0.01
Atrophy-fibrosis-related Ci (scarring) 112 1.19 1.77 0.0003
ct (atrophy) 1.03 1.09 1.69 0.0001
cv (intimal thickening) 0.90 0.55 1.04 0.0011
ah (arteriolar hyalinosis) 1.00 0.21 0.73 <0.0001
16 transcript set and molecular classifier scores
TCMR-related classifiers ~ TCMR (TCMR; ) 0.03 0.60 0.24 <0.0001
i-score (i>1 b)classmer 0.06 0.84 0.65 <0.0001
t-score t>1PmD) classifier 0.06 0.83 0.62 <0.0001
All-rejection-related Rej,,, Classifier 0.12 0.85 0.54 <0.0001
AMR-related DSA-selective transcripts (DSAST) 0.07 0.33 017 <0.0001
NK cell burden (NKB) 0.36 1.01 0.80 0.001
AMR-related classifier (AMR; ) 0.08 0.30 0.13 <0.0001
Macrophage-related Alternatively activated macrophage (AMAT1) 0.40 1.53 1.23 <0.0001
Constitutive macrophage (QCMAT) 0.31 1.46 1.11 <0.0001
Recent injury-related Fibrillar collagen (FICOL) 1.1 1.61 1.58 0.72
Injury-repair induced, day 3 (IRITD3) 0.04 0.22 017 0.01
Injury-repair induced, day 5 (IRITD5) 0.33 0.64 0.59 0.09
Injury/repair associated (IRRAT30) 0.26 1.13 0.99 0.04
GFR, 0.32 0.60 0.52 0.05
Atrophy-fibrosis related F|br03|s (ci>1,,,) classifier 0.31 0.40 0.53 0.001
Atrophy (ct>1 Pob) classifier 0.26 0.30 0.46 <0.0001

Wilcoxon ttest was performed between TCMR1 and TCMR2 biopsies for each molecular classifier.

Gray shading indicates significant difference P<0.01 between TCMR1 and TCMR2.

Bolding indicates the higher value (between TCMR1 or TCMR2) when P<0.05.

AMR, antibody-mediated rejection; AMR,, ,, AMR-probability classifier; ¢i > 1Prob, ci>1-probability classifier; ct > 1Prob, ct > 1-probability classifier; DSA, donor-specific antibody; GFR, glomerular
filtration rate; i > 1Prob, i > 1-probability classifier; NK, natural killer; t > 1Prob, t > 1-probability classifier; TCMR, T cell-mediated rejection; TCMR, , TCMR-probability classifier.
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FIGURE 3. Rolling averages for the relationships between time posttransplant and the TCMR molecular classes and features in 1679
biopsies. Rolling averages over time posttransplant (A) showing the proportion of biopsies assigned TCMR1 and TCMR2 archetypes
and (B) showing the TCMR-related classifier scores. (C) IFNG expression in archetype clusters over time posttransplant (shown as a
linear scale). EAMR, early-stage molecular AMR; FAMR, fully developed molecular AMR; LAMR, late-stage molecular AMR; NR, no

rejection; TCMR, T cell-mediated rejection.

TABLE 3.

Distribution of TCMR episodes (TCMR1 and TCMR2) over time intervals posttransplant

No. of biopsies per time interval posttransplant (% of total in interval)

(N out of 1679)
2m-1y 1-5y 5-10y >10y
<2 m (N=270) (N=437) (N=489) (N=247) (N=228) Totals per row
TCMR1 8 (3%) 35 (8%) 26 (5%) 4 (2%) 1(0.4%) 75
TCMR2 6 (2%) 38 (7%) 40 (8%) 11 (4%) 4 (2%) 100
AIITCMR (TCMR1 +TCMR2) 8 (5%) 73 (17%) 66 (13%) 15 (6%) 5 (2%) 175

TCMR, T cell-mediated rejection.

fact that TCMR1 and TCMR2 both rose, peaked, and
declined showed that the TCMR1-TCMR2 gradient in
disease activity and the other differences between TCMR1
and TCMR2 were not primarily because of time post-
transplant. TCMR1 in particular was very rare after 10y,
occurring in only 1 of 228 biopsies (0.4%).

As a measure of TCMR activity over time within all
1679 biopsies, the TCMR-related classifiers are plotted in
Figure 3B. The TCMR,, | classifier showed 2 peaks before
a steady decline. The i-lesion and t-lesion classifiers (i>1,_,
and t>1, ) trained on the histology i- and t-scores, respec-
tively, showed similar patterns.

We studied the expression of IFNG, the classical
cytokine induced by activation of effector T cells over
time in the 1679 population. We plotted the biopsies
on a linear x-axis to visualize the actual relationships
between time and IFNG expression (Figure 3C). Biopsies
were colored by their archetype group membership, and
splines were calculated to represent the moving average of
IFNG expression within each group. Among all biopsies,
very high IFNG activity was an exclusive feature of the
early TCMR1 biopsies. The second highest IFNG expres-
sion was in early TCMR2 biopsies. In both TCMR1 and
TCMR2, high IFNG expression ceased after the first 2 y.
Even FAMR (blue symbols) had much lower expression

of IENG, although higher than in NR biopsies. Therefore,
high IFNG expression in early TCMR reflected TCMR
intensity, not concomitant AMR.

Effect of Time Posttransplant on Disease Activity in
Biopsies With TCMR

Within TCMR biopsies, we studied expression of IFNG
and 3 other T cell-activation features—ILAG3, CTLA4,
and BTLA4—in TCMR1/2 biopsies over log time, com-
pared with the TCMR, | classifier (Figure 4A). TCMR,_,
classifier scores (ie, TCMR activity) were high until 1 y
posttransplant before progressively declining. The moving
averages of IFNG and LAG3 expression also showed a
steady decline after 1 y; CTLA4 and BTLA showed simi-
lar patterns despite lower overall expression. Despite the
decline, the mean TCMR,, | was still elevated in late TCMR
(0.3), approximately 3 times its diagnostic threshold.

The AMR,_, classifier score in TCMR biopsies peaked
and plateaued between 1 and 3 y. We assessed the effect of
time on moving average scores for histologic lesions (i, t, v,
and ci) in TCMR biopsies (Figure 4B). The i- and t—lesion
scores remained relatively high around their diagnostic
thresholds of 2.0 even in late TCMR, whereas v-lesions
became rare. Histologic fibrosis (ci lesion scores) within
TCMR steadily increased with time.
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FIGURE 4. Relationships between time posttransplant and the moving average scores for molecular and histologic features of the
biopsies. Two biopsies were missing date of transplant and were excluded from the time courses. (A) Molecular features and TCMR-
associated gene expression within 175 TCMR biopsies. (B) Histologic lesions within 175 TCMR biopsies. (C) The probability of ci lesion
scores >1 per archetype group over time posttransplant, as calculated in logistic regression. AMR, antibody-mediated rejection; pAMR,
possible antibody-mediated rejection; TCMR, T cell-mediated rejection; pTCMR, possible T cell-mediated rejection.

Molecular TCMR Is Associated With Increasing
Fibrosis

Fibrosis increases with time in kidney transplant biop-
sies, even those with NR.** To determine whether TCMR
further increased fibrosis, we used regression analysis to
compare the probability of fibrosis among different molec-
ular rejection groups (Figure 4C). The probability of ci
lesion scores >1 increased with time in all biopsies but was
highest in TCMR biopsies.

The mean and median ci- and ct-scores and the ci>1,
and ct>1,  classifiers in biopsies before and after 1 y are
detailed in Table 4. The histology ci- and ct-scores, molec-
ular ci>1, . and ct>1, = classifier scores were all 51gn1ﬁ
cantly higher in TCMR versus NR biopsies, even in the
first year posttransplant. Transcript sets reflecting recent
or ongoing parenchymal injury were also higher in TCMR.
Therefore, biopsies with TCMR consistently display
parenchymal damage, with increased scores for molecular
injury and atrophy-fibrosis.

Top Transcripts Correlating With Time in Molecular
TCMR Biopsies

We studied the top 20 genes that increased and decreased
with time posttransplant in TCMR biopsies. Among the
top genes that decreased with time in TCMR1/2 were

LAG3, IFNG-inducible chemokines CXCL9, CXCL10,
and CXCL11, and IFNG-inducible genes such as GBP1,
ANKRD22, and IDO1 (Table 5). IENG also declined
with time posttransplant (Spearman correlation coefficient
-0.30, P=0.00008), although it was not among the top
20 by P value. The top genes that increased in expression
with time reflected atrophy-fibrosis,>*** including immu-
noglobulin transcripts representing plasma cells and mast
cell transcript CPA3 (Table 6). There was also increased
expression of SPAG4, a gene expressed in injured renal
tubule e 1thehal cells, inducible by hypoxia-inducible
factor-1. Acknowledgmg that the peak-plateau-decline
pattern can make correlations misleading, we confirmed
these findings in 86 biopsies >1 y posttransplant. The
results were similar: decline in TCMR activity features (eg,
LAG3) and rise in atrophy-fibrosis features (eg, immuno-
globulin transcripts; Tables S5 and S6, SDC, http://links.
lww.com/TP/C603).

The Correlation of Time Posttransplant With
Histologic and Molecular Scores in TCMR Biopsies
Table 7 lists the correlations of histologic and molecu-
lar scores (the same scores as in Table 2) with time post-
transplant in TCMR1/2 biopsies after 1 y posttransplant.
Within TCMR1/2 biopsies, the defining histologic lesions

TABLE 4.

Comparing ci and ct lesion scores and classifiers in archetypal TCMR1 +2 and NR before and after 1 y posttransplant

Biopsies <1 y posttransplant

Biopsies >1 y posttransplant

Wilcoxon test Wilcoxon test

TCMR175 No rejection  Pvalue comparing TCMR175 No rejection P value comparing
(N=87) (N=513) TCMR and NR (N=88) (N=526) TCMR and NR
Atrophy-fibrosis  Mean (median) ci lesion score  1.08 (1.0) 0.81(1.0) 0.025 1.86 (2.0) 1.39(1.0) 0.0001
lesion scores  Mean (median) ct lesion score  1.03 (1.0) 0.72 (1.0) 0.0078 1.83(2.0) 1.34 (1.0 4.2E-5
Atrophy-fibrosis  Mean (median) ci classifier 0.40(0.36) 0.22(0.15) 6.6E-11 0.54(0.53) 0.41(0.34) 6.3E-6
classifiers Mean (median) ct classifier 0.32(0.24) 0.17(0.10) 9.5E-9 0.46 (0.43) 0.35(0.27) 5.4E-5

NR, no rejection; TCMR, T cell-mediated rejection.
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TABLE 5.

Top 20 genes by Spearman correlation decreased (negatively correlated) with time posttransplant within molecular

TCMR biopsies (archetypes TCMR1/2; N=175)

Spearman correlation with time

Gene symbol Gene name Transcript set posttransplant’
CXCL9 Chemokine (C-X-C motif) ligand 9 IFNG-inducible -0.50
GBP1 Guanylate binding protein 1, interferon-inducible IFNG-inducible —0.45
CXCL10 Chemokine (C-X-C motif) ligand 10 IFNG-inducible -0.44
LAG3 Lymphocyte-activation gene 3 T cell-activation gene; TCMR-RAT -0.44
ANKRD22 Ankyrin repeat domain 22 IFNG-inducible -0.44
APOL4 Apolipoprotein L, 4 IFNG-inducible -0.43
CXCL11 Chemokine (C-X-C motif) ligand 11 IFNG-inducible —0.42
NUSAP1 Nucleolar and spindle associated protein 1 Macrophage; injury-induced (IRITD5) —0.42
IDO1 Indoleamine 2,3-dioxygenase 1 IFNG-inducible -0.41
GBP4 Guanylate binding protein 4 IFNG-inducible -0.41
BATF2 Basic leucine zipper transcription factor, ATF-like 2 IFNG-inducible -0.41
RGL1 Ral guanine nucleotide dissociation stimulator-like 1 Macrophage gene -0.40
SMCO04 Single-pass membrane protein with coiled-coil domains 4 IFNG-inducible (macrophages) -0.40
TAP1 Transporter 1, ATP-binding cassette, subfamily B (MDR) IFNG-inducible -0.40
FBX06 F-box protein 6 IFNG-inducible —0.40
FAM72A Family with sequence similarity 72, member A T cell-activation gene; TCMR-RAT -0.39
MOB1A MOB kinase activator 1A Injury-induced (cIRIT) -0.39
GABBR1 Gamma-aminobutyric acid B receptor, 1 All rejection -0.39
IL31RA Interleukin 31 receptor A IFNG-inducible -0.39
RRM2 Ribonucleotide reductase M2 Injury-induced, IRITS -0.39

Pseudogenes have been deleted.

PBTs are listed on our home page https://www.ualberta.ca/medicine/institutes-centres-groups/atagc/research/gene-lists.

°All Pvalues <0.001.
PBT, pathogenesis-based transcript; TCMR, T cell-mediated rejection.

TABLE 6.

Top 20 genes by Spearman correlation increased (positively correlated) with time posttransplant within molecular TCMR

biopsies (archetypes TCMR1/2; N=175)

Spearman correlation with time

Gene symbol Gene name PBT posttransplant®
IGHG1 Immunoglobulin heavy constant gamma 1 (G1m marker) IGT 0.51
IGHG1 Immunoglobulin heavy constant gamma 1 (G1m marker) IGT 0.50
IGHG1 Immunoglobulin heavy constant gamma 1 (G1m marker) IGT 0.50
IGHG1 Immunoglobulin heavy constant gamma 1 (G1m marker) IGT 0.50
IGHG1 Immunoglobulin heavy constant gamma 1 (G1m marker) IGT 0.50
IGHG1 Immunoglobulin heavy constant gamma 1 (G1m marker) IGT 0.50
IGHG3 Immunoglobulin heavy constant gamma 3 (G3m marker) IGT 0.49
IGKC Immunoglobulin « constant IGT 0.48
IGKV1-39 Immunoglobulin x variable 1-39 (gene) IGT 0.48
RGS13 Regulator of G-protein signaling 13 B cells, mast cells 0.48
CPA3 Carboxypeptidase A3 (mast cell) MCAT mast cells 0.47
TPSAB1 Tryptase alpha 0.47
IGH Immunoglobulin heavy locus IGT 0.47
SPAG4P Sperm-associated antigen 4 RPTECs; induced by HIF1 0.46
IGKV1-5 Immunoglobulin x variable 1-5 IGT 0.46
TPSAB1 Tryptase alpha 0.46
IGHG1 Immunoglobulin heavy constant gamma 1 (G1m marker) IGT 0.46
IGK Immunoglobulin x locus IGT 0.46
MS4A2 Membrane-spanning 4-domains, subfamily A, member 2 Mast cells 0.45
FCRL5 Fc receptor-like 5 BAT (B cells) 0.45

PBTs are listed on our home page https://www.ualberta.ca/medicine/institutes-centres-groups/atagc/research/gene-lists.

“All Pvalues <0.001.
OSPAG4 is expressed in renal epithelial cell line and highly increased in injured kidneys.

HIF1, hypoxia-inducible factor-1; IGT, immunoglobulin transcript; PBT, pathogenesis-based transcript; RPTEC, renal proximal tubular epithelial cell; TCMR, T cell-mediated rejection.
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TABLE 7.

Correlation between histology lesion scores, molecular transcript set scores, and molecular classifier scores with time
of biopsy posttransplant in molecular TCMR biopsies >1 y (N =86)°

Spearman correlation with time

posttransplant P
9 histology lesion scores
TCMR related t (tubulitis) -0.17 0.17
i (interstitial infiltrate) -0.14 0.27
AMR related g (glomerulitis) -0.13 0.29
ptc (capillaritis) -0.15 0.25
Al rejection related v (vasculitis) -0.21 0.10
Atrophy-fibrosis related ci (scarring) 0.30 0.02
ct (atrophy) 0.34 0.01
cv (intimal thickening) 0.32 0.01
ah (hyalinosis) 0.65 <0.001
16 transcript set scores and classifier scores
TCMR related classifiers TCMR (TCMR, ) -0.27 0.01
i-score (i> 1) classifier -0.32 0.003
t-score (t>1,,,) classifier -0.37 0.0006
All rejection related Rejection,, , classifier -0.29 0.01
AMR related DSA-selective transcripts (DSAST) —0.07 0.53
NK cell burden (NKB) 0.06 0.61
AMR (AMR,, ) classifier -0.17 0.11
Macrophage related” Alternatively activated macrophage (AMATT) —-0.08 0.45
Constitutive macrophage (QCMAT) -0.15 017
Recent injury related” Fibrillar collagen (FICOL) 0.07 0.55
Injury-repair induced, day 3 (RITD3) 0.09 0.41
Injury-repair induced, day 5 (IRITD5) 0.12 0.28
Injury/repair associated (human kidney) (IRRAT30) 0.14 0.19
Low GFR_ 0.13 0.23
Atrophy-fibrosis related Fibrosis (i >1,,) 0.34 0.002
Atrophy (ct>1 , ) 0.33 0.002

PBTs are listed on our home page https://www.ualberta.ca/medicine/institutes-centres-groups/atagc/research/gene-lists.

#Shading and bold indicate significant association of the score with time P<0.05.

PAll macrophage-related classifier scores were significantly different between TCMR biopsies (N=175) and NR biopsies (N =1040) (P<107'°.
“All injury-associated classifier scores were significantly different between TCMR biopsies (N=175) and NR biopsies (N=1040) (P<1 0.

AMR, antibody-mediated rejection; ci > 1
based transcript; TCMR, T cell-mediated rejection.

of TCMR—the t- and i-scores—showed no significant
change over time, that is, remained near diagnostic lev-
els even in late TCMR biopsies, whereas v-lesions in late
TCMR became uncommon. Atrophy-fibrosis-related
changes were increased in later TCMR biopsies.

Among molecular scores, TCMR activity scores
declined, and atrophy-fibrosis scores increased. However,
recent molecular injury and macrophage transcript sets
(which are abnormal in all TCMR) showed little change
with time. Like tubulitis, parenchymal injury scores were
consistently elevated even in late TCMR biopsies. AMR-
related scores and AMR, . in TCMR biopsies did not
decrease significantly. In summary, with increasing time
posttransplant, molecular TCMR showed decreased
molecular TCMR activity and increased atrophy/fibrosis
but consistently displayed molecular injury and tubulitis.

Checkpoint Transcripts

We considered whether the gradient in disease activ-
ity between TCMR1-TCMR2 and the decline in TCMR
activity over time might be associated with increased

o G > 1-probability classifier; ct> 1, . ct> 1-probability classifier; DSA, donor-specific antibody; GFR, glomerular filtration rate; NK, natural killer; PBT, pathogenesis-

expression of immunologic checkpoint transcripts in the
biopsies. Table 8 shows the correlations of selected check-
point transcripts with time posttransplant in TCMR biop-
sies and compares their expression in TCMR1, TCMR2,
and NR. No checkpoint transcripts increased with time: all
were associated with TCMR activity and thus decreased
in expression at least slightly with time, 3 significantly
(LAG, CTLA4, and BTLA). All checkpoints were higher
in TCMR1 than TCMR2. Declining TCMR activity over
time and differences in TCMR activity between TCMR1
and TCMR2 were not associated with higher expression
of checkpoint transcripts in the biopsy.

Kidney Graft Survival After TCMR Diagnoses in the
Biopsy

We investigated 3 y postbiopsy graft loss in the 1679
cohort, selecting 1 random biopsy per group (Figure 5). In
Figure 5A, TCMR1 and TCMR2 both showed increased
probability of graft loss compared with NR. (EAMR
showed relatively little graft loss in the first 2 y, as pre-
viously reported.”"** We assessed the relative importance
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TABLE 8.

Expression of checkpoint transcripts in TCMR archetypes (N =175) in relationship with time posttransplant and to class

comparison between TCMR1 and TCMR2

Correlation with time posttransplant

Comparing expression in TCMR1 vs TCMR2

Checkpoints Rank by Spearman Adjusted
and ligands P correlation coefficient P Rank by P TCMR1 TCMR2  No rejection P P
TigITe 11643 -0.13 NS 66 165 94 43 9.41E-16 7.05E-13
BTLA 3193 -0.20 0.008 5446 91 70 19 0.004 0.04
CTLA4 2351 —0.22 0.004 275 58 39 22 3.11E-11 5.59E-09
PDCD1 12630 -0.12 NS 433 101 82 75 1.05E-09 1.20E-07
CD160° 11579 -0.13 NS 3607 72 53 25 0.001 0.01
LAG3 32 -0.44 1.0E-09 33 232 132 66 7.48E-18 1.12E-14
CD244/2B4 32 205 —0.05 NS 768 54 43 29 6.80E-08 4.38E-06
HAVCR2/TIM3 35399 -0.04 NS 336 42 29 20 1.37E-10 2.02E-08
TNFSF9/CD137 7967 -0.15 NS 7 72 35 17 8.75E-21 6.03E-17

®Bold and shaded are checkpoints that do not decrease in expression significantly with time but are higher in TCMR1 than TCMR2.

°CD160 is included because it is a marker for exhausted T cells.
NS, not significant; TCMR, T cell-mediated rejection.

of various molecular scores in the biopsy for predict-
ing short-term (3 y) graft survival after the diagnosis of
TCMR (Figure 5B). The strongest molecular feature pre-
dicting graft survival was recent or ongoing parenchymal
injury, that is, the lowGFR, | classifier score and the Injury
repair response-associated transcripts transcript set, both
measures of recent injury. Thus, in biopsies with molecu-
lar TCMR, the TCMR activity-related features were rela-
tively unimportant once parenchymal injury features were
included in the multivariable random forest analysis.

Associations With Intimal Arteritis

Because molecular diagnoses are not influenced by
the presence of histologic v-lesions, we could study the
relationship between associations between v-lesions and
molecular diagnoses (Table 9). In 1337 biopsies in which
v-lesions could be scored, v-lesions >0 were recorded in
51 (4%), mostly v1. By archetypes, most v-lesions were
in biopsies with TCMR1, FAMR, or NR biopsies. This is
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compatible with the previous conclusion that v-lesions can
reflect AMR, TCMR, or injury.2%?’

Impact of BKN

BKN often has TCMR-like changes, directed at alloanti-
gens, viral antigens, or both.”*** In the 175 TCMR biop-
sies, 3 TCMR1 and 21 TCMR2 biopsies were diagnosed
locally as BKN. The conclusions from the abovemen-
tioned analyses did not change when BKN biopsies were
excluded. Details of the BKN biopsies have been published
previously.”

DISCUSSION

We studied the variation in molecular and histologic
features in molecular TCMR to understand the determi-
nants of intensity and the effect of time posttransplant.
Defining TCMR molecularly using automatically assigned
archetypes permitted us to study the relationships between
molecular TCMR activity (as defined by the TCMR

TCMR1/2 N=175
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FIGURE 5. Survival analysis during 3 y postbiopsy (days), with 1 random biopsy per patient. (A) Actuarial survival curves by archetype
group. (B) Random forests showing the variable importance (including molecular and histologic features) in the prediction of 3 y
postbiopsy graft survival. TCMR, T cell-mediated rejection.
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TABLE 9.

Number of biopsies with v-lesions in N=1679 biopsies
that could be scored for v-lesions (histology not shown
because it uses v-lesions for classification)

v-lesion score

0 1 2 3 Alv>0
Rejection archetype No rejection 816 8 1 0 9
groups TCMR1 44 12 2 2 16
TCMR2 70 3 1 0 4
EAMR 169 5 1 0 6
FAMR 130 9 4 1 14
LAMR 57 1 1 0 2

Total 1286 38 10 3 51

EAMR, early-stage molecular AMR; FAMR, fully developed molecular AMR; LAMR, late-stage
molecular AMR; TCMR, T cell-mediated rejection.

classifier scores) and histologic lesions without using the
lesions to make the TCMR diagnosis. In 175 molecular
TCMR biopsies, there was a strong gradient of disease
activity between TCMR1 and TCMR2: TCMR1 had
higher TCMR activity, more AMR activity (mixed rejec-
tion), and more frequent v-lesions but little hyalinosis,
whereas TCMR2 had more atrophy-fibrosis. However,
TCMR1 and TCMR2 had similar molecular injury and
tubulitis. Time had strong effects on the frequency of
TCMR as previously described'? and also affected dis-
ease activity in the TCMR biopsies that did occur. TCMR
biopsies after 1 y posttransplant showed progressively less
molecular TCMR classifier activity and decreased expres-
sion of effector T-cell activity molecules such as IFNG and
LAG3. TCMR was associated with increased probability
of atrophy-fibrosis even within the first year. However,
like the TCMR1-TCMR2 gradient, molecular injury and
tubulitis were consistently present in TCMR, with tubulitis
remaining at diagnostic levels (t2) even in late TCMR with
atrophy-fibrosis. TCMR increased the probability of graft
loss, and in random forests, the risk of loss after biopsies
with TCMR correlated most strongly with recent or ongo-
ing parenchymal injury, not TCMR activity. We conclude
that TCMR biopsies display a reciprocal relationship
between TCMR molecular activity and the extent of hya-
linosis and fibrosis and that time posttransplant beyond
1 y is associated with attenuated molecular activity and
increased fibrosis in TCMR. Nevertheless, molecular injury
and tubulitis were always present in TCMR, and injury
and atrophy-fibrosis, not TCMR activity, determined the
risk of graft failure with 3 y postbiopsy.

The striking reciprocal relationship between TCMR
activity, hyalinosis, and fibrosis suggests that underexposure
to CNIs for a considerable time before the biopsy likely con-
tributes to the TCMR1-TCMR2 gradient. This can only be
proven by detailed studies of drug exposure in the months
before biopsy and is not feasible in routine clinical prac-
tice. Single-drug levels at the time of indication biopsy are
not informative because low levels, once detected at a clinic
visit, will often be corrected before the biopsy.

It is a testament to the robustness of the original Banff
definition of TCMR that, despite their heterogeneity, all
molecular TCMRs, even late TCMR, manifest i- and
t-lesions. Tubulitis, with its accompanying interstitial
mononuclear infiltrate, emerges as a reflection of the

www.transplantjournal.com

parenchymal injury induced by TCMR and a universal
feature of molecular TCMR regardless of time posttrans-
plant. Increasing atrophy-fibrosis can interfere with assign-
ment of t-scores. Nevertheless, mean tubulitis scores were
at diagnostic levels even late posttransplant, accompanied
by molecular features of recent or ongoing injury: injury-
induced transcript sets, macrophage transcripts, and the
lowGFR,, , injury classifier.

These results cannot resolve the debate over whether
tubulitis in atrophic tubules should be interpreted as a
“chronic-active TCMR” phenotype, separate from the
usual TCMR definition based on tubulitis. The concept of
chronic-active TCMR based on inflammation in atrophy-
fibrosis lesions in biopsies lacking tubulitis was introduced
in Banff 2015* but has been controversial.**** Definitions
of chronic-active TCMR were revised in Banff 2017* to
require moderate or severe tubulitis and will be revisited in
Banff 2022.**"*’ Inflammation in atrophy-fibrosis lesions
is a general feature of progressive nephron injury, even
in primary renal diseases in native kidneys, and strongly
related to future transplant failure.’®’' Our finding that
mean tubulitis scores remain at or near diagnostic levels
in late molecular TCMR is reassuring, but it would be
useful to identify and validate histologic features indicat-
ing TCMR when the atrophy-fibrosis is too extensive for
reliable tubulitis assessment. Calibrating candidate criteria
against molecular TCMR activity scores could be useful in
this process.

The cognate T cells that generate effector T cells in the
secondary lymphoid organs are programmed to undergo
exhaustion when they face persistent antigen,'**>*° and we
believe that this probably contributes to the time-related
decline in TCMR activity, as well as TCMR frequency.
Immunologic checkpoints are involved in this adaptation
because checkpoint inhibition to treat cancer in transplant
patients frequently triggers intense TCMR.®"* The obser-
vation that checkpoint gene expression in the biopsy does
not correlate with low TCMR activity or increase with time
does not imply that checkpoints are not operating, given
the complexity of the mechanisms that are implicated in the
exhaustion phenotype.®*** Moreover, analysis of an indica-
tion biopsy cohort has a limited ability to draw conclusions
about the role of checkpoints because the patients with the
strongest influence of checkpoints (ie, who have NR) will
presumably not get rejection and thus will not be repre-
sented in an indication biopsy population. We also empha-
size that we have not been able to find specific features of
T cell exhaustion in the biopsies in this study.

TCMR is usually thought of as “episodes,” but its
association with fibrosis suggests that TCMR is often a
smoldering process for long periods before it is recognized,
injuring nephrons (tubulitis) and driving atrophy-fibrosis.
Multiple TCMR episodes increase the risk of graft loss,’
raising the possibility of unrecognized TCMR operating in
patients between episodes. We need to determine whether
our current treatments fully reverse cognate T cell-medi-
ated inflammation and whether such treatments then
arrest nephron loss and atrophy-fibrosis. It is also pos-
sible that, even if effector T cell activity is sterilized, the
damaged nephron epithelium is programmed to progress
to failure, reminiscent of the changes that occur in skin
epithelia where injury programs epi6genetic changes in stem
cells to “remember” inflammation.*®
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The deleterious impact of TCMR on graft survival in the
1679 population differed somewhat from earlier findings in
the first 703 biopsies,'* which showed a strong impact of
AMR and mixed rejection but less impact of “pure” TCMR
on survival. Greater numbers and longer follow-up in the pre-
sent cohort make the damaging effect of pure TCMR clear.

There is strong agreement between MMDx and histol-
ogy, despite histology using different fragments of tissue.
Each uses a sample that is sufficient to give an estimate of
the rejection state in the kidney, and there is no need for
MMDx to read the same tissue pieces as histology. MMDx
requires less tissue (0.3-0.5 mm of a core) because molecu-
lar changes (eg, IFNG effects) are more diffuse than histo-
logic changes, and we have outlined reasons for confidence
in MMDx when the 2 differ.* Variation between pieces
in MMDx measurements is much less than the variation
between pathologists, because of the interobserver varia-
tion (“noise”) in histology assessments,' and disagreement
between MMDx and histology is about what is expected
from this noise. It is reassuring that MMDx provides signifi-
cantly better agreement with external measurements such as
donor-derived cell-free DNA."¢’

The strong association of TCMR with parenchymal
injury and atrophy-fibrosis and the crucial role of injury
rather than TCMR activity in determining outcome after
TCMR biopsies underscores the need to emphasize pre-
vention of TCMR rather than simply trying to suppress
TCMR activity by treatment. The increased atrophy-
fibrosis within TCMR is presumably a consequence of the
nephron injury that is manifested as increased molecular
injury-induced transcripts and histologically as tubulitis.
TCMR directly damages the nephron epithelium, accom-
panied by major structural changes such as loss of cadher-
ins.”% This contrasts with AMR, a microcirculation disease
that usually spares the parenchyma until glomerular dam-
age accumulates and triggers shutdown, giving EAMR
its relatively benign short-term prognosis.*"**> We believe
that nephrons that have experienced TCMR injury and
tubulitis may be programmed for irreversible shutdown
(atrophy), again stressing the need for prevention. Based
on the finding of under-hyalinosis in TCMR1 and even in
TCMR?2 to some extent, this suggests a renewed emphasis
on maintaining adequate immunosuppression. However,
we recognize the fact that hyalinosis has poor k values in
histology”' and that many confounders (eg, associations
with aging, glomerulonephritis, glomerular sclerosis, and
atrophy-fibrosis) limit the usefulness of under-hyalinosis in
histologic diagnosis of individual biopsies.
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