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A B S T R A C T

Most kidney transplant patients who undergo biopsies are classified as having no rejection

based on consensus thresholds. However, we hypothesized that because these patients

have normal adaptive immune systems, T cell–mediated rejection (TCMR) and antibody-

mediated rejection (ABMR) may exist as subthreshold activity in some transplants currently

classified as no rejection. To examine this question, we studied genome-wide microarray

results from 5086 kidney transplant biopsies (from 4170 patients). An updated molecular

archetypal analysis designated 56% of biopsies as no rejection. Subthreshold molecular

TCMRand/or ABMRactivitymolecular activity was detectable as elevated classifier scores in

many biopsies classified as no rejection, with ABMR activity in many TCMR biopsies and

TCMRactivity inmanyABMRbiopsies. In biopsies classified as no rejection histologically and

molecularly, molecular TCMR classifier scores correlated with increases in histologic TCMR

features andmolecular injury, lower estimated glomerular filtration rate, and higher risk of graft

loss, and molecular ABMR activity correlated with increased glomerulitis and donor-specific

antibody. No rejection biopsies with high subthreshold TCMR or ABMR activity had a higher

probability of havingTCMRorABMR, respectively, diagnosed in a future biopsy.We conclude

that many kidney transplant recipients have unrecognized subthreshold TCMR or ABMR

activity, with significant implications for future problems.
1. Introduction

Following the introduction of organ transplantation in 1954,1 the
development of effective immunosuppressive drug (ISD) protocols
made transplants an essential element in managing end-stage
organ failure, creating a large population of functioning grafts
requiring long-term management. Organ transplant patients have
normal adaptive immune systems, and all are at risk for T
cell–mediated rejection (TCMR) and antibody-mediated rejection
(ABMR) and must be maintained indefinitely on ISDs to prevent
rejection.2,3Rejection isdiagnosedbyassessingbiopsies triggered
by indications such as dysfunction and usually interpreted by his-
tology following Banff guidelines,4 or by noninvasive screening
tests such as measurement of donor-specific antibodies (DSAs)5,6

and donor-derived cell-free DNA (dd-cfDNA).7

Recently, molecular biopsy phenotyping has offered an
additional dimension for biopsy assessment. We developed the
Molecular Microscope Diagnostic System (MMDx) to charac-
terize the molecular phenotypes of biopsies.8,9 MMDx measures
gene expression using genome-wide microarrays and interprets
disease states such as injury,10 TCMR,11 and ABMR12,13 using
ensembles of machine learning algorithms. Molecular assess-
ment of kidney transplant biopsies discovered that many biopsies
classified as no rejection had subtle molecular ABMR activ-
ity.14,15 This raised the possibility that there were also subtle
gradients of TCMR activity among NR biopsies. Indeed, because
all patients are capable of cognate T cell and B cell immune re-
sponses against graft alloantigens, ISDs may only be controlling
the upper end of rejection activity, permitting smoldering cognate
immune responses in many patients.

In the present study, we hypothesized that TCMR and ABMR
operate as continuous gradients rather than dichotomous
74
classes, with subthreshold ABMR and/or TCMR activity in many
biopsies called no rejection and with unrecognized ABMR ac-
tivity in TCMR and TCMR activity in ABMR. To address this
issue, we aimed to increase the power of the molecular clas-
sification algorithms by expanding the number of molecularly
phenotyped biopsies available for training the algorithms to
5086 by combining 3570 biopsies collected during clinical trials
with 1516 anonymized service biopsies (Fig. 1A, B). This was
possible because the MMDx is standardized with identical
technology and algorithms in the research laboratory (ATAGC)
and the service laboratory (Kashi Clinical Laboratories). New
molecular algorithms were developed in the combined cohort
and tested for their relationships to the histology lesions,
function, and outcomes in the fully phenotyped ClinicalTrials.
gov biopsies. We were particularly interested in how the new,
more rigorous classification of rejection would impact the
assessment of subthreshold rejection activity in biopsies
considered to have no rejection, and aimed to define the extent
and clinical significance of subthreshold molecular TCMR and
ABMR activity.

2. Materials and methods

2.1. Study population and data collection

The new cohort of biopsies included 3570 biopsies from the
prospective MMDx-Kidney studies (International Collaborative
Microarray Extension Study [INTERCOMEX], NCT01299168, and
Trifecta, NCT04239703). Study workflow and biopsy inclusion are
shown in Figure 1A-B. As approved by institutional review boards,
phenotype data were collected by the local centers for the Clin-
icalTrials.gov biopsies.16-23 We added 1516 biopsies processed in

http://ClinicalTrials.gov
http://ClinicalTrials.gov


Figure 1. (A) Study design and (B) CONSORT diagram showing biopsy inclusion. Biopsies were pooled from the INTERCOMEX study, Trifecta-Kidney
study, and anonymized service biopsies from the Kashi Clinical Laboratories to create the 5086 data set.

P.F. Halloran et al. American Journal of Transplantation 25 (2025) 72–87
the Kashi service laboratory, for which minimal phenotype data
were available. Demographics and further details for biopsies with
available data are shown in Supplementary Table S1.

2.2. Biopsy processing

As previously described,8 a portion of 1 core of each biopsy
(mean length 3 mm)19 was immediately stabilized in RNAlater
and shipped at ambient temperature to ATAGC (http://atagc.med.
ualberta.ca) or Kashi Clinical Laboratories for RNA extraction
and processing.19 Gene expression was measured using Affy-
metrix PrimeView microarrays. Molecular diagnoses were made
independently of the biopsy’s histology, clinical data, and human
leukocyte antigen antibody status. MMDx reports were sent to
the participating centers from ATAGC or from Kashi Clinical
Laboratories, usually within 2 working days of receiving the
biopsy.

2.3. Pathogenesis-based transcript sets

Pathogenesis-based transcript sets used throughout these
analyses are detailed in Supplementary Table S2.

2.4. Updating the published classifiers

As in earlier analyses, 7 base rejection classifiers were used to
build the new principal component analysis (PCA) and archetypal
analysis (AA), based on probabilities of histologic ABMR/TCMR
diagnosis, or lesion scores (ABMRProb, TCMRProb, g>0Prob,
ptc>0Prob, cg>0Prob, i>1Prob, and t>1Prob). AA and PCA used
publishedmethods20 andwere updated using the 5086biopsydata
set. Classifier development methodology is described in Supple-
mentary Figure S1 using the ABMRProb classifier as an example.

2.5. AA and PCA

The rejection-based PCA and AA were updated to the 5086-
biopsy cohort using the matrix of 5086 (biopsies) by 7 (base
75
classifier scores) inputs. We selected a 7-archetype model
(rather than 6 as in previous publications14) to capture minor
rejection below the lower boundaries of the previous classes.
Each biopsy gets 7 archetype scores (summing to 1.0), and the
highest score determines the archetype cluster to which the bi-
opsy is assigned.

2.6. Statistical analysis

All analyses were performed in the R computing language
version 4.1.1.2.24

3. Results

3.1. Patient and biopsy characteristics

The cohort included 5086 biopsies from 4170 patients; 71% of
kidney grafts were from deceased donors (Supplementary
Table S1). Of biopsies with available data, 82% were for in-
dications. Among kidneys with available follow-up (mean follow-
up time in functioning grafts ¼ 728 days), 300 kidneys (20%)
failed and 1213 (80%) were functioning (censored). In addition to
automated archetype assignments, all biopsies were signed out
in an MMDx report as TCMR, ABMR, Mixed rejection, possible
TCMR or ABMR, or No rejection. Thus, 3 definitions of rejection
were available: automatically assigned archetypes, MMDx report
signouts, and histology.

3.2. Developing a new archetypal classification of
rejection

All classifiers were rederived in the expanded 5086 biopsy
population as ensembles of 12 machine learning programs and
cross-validated. Supplementary Table S3 summarizes the fea-
tures on which the classifiers were trained and the areas under
the curve (AUCs) for the prediction of these training features in
the test sets for each classifier. The AUCs ranged from AUC ¼
0.80 (cg>0Prob) to 0.85 (RejectionProb). Note that the purpose of

http://atagc.med.ualberta.ca
http://atagc.med.ualberta.ca
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these classifiers is to identify and quantify the underlying mo-
lecular states associated with these features, not to predict the
training feature.

Supplementary Figure S2 shows the relationship between the
time of biopsy posttransplant and the rejection classifier scores in
the 5086 cohort, represented as smoothed curves (splines).
TCMR-related classifier scores peaked between 1 and 2 years
and then fell progressively after 3 years. ABMR-related classifier
scores rose more slowly and were the dominant scores after 3
years. The cg>0Prob classifier score increased after 3000 days
posttransplant because cg-lesions reflect a more advanced
ABMR stage.

The molecular classifier scores assigned to all 5086 biopsies
by the updated classifiers were used to create a new archetype
classification, which gave each biopsy 7 archetype scores. Each
biopsy was assigned to an archetype group based on its highest
archetype score. We chose a 7-archetype model rather than the
previous 6-archetype model to capture more biopsies with
rejection and reduce the number of biopsies called archetypal No
rejection (NR). Groups are named for their molecular and histo-
logic features as follows: NR, TCMR1, TCMR2, Minor ABMR,
early-stage antibody-mediated rejection (EABMR), fully-devel-
oped antibody-mediated rejection (FABMR), and late-stage
antibody-mediated rejection (LABMR).

Figure 2A, B shows all 5086 biopsies distributed in PCA
(using rejection classifier scores as input) and colored by their
archetype group. In Figure 2A, principal component (PC) 1
separated NR from all rejection and PC2 separated TCMR
(negative) from ABMR (positive). In Figure 2B, PC3 separated
ABMR into EABMR, FABMR, and LABMR, similar to earlier
classifications.14,20 However, the new classification also recog-
nized some biopsies with Minor ABMR near the boundary with
NR, compatible with a less active or transitional ABMR state.

Figure 2C uses uniform manifold approximation and projec-
tion (UMAP) to visualize the biopsy population, compressing all
variance into 2 dimensions. The new group of Minor ABMR bi-
opsies inhabits a region intermediate between the NR and the
EABMR, FABMR, and LABMR archetypes.

For visualization purposes, we drew an approximate bound-
ary (solid black line, Fig. 2C) to roughly separate plotted regions
with biopsies called ABMR (blue, purple, cyan, orange) from
those called NR (gray), ABMR from TCMR (red, green), and any
rejection (ABMR plus TCMR) from NR. We note that rejection
activity in PCA and UMAP operates as continuous distributions
and does not separate into distinct groups.
3.3. Details of the archetype groups

As expected, the rejection archetype groups were strongly
related to rejection-related molecular and histologic features
(Figure 2D-G and Supplementary Table S3). TCMR1 and
TCMR2 biopsies had increased scores for the 3 TCMR-related
classifiers (TCMRProb, i>1Prob, and t>1Prob, Fig. 2D) and for
histologic i- and t-lesions (Fig. 2E). Histologic v-lesions occurred
mainly in TCMR1 but also in TCMR2, EABMR, and FABMR
76
(Fig. 2E). The ABMR archetypes had increased scores for ABMR
activity-related molecular classifiers (ABMRProb, ptc>1Prob, and
g>0Prob, Fig. 2F) and histologic g- and ptc-lesions (Fig. 2G).
These scores were not only highest in FABMR but also prominent
in EABMR. All ABMR molecular scores were mildly increased in
Minor ABMR. TCMR1 also had increased ABMR molecular
scores and histologic activity, that is, ptc- and g-lesions but not
cg-lesions, indicating that TCMR1 often has EABMR. The main
features of the new Minor ABMR group included an increased
level of DSA-specific and ABMR-specific histologic lesions and
molecular activity compared with biopsies called NR, but less
than in the EABMR, FABMR, or LABMR groups.

Scores for the ABMR activity classifiers and lesions generally
increased fromMinor ABMR to EABMR to FABMR, then declined
in LABMR. The cg>0Prob classifier (Fig. 2F) and cg-lesion scores
(Fig. 2G) were increased in FABMR and LABMR as expected
because the cg-lesion is a time-dependent ABMR stage feature.
DSA positivity (Fig. 2G) was increased in all ABMR groups,
maximal in FABMR. ABMR had mildly increased mean i-lesion
scores as previously reported.13

The archetypes represent the dominant molecular process in
a biopsy and do not specifically designate “mixed rejection.”
However, TCMR1 often had molecular and histologic ABMR
features and increased DSA-positivity (51%), and MMDx signo-
uts designated 66% of TCMR1 biopsies as mixed rejection.
Supplementary Table S4 provides further details of each rejec-
tion archetype group.

Figure 3 shows how the number and relative frequency of
biopsies assigned to each archetype varies with time posttrans-
plant. Figure 3A shows smoothed densities for the numbers of
biopsies within each archetype class over time; Figure 3B
removes NR biopsies to better visualize the detail in rejection
groups. Figure 3C shows the proportion of biopsies within each
archetype class over time, and Figure 3D removes NR. Most
early biopsies were NR, with some EABMR, presumably
reflecting pre-sensitization. The frequency of TCMR1 and
TCMR2 biopsies peaked between 300 and 1000 days then both
steadily declined. FABMR biopsies became the dominant
archetype after 1000 days, with LABMR biopsies increasing after
3000 days. Minor ABMR was not closely related to time.

Injury-related features of the rejection archetypes are shown
in Supplementary Table S5. Compared with NR, TCMR1 and
TCMR2 showed extensive injury as measured by the recent
injury-induced transcripts25 and depression of estimated
glomerular filtration rate (eGFR). TCMR2 had elevated atrophy
fibrosis as previously reported.11 ABMR archetype groups had
less injury and higher eGFR than TCMR, but there was a pro-
gression of injury from EABMR to FABMR to LABMR.

Kaplan-Meier estimates of death-censored 3-year survival
postbiopsy were higher in NR (80%) and Minor ABMR (93%) and
lower in TCMR1 (63%), TCMR2 (63%), FABMR (59%), and
LABMR (57%) (Supplementary Table S5, Fig. 3E, using 1
random biopsy per patient). EABMR was well-tolerated until
approximately 2 years postbiopsy before the probability of failure
increased; 3-year survival was estimated at 0.74. (Note that



Figure 2. Principal component analysis (PCA) and uniform manifold approximation and projection (UMAP) visualizations of the 5086 kidney transplant
biopsy population: (A) principal component (PC) 2 vs PC1, (B) PC2 vs PC3, and (C) UMAP visualizations colored by the 7-archetype rejection model
cluster assignments (No rejection “NR,” TCMR1, TCMR2, EABMR, FABMR, LABMR, and Minor ABMR). The black line in the UMAP plot in (C)
illustrates the approximate boundary between no rejection and rejection (ABMR and/or TCMR) archetype groups. Bar plots showing the mean scores
for selected (D, E) TCMR-associated and (F, G) ABMR-associated features, bars colored according to archetype groups. DSA status on (G) is reported
as values 1 (positive) or 0 (negative) and the mean displayed on the plot. ABMR, antibody-mediated rejection; DSA, donor-specific antibody; TCMR, T
cell–mediated rejection.
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these survival results in the biopsied population [most for in-
dications] are lower than survival recorded in registry
populations.)

3.4. Gradients in rejection-related activity

The updated rejection classifiers were used to examine the
rejection activity gradients in the 5086 biopsy cohort. We defined
all-rejection activity by the RejectionProb score, ABMR activity by
the ABMRProb score, and TCMR activity by the TCMRProb score.
77
Figure 4 visualizes the gradients using the same UMAP plots as
Figure 2C. All-rejection activity (RejectionProb) formed a vertical
gradient with considerable activity in NR biopsies (Fig. 4A).
ABMR activity (ABMRProb) peaked at the upper left (FABMR re-
gion) but extended into TCMR and NR (Fig. 4B). TCMR activity
(TCMRProb) peaked at the upper right (TCMR1 region) and
extended into ABMR and NR (Fig. 4C).

Figure 4D-F shows the same gradients calibrated by dividing
the scores into quintiles to more equally represent the actual
scores. The lower 3 quintiles were located primarily within NR



(caption on next page)
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Figure 4. UMAP visualizations of the 5086 kidney transplant population, showing the gradient across the population of various selected molecular
scores, colored according to various score cutoffs with red highest and black lowest. The thin black line is the same boundary introduced in Figure 3 to
separate NR from all rejection and shows the approximate boundary between No rejection, the ABMR, and the TCMR archetype groups. Using
arbitrarily selected cutoffs, the UMAPs colored according to the (A) RejectionProb, (B) ABMRProb, and (C) TCMRProb classifier scores. (D-F) Biopsies
colored by quintiles of the same scores as in A-C, with the whole population divided into 5 equal groups. ABMR, antibody-mediated rejection; NR, No
rejection; TCMR, T cell–mediated rejection; UMAP, uniform manifold approximation and projection.
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biopsies, revealing subthreshold molecular rejection in many bi-
opsies classified as NR by archetypes. This is particularly evident
for biopsies with TCMR scores of <0.05 (colored black in
Fig. 4C), which have extensive middle (green) and second-
lowest (cyan) quintiles of TCMR activity within NR and ABMR
biopsies (Fig. 4F). This is of interest because we previously
considered TCMR scores of <0.05 to be negative.

Figure 5 visualizes gradients for other molecular scores. In
Figures 5A-B, the gradients for the ABMR-related ptc>0Prob and
Figure 3. Time course visualizations and survival by rejection archetype grou
be assigned to each archetype group was represented by conditional prob
sequent conditional probability estimates, were calculated using the “density
over time posttransplant were restricted cubic splines generated using the
transplant were restricted cubic splines generated using the R package 'rms'.
archetype category over time posttransplant. (B) Same results as (A), but with
Conditional probability plot showing the estimated proportion of biopsies in ea
but with NR biopsies removed for closer examination of the rejection curves. (
assessed using Kaplan-Meier curves, each line representing an archetype g
has the best overall survival (although relatively low N) over 3 y posttransplant
ABMR, antibody-mediated rejection; DSA, donor-specific antibody; EABMR
body-mediated rejection; LABMR, late-stage antibody-mediated rejection; NR
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g>0Prob classifiers extend into the TCMR region (particularly the
ptc>0Prob classifier) and the NR region. The cg>0Prob gradient
(Fig. 5C) was more biased toward the ABMR area, as expected
because the cg-lesions reflect a later ABMR stage (FABMR and
LABMR). In Figures 5D-E, the gradients for TCMR-related
i>1Prob and t>1Prob classifier scores are similar to the
TCMRProb score gradient.

Figure 5F examines the gradient of recent molecular injury,
represented by the acute kidney injury-induced injury-repair
ps. The probability that a biopsy at any given time point posttransplant will
ability plots and cubic splines (knots ¼ 3). Density estimates, and sub-
” function in the R package 'stats'.24 Splines for conditional probabilities
R package 'mgcv'.37 Splines representing classifiers over time post-

38 (A) Density plot showing the estimated distribution of biopsies in each
NR biopsies removed for closer examination of the rejection curves. (C)
ch archetype category over time posttransplant. (D) Same results as (C)
E) Three-year survival analyses in the 5086 kidney transplant population
roup, 1 random biopsy per patient (n ¼ 1292, 210 failures). Minor ABMR
, followed by NR. TCMR2, TCMR1, and LABMR have the lowest survival.
, early-stage antibody-mediated rejection; FABMR, fully-developed anti-
, No rejection; TCMR, T cell–mediated rejection.



Figure 5. UMAP visualizations of the 5086 kidney transplant population colored by various cut-offs selected for 3 ABMR-related classifier scores: (A)
ptc>0Prob score, (B) g>0Prob score, and (C) the cg>0Prob score. The UMAP was also colored by 2 TCMR-related classifier scores: (D) the i>1Prob score
and (E) t>1Prob score, as well as the (F) recent injury score (IRRAT score). Highest scores are colored red, and lowest scores colored black. The thin
black line is the same boundary introduced in Figure 3 to separate NR from all rejection and shows the approximate boundary between NR, ABMR, and
TCMR archetype groups. ABMR, antibody-mediated rejection; NR, No rejection; TCMR, T cell–mediated rejection; UMAP, uniform manifold approx-
imation and projection.
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response-associated (IRRAT) transcript set score.25 Injury was
distributed in many regions, but virtually all TCMR biopsies had
extensive injury (red or orange symbols). Severe injury was less
common in ABMR.

3.5. Correlation of ABMR and TCMR activity with
histologic and clinical features in NR biopsies

We considered the possibility that, at the low end, the
ABMR and TCMR classifiers were simply nonspecific. If so,
low-level activity would not be associated with the conventional
features selective for ABMR and TCMR, respectively. We
examined Spearman correlations between rejection-
associated classifier scores and conventional features using
all biopsies and in biopsies classified as no rejection, defined
by 3 different levels of stringency. Level 1 was 2843 biopsies
assigned to the NR archetype group. Level 2 required that, in
addition to being assigned to the NR archetype, the MMDx
signout must be no rejection and/or no possible rejection,
yielding 2341 biopsies. Level 3 required Level 2 criteria plus
histologic assessment of no rejection; 715 biopsies met Level 3
80
criteria for no molecular or histologic rejection or possible
rejection. (There were fewer biopsies in this group in part
because histologic assessment was not available for anony-
mized service laboratory biopsies.)

In all biopsies, as expected, TCMR activity (Table 1) correlated
strongly with i-, t-, and v-lesions and less strongly with ptc-lesions;
with high molecular injury scores, low eGFR, and reduced graft
survival. In biopsies with no rejection at all levels of stringency,
TCMR activity still correlated with i- and t-lesions, molecular injury,
depressed eGFR, and reduced graft survival. TCMR activity in no
rejection biopsies selectively correlated with TCMR features but
not with DSA, C4d, ABMR lesions, or proteinuria. Thus, in no
rejection biopsies subthreshold TCMR activity remained specific
for the defining features of the TCMR process.

In all biopsies, ABMR activity correlated strongly with DSA,
C4d, and ptc-, g-, cg, and v-lesions and proteinuria and with graft
loss (Table 2). In biopsies with no molecular or histologic rejection
even when defined by maximum stringency (Level 3), sub-
threshold ABMR activity still correlated with DSA and histologic
g-lesions and not with TCMR features, proteinuria, C4d, cg-
lesions, molecular injury, or 3-year graft loss. In all levels of no



Table 1
Correlation of TCMR molecular activity (TCMRProb classifier score) with conventional features in all biopsies and in biopsies with no rejection.

Feature category Feature All (N ¼ 5086) Level 1 no rejection

(N ¼ 2842 by archetypes)

Level 2 no rejectiona

(N ¼ 2341 by archetypes

and MMDx signout)

Level 3 no rejection

(N ¼ 715 by archetypes,

MMDx

signout, and histology)

Correlationb P Correlation P Correlation P Correlation P

TCMR-related t-lesion scoresc 0.46 <2.2 £ e�16 0.29 <2.2 £ e�16 0.27 <2.2 £ e�16 0.12 .001

i-lesion scoresc 0.41 <2.2 £ e�16 0.19 9.3 £ e�11 0.17 9.1 £ e�8 0.10 .009

ABMR-related DSA statusc 0.02 .48 �0.03 .41 0.005 .90 �0.01 .80

C4d statusc 0.08 2.5 � e�4 0.04 .15 0.05 .13 0.06 .10

g-lesion scoresc 0.00 .98 �0.05 .063 �0.04 .16 �0.05 .17

cg-lesion scoresc �0.06 .004 �0.02 .43 �9.70 1.00 0.004 .90

ptc-lesion scoresc 0.17 3.8 £ e�15 0.06 .032 0.05 .15 0.06 .10

All rejection-related v-lesion scoresc 0.23 <2.2 £ e�16 0.08 .005 0.10 .002 0.06 .10

Injury-related GFRc �0.15 3.0 £ e�162 �0.08 .009 �0.06 .06 �0.10 .01

Proteinuriac 0.04 .09 0.05 .08 0.04 .17 0.07 .06

Injury-induced transcripts (IRRAT) 0.45 <2.2 £ e�16 0.31 <2.2 £ e�16 0.30 <2.2 £ e�16 0.32 <2.2 £ e�16

3-y survival (Cox)c,d P ¼ 1.7 £ e�5 P ¼ .03 P ¼ .03 P ¼ .0005

AA, archetypal analysis; ABMR, antibody-mediated rejection; DSA, donor-specific antibody; GFR, glomerular filtration rate; MMDx, Molecular Microscope Diagnostic System; TCMR, T cell–mediated rejection.
a Some NR archetype biopsies (177) were excluded because the MMDx signout was unavailable, and 324 were excluded because MMDx signouts detected rejection changes: 120 called ABMR, 13 mixed, 116

possible ABMR, 42 possible TCMR, and 33 TCMR.
b Spearman correlation coefficients of � 0.10 or � �0.10 with ABMRProb and their P values are bolded.
c Values represented are within known data for these fields.
d Significant P values (�.05 log-rank test) in Cox analysis are bolded and shaded; 1 random Bx per organ, only including samples with estimated %cortex of >10; N ¼ 1292, 210 failures within all; N ¼ 780, 91

failures within no rejection by AA; n ¼ 641, 71 failures for no rejection by AA and MMDx signouts.
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Table 2
Correlation of ABMR molecular activity (ABMRProb classifier score) with conventional features in all biopsies and in biopsies with no rejection.

Feature category Feature All (N ¼ 5086) Level 1 no rejection

(N ¼ 2842 by archetypes)

Level 2 no rejection

(N ¼ 2341 by archetypes

and MMDx signout)a

Level 3 no rejection

(N ¼ 715 by archetypes,

MMDx signout, and histology)

Correlationb P Correlation P Correlation P Correlation P

TCMR-related t-lesion scoresc 0.08 4.0 � e�4 0.06 .04 0.03 .40 0.02 .50

i-lesion scoresc 0.13 2.1 £ e�9 0.07 .011 0.03 .40 0.03 .40

ABMR-related DSA statusc 0.37 <2.2 £ e�16 0.21 5.6 £ e�12 0.12 .0004 0.10 .02

C4d statusc 0.32 <2.2 £ e�16 0.07 .01 0.05 .12 �0.006 .90

g-lesion scoresc 0.53 <2.2 £ e�16 0.24 <2.2 £ e�16 0.18 4.8 £ e�9 0.14 .0002

cg-lesion scoresc 0.37 <2.2 £ e�16 0.17 3.0 £ e�9 0.11 .0004 0.05 .17

ptc-lesion scoresc 0.55 <2.2 £ e�16 0.20 7.3 £ e�12 0.10 .002 0.06 .10

All rejection-related v-lesion scoresc 0.17 3.0 £ e�14 0.09 .0014 0.09 .008 0.04 .30

Injury-related eGFRc 0.05 .04 0.06 .04 0.09 .003 0.12 .002

Proteinuriac 0.13 7.2 £ e�9 0.02 .41 0.03 .40 0.03 .40

Injury-associated transcripts (IRRAT)c 0.09 6.1 � e�11 0.04 .02 0.01 .70 0.03 .50

3-y survival (Cox)c,d P ¼ .02 P ¼ .42 P ¼ .39 P ¼ .70

ABMR, antibody-mediated rejection; eGFR, estimated glomerular filtration rate; MMDx, Molecular Microscope Diagnostic System; TCMR, T cell–mediated rejection.
a Some no rejection biopsies were excluded because the MMDx signout was unavailable in 177 biopsies called NR by archetypes, and 324 were excluded because MMDx signouts detected rejection changes:

120 called ABMR, 13 mixed, 116 possible ABMR, 42 possible TCMR, and 33 TCMR.
b Spearman correlation coefficients of � 0.10 or � -0.10 with ABMRProb and their P values are bolded.
d Significant P values (�.05 log-rank test) in Cox analysis are bolded and shaded; 1 random Bx per organ, only including samples with estimated %cortex of >10; N ¼ 1292, 210 failures within all; N ¼ 780, 91

failures within NR by AA; n ¼ 641, 71 failures within No rejection by AA and by MMDx signouts.
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Table 3
Relationship between ABMR or TCMR activity in a No rejection biopsy (index biopsy) and actual molecular ABMR or TCMR diagnosed (by archetype
assignment) in the next biopsya.

Classifiers

defining activity

Comparing the mean rejection activity scores in index biopsy with No rejection to the finding of No rejection, ABMR,

or TCMR in a subsequent biopsy

When next biopsy shows

No rejection (Level 1, N ¼
267; Level 2, N ¼ 232)

When next biopsy

shows ABMR (Level 1,

N ¼ 75; Level 2, N ¼
38)

P b No

rejection vs

ABMR

When next biopsy

shows TCMR (Level 1,

N ¼ 49; Level 2, N ¼
36)

P b No

rejection vs

TCMR

Index biopsy Level

1a No rejection (N

¼ 391 pairs)

TCMR activity

(TCMRProb)

0.04 0.03 .38 0.06 6.9 £ e�4

ABMR activity

(ABMRProb)

0.09 0.14c 1.2 £ e�9 0.10 .35

Index biopsy Level

2a No rejection (N

¼ 306 pairs)

TCMR activity

(TCMRProb)

0.03 0.03 .14 0.07 .04

ABMR activity

(ABMRProb)

0.08 0.11 4.7 £ e�4 0.08 .97

ABMR, antibody-mediated rejection; DSA, donor-specific antibody; GFR, glomerular filtration rate; MMDx, Molecular Microscope Diagnostic System; TCMR, T
cell–mediated rejection.

a N¼ 391 No rejection Level 1 biopsies (NR by archetypes only) and N¼ 306 No rejection Level 2 (NR by archetypes and no rejection by MMDx sign-outs) index

biopsies with rejection archetype assignments in the next follow-up biopsy. There were too few pairs in No rejection Level 3 to analyze.
b P values determined byWilcoxon test (1-tailed when a result is expected, ie, an increase in ABMRProb in ABMR, or TCMRProb in TCMR and 2-tailed otherwise),

comparing scores within the index case no rejection biopsies with those that went on to be No rejection vs ABMR vs TCMR in the next biopsy.
c Bolding indicates values where the corresponding P value was significant (<.05).

P.F. Halloran et al. American Journal of Transplantation 25 (2025) 72–87
rejection biopsies, neither ABMR nor TCMR correlated signifi-
cantly with ptc-lesions, suggesting that very low levels of ptc-
lesions can be induced by other injuries.

In summary, when rejection was rigorously excluded by
histologic and molecular criteria, subthreshold TCMR and
ABMR activity was not nonspecific but had mutually exclusive
selective associations with defining conventional and
molecular features: TCMR activity with subthreshold i- and t-
lesions, molecular injury, decreased eGFR, and decreased
graft survival and ABMR activity with DSA and subthreshold
g-lesions.
3.6. Subthreshold rejection activity in no rejection
biopsies anticipates more actual rejection in future
biopsies

Some patients in the 5086 biopsy cohort underwent a later
biopsy as standard-of-care. We examined the 391 biopsy pairs
in which the first biopsy (index biopsy) had no rejection and a
second biopsy (follow-up biopsy) was performed later (inclusion
criteria for this subpopulation was that a follow-up biopsy had to
be available within our data set and the first biopsy of the pair
had to be called NR at minimum by the archetypal analysis, and
we added 2 more levels of stringency). In each pair, we studied
whether molecular ABMR or TCMR diagnoses in the later bi-
opsy was anticipated by higher ABMR or TCMR activity scores,
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respectively, in the preceding index biopsy designated as no
rejection (Table 3). We defined no rejection in the index biopsy
by Level 1 or Level 2 stringency; there were too few pairs at
Level 3 stringency for reliable assessments.

When the follow-up biopsy had ABMR, the preceding no
rejection index biopsy had higher ABMR activity than when the
follow-up biopsy had NR or TCMR. Similarly, when the follow-up
biopsy had TCMR, the preceding index no rejection biopsy had
higher TCMR activity than when the follow-up biopsy had no
rejection or ABMR. This was seen at both Level 1 and Level 2
stringency of the no rejection definition.

Therefore, increased subthreshold rejection activity in bi-
opsies classified as no rejection anticipates a higher probability
that actual rejection will be diagnosed in future standard-of-care
biopsies: ABMR activity anticipates actual ABMR but not TCMR,
and TCMR activity anticipates actual TCMR but not ABMR.
4. Discussion

Standardized processing of 5086 biopsies, mostly for in-
dications, provided us with an opportunity to study the relation-
ship between gradients of TCMR and ABMR molecular activity in
biopsies currently classified as no rejection and various clinical,
histologic, and molecular features. To ensure that we captured as
much actual rejection as possible, we developed a new more
rigorous 7-archetype model that designated a lower fraction of
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the biopsies as archetypal NR (56%) compared with 62% in
earlier analyses,14 based on automatically assigned archetype
groups. The new classification recognized a Minor ABMR class
at the boundary between rejection and NR. While archetypal
clustering assigned rejection groups, PCA and UMAP showed
continuous distributions, questioning the concept of rejection
states as dichotomous. Subthreshold molecular rejection activity,
defined by the TCMRProb and ABMRProb classifiers, was exten-
sive in many biopsies classified as NR but remained specific for
the defining features of TCMR and ABMR respectively, selec-
tively correlating with the histologic, clinical, and molecular fea-
tures. In addition, there was subthreshold TCMR activity in many
ABMR biopsies and subthreshold ABMR activity in many TCMR
biopsies. We conclude that, unlike our previous concept of
ABMR and TCMR as largely dichotomous classes, the 2 effector
arms of the host adaptive immune response generate activity
gradients with considerable subthreshold activity that has not
been previously appreciated.

The associations of subthreshold molecular ABMR and
TCMR activity with low levels of the histology and clinical fea-
tures that define these conditions confirm that these two gradi-
ents remain distinct and specific even at the subthreshold levels.
Even after excluding all biopsies diagnosed molecularly or his-
tologically as rejection or possible rejection, TCMR activity still
strongly correlated with the subthreshold scores for the defining
features of TCMR—tubulitis, interstitial infiltration, molecular
injury, depressed eGFR, and increased graft loss, but not with
ABMR-related features; ABMR activity correlated with 2 defining
features of ABMR—DSA and g-lesions, and not with TCMR
features. The specificity and clinical relevance of the sub-
threshold activity were apparent in the index biopsy–future
biopsy analysis, where subthreshold TCMR or ABMR activity
in biopsies with no rejection anticipated a higher probability that
a future indication biopsy will have actual TCMR or ABMR,
respectively.

The finding that TCMR and ABMR activity operates as gra-
dients affecting the majority of biopsies should not be surprising
when we consider that every organ transplant recipient can
mount allospecific T cell and B cell responses. The ISDs that
make organ transplantation possible were developed for sup-
pressing clinical rejection episodes, not for preventing all adap-
tive immune activity. Our previous histologic and molecular
approaches to rejection imposed dichotomous classes on
continuous distributions but now must acknowledge that these
classes represent the high end of gradients.

ABMR and TCMR activity in biopsies currently considered no
rejection should not be construed as an indication to treat but
rather a challenge to develop new evidence on the impact of
treatment. In responding to subthreshold rejection activity, we
must appreciate that management of both TCMR and ABMR is
inadequate, as illustrated in the survival analysis in Figure 3. The
high frequency of graft loss following biopsy-diagnosed TCMR
contradicts the belief that TCMR is treatable: TCMR1 and TCMR2
outcomes were similar to FABMR and LABMR, which are
considered resistant to treatment.26 The focus must not be on
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treating subthreshold rejection gradients but on optimizing the
treatment of actual TCMR and ABMR and then evaluating these
effective interventions in the subthreshold states. In addition, the
fact that TCMR1 and TCMR2 had less than expected afferent
arteriolar hyalinosis reminds us to reemphasize the maintenance
of therapeutic levels of immunosuppression and prevent
nonadherence.

On a population-wide basis, ABMR causes microcirculation
stress that can be relatively well-tolerated for long periods as sub-
threshold, Minor ABMR, and EABMR before progressing to pro-
teinuria, declining GFR, and impaired survival. While subthreshold
ABMRandMinor ABMRdo not significantly impact 3-year survival,
their similarity to the more active states suggests that many will
eventually progress albeit over a longer period that cannot be
captured inacross-sectional studysuchas this. (Note that the slight
increase in 3-year graft loss with subthreshold ABMR observed in
our earlier study of no rejection biopsies14 is not observed in the
new more rigorous definition, probably because the new system
reclassified some previous no rejection as ABMR.)

Despite the advantages of large numbers of biopsies from the
international kidney transplant population assessed by stan-
dardized algorithms, this study has limitations imposed by its
cross-sectional observational design. Moreover, the conclusions
only apply to biopsied patients: the frequency of subthreshold
TCMR or ABMR activity in patients never having biopsies is
unknown. We also acknowledge that imposing artificial classes
on continuous distributions must create errors in cases near
boundaries.

Subthreshold rejection states can probably be detected using
noninvasive monitoring: elevated dd-cfDNA is found in patients
without biopsy indications, potentially representing smoldering
rejection activity in many persons with biopsies read as no rejec-
tion.27-29 Our findings in the Trifecta-Kidney study indicate that
subthreshold ABMR activity probably explains at least some
dd-cfDNA elevation in biopsies classified as no rejection.21,29

SubthresholdABMRactivity in no rejection biopsies did not trigger
proteinuria or depress eGFR, and DSA negativity is common in
subthreshold ABMR. Ideally, we should monitor the cognate host
alloimmune activity directly, but these methods are imperfect. T
cell reactivity is rarely directly assessed, although proposed
technologies for this are in development.30-36

Our findings emphasize close relationships between mo-
lecular changes and histologic lesions, suggesting that
detection of subthreshold rejection activity by histology should
be possible. A new look at how to detect subthreshold TCMR
and ABMR by histology features is warranted, guided by
molecular gradients of rejection-associated activity. As the
availability of effective therapies expands, our understanding
of increased subclinical rejection activity should prompt closer
monitoring in those patients (potentially through noninvasive
testing, eg, dd-cfDNA, or closer monitoring of clinical vari-
ables, eg, GFR or proteinuria). This could provide clinicians
with a clearer picture of the patient’s rejection trajectory and
better clinical context for effective patient management of
either ABMR or TCMR.
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