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Abstract 

Background. The Molecular Microscope (MMDx) system classifies heart transplant endomyocardial 

biopsies as No-rejection (NR), Early-injury, T cell-mediated (TCMR), antibody-mediated (ABMR), mixed, 

and possible rejection (possible TCMR, possible ABMR). Rejection-like gene expression patterns in NR 

biopsies have not been described. We extended the MMDx methodology, using a larger data set, to define 

a new “Minor” category characterized by low-level inflammation in non-rejecting biopsies. 

Methods. Using MMDx criteria from a previous study, molecular rejection was assessed in 1,320 biopsies 

(645 patients) using microarray expression of rejection-associated transcripts (RATs). Of these biopsies, 

819 were NR. A new archetypal analysis model in the 1,320 data set split the NRs into NR-Normal (N = 

462) and NR-Minor (N = 359). 

Results. Compared to NR-Normal, NR-Minor were more often histologic TCMR1R, with a higher 

prevalence of donor-specific antibody (DSA). DSA positivity increased in a gradient: NR-Normal 24%; 

NR-Minor 34%; possible ABMR 42%; ABMR 66%. The top 20 transcripts distinguishing NR-Minor from 

NR-Normal were all ABMR-related and/or IFNG-inducible, and also exhibited a gradient of increasing 

expression from NR-Normal through ABMR. In random forest analysis, TCMR and Early-injury were 

associated with reduced LVEF and increased graft loss, but NR-Minor and ABMR scores were not. 

Surprisingly, hearts with MMDx ABMR showed comparatively little graft loss. 



  



Conclusions. Many heart transplants currently diagnosed as NR by histologic or molecular assessment have 

minor increases in ABMR-related and IFNG-inducible transcripts, associated with DSA positivity and mild 

histologic inflammation. These results suggest that low-level ABMR-related molecular stress may be 

operating in many more hearts than previously estimated. (ClinicalTrials.gov #NCT02670408). 
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Medical diagnostics is moving toward adding precision measurements from molecular 

platforms to conventional assessments.1 This development presents an opportunity to 

improve the assessment of heart transplant endomyocardial biopsies (EMBs) and add 

mechanistic insights. The Molecular Microscope Diagnostic System (MMDx)2-7 was 

developed for heart transplant EMBs to diagnose molecular T cell-mediated rejection 

(TCMR) and antibody-mediated rejection (ABMR) based on expression of rejection-

associated transcripts (RATs)5,6 while distinguishing TCMR and ABMR from other 

forms of inflammation.7-11 MMDx measures gene expression in the biopsy using 

microarrays and applies an ensemble of machine-learning algorithms to assign diagnoses 

of TCMR, ABMR, and possible rejection (possible TCMR and possible ABMR). (For a 

glossary of abbreviations, see Table S1.) Because injury evokes inflammation that shares 

mechanisms with adaptive immunity (rejection), RAT-based analysis also identified an 

inflamed “Early-injury” state distinct from rejection, associated with macrophage 

transcripts and depressed left ventricular ejection fraction (LVEF).3,5-7  

  



Molecular features in biopsies MMDx calls No-rejection (NR) are of interest because 

many EMBs manifest mild histologic inflammation (TCMR1R) that clinicians believe 

does not require treatment. In the INTERHEART study, histology reported TCMR1R in 

31% of all biopsies.7 Approximately 15% of TCMR1R biopsies have molecular rejection, 

usually ABMR.7 The present study in an expanded biopsy population was designed to 

examine minor rejection-like inflammation in biopsies currently classified as NR and 

determine relationships to DSA positivity, function, and outcome. We hypothesized that 

there may be subtle ABMR-related activity within some biopsies currently considered to 

have no rejection by histologic or molecular assessment.  

Materials and methods  

Population. We used microarrays to explore the molecular characteristics of 1320 EMBs 

from the prospective observational INTERHEART study, approved by ethics review 

boards at each center (ClinicalTrials.gov NCT02670408). EMBs for clinical indications 

or protocol from consenting patients at 13 centers throughout Canada, the USA, Australia, 

and Europe, were collected as standard-of-care (SOC). Samples were placed in RNAlater 

and shipped to the Alberta Transplant Applied Genomics Centre.12 Histology was per 

SOC by each center, following ISHLT guidelines.13-15 Histologic diagnoses, available for 

1,278 of the 1,320 biopsies, were simplified to permit histology-molecular 

comparisons.3,6,7 Molecular and histology analyses were blinded to one another. 

Approximately 2% of biopsies were excluded due to inadequacy for molecular 

examination, with no other exclusions.  

Microarray analysis and MMDx signouts. Total RNA was labelled as previously 

described3,5,7 and hybridized to Prime-View microarrays (Affymetrix). CEL files are 

available on the Gene Expression Omnibus website (GSE150059). Differential 

expression was by Bayesian t-test using the “limma” package16 in R.17 MMDx reports 

were signed-out as TCMR, possible TCMR (possible TCMR), ABMR, possible ABMR 

(possible ABMR), Mixed, Early-injury, or NR using previously described methods.3 

Rejection-associated transcripts (RATs). RATs were the union of the top 200 probe sets 

from 3 kidney transplant biopsy class comparisons: all rejection vs everything else, 

ABMR vs everything else, and TCMR vs everything else,2,18 reduced by IQRf iltering 

(removing low-variance transcripts) to 437 probe sets. Though originally derived in 



kidney transplant biopsies, RATs represent the same processes in heart, lung, and liver 

tissue.4,7,19,20  

Transcript sets. Transcript sets (Table S2) were previously annotated in cell lines, 

experimental models, and human transplant biopsies 

(https://www.ualberta.ca/medicine/institutes-centresgroups/atagc/research/gene-lists). 

Transcript set scores are the means of fold changes compared to controls (371 biopsies 

with no molecular rejection >30 days post-transplant), calculated using the original log2 

raw data.  

Dimensionality reduction, clustering, and data visualization. Principal component 

analysis (PCA) and archetypal analysis were described previously.3,7 PCA is used to 

simplify analysis of highdimensional data sets (e.g., the 437 RATs). Archetypal analysis 

defines a specified number “n” of idealized archetypes, then assigns each biopsy n scores 

that reflect their similarity to each archetype, the n scores summing to 1. The highest score 

defines the archetype group. Rejection archetypes differ slightly from MMDxsign-outs 

(hereafter called “MMDx”), which also consider classifier scores.7  

The input for both analyses was a 1,320 (biopsy) x 437 (RAT expression values) data set. 

We used the “FactoMineR”21 and “archetypes”22 R packages.  

Regression analyses. Multivariable Cox regression was performed assessing 3-year 

death-censored survival using “cph” from the R package “rms.” The predictor variables 

were heavily rightskewed, and were therefore log-transformed. Logistic regression 

predicting LVEF≤55 was done using “lrm” from the “rms” package. Because a large 

number of archetype scores were 0.0, a small constant (0.001) was added to each score to 

allow for log-transformation as per standard procedure.  

Random forest survival analyses. As detailed elsewhere,23 analyses were based on 

survival to 3 years postbiopsy, with longer times censored at 3 years. Error rates refer to 

those calculated in out-of-bag samples from the bootstrapping process, which are 

analogous to test set statistics calculated in standard cross-validation.  

Experimental design. A flowchart describing how the molecular diagnostic classes in this 

paper (MMDxMod) were modified from an earlier (published) version of MMDx is shown 

in Figure 1. (New diagnoses are not currently used for MMDx signouts pending peer 

review.)  

  



Results  

Biopsy and patient populations. We examined 1,320 EMB (including 889 previously 

studied7) from 645 patients, taken 4 days to 28 years post-transplant: 62% taken for 

protocol and 25% for indications, with 13% not designated as either. Table S3 shows 

population demographics, while Table 1 shows MMDxdiagnoses and center histologic 

diagnoses following ISHLT guidelines,13,14 along with DSA assessments.  

To study MMDx and histology in parallel, we grouped the biopsies similarly. There were 

seven MMDx classes: No-rejection (excluding Early-injury), Early-injury, possible 

TCMR, TCMR, possible ABMR, ABMR, and Mixed. 

The histology categories were No-rejection, possible TCMR (TCMR1R), TCMR, posible 

ABMR, ABMR, and Mixed.  

At the time of biopsy, donor-specific HLA antibody (DSA) by SOC testing was present 

in 37% of the 824 patients tested (Table1) and was present in all diagnostic groups. In 

496 biopsies, DSA was not tested (not indicated by SOC). DSA was more common in 

indication biopsies vs protocol biopsies (Table1). 

Characterizing minor rejection-related molecular changes in NR biopsies. As in previous 

analyses,3,7 we visualized variation in RAT expresión using PCA (Figure2). Left panels 

(A,C, and E) show dimensión 1 (PC1, separating no rejection from rejection) and 

dimensión 2 (PC2, separating TCMR (red) form ABMR (blue)). The right-hand panels 

(B,D, and F) rotate the biopsy distribution 90 degrees to reveal dimensión 3 (PC3), which 

separates Early-injury (green) from the other biopsies. Figure 2ª and 2B show our 

published 4 archetype groups3 used in the ensemble of algorithms for signout: TCMR 

(red), ABMR (blue), Early-injury (green), and No-rejection (and no Early-injury) (grey). 

To explore rejection-related heterogeneity within NR biopsies, we developed a new 5 

archetype model (Figure 2C and 2D), distinguishing a new subgroup of biopsies with 

Minor rejection-related changes (pink). We then applied the new archetype scores 

exclusively to the biopsies that MMDx signed out as NR to créate a modified MMDx 

classification (MMDxMod) that retained all existing rejection diagnoses but Split No-

rejection into NR-Normal and NR-Minor (Figure 2E and 2F). This created eight groups: 

NR-Normal, NR-Minor, Early-injury, and the 5 rejection groups.  

  



Relating NR-Minor biopsies to histology. Table 2 shows the % DSA positivity in 

MMDxMod rejection classes in 824 biopsies with DSA test results, high lighting the NR 

and Minor groups. DSA was significantly more prevalent in NR-Minor tan NR-Normal 

(p=0.02). Percent DSA positivity increased in a gradient, from NR-Normal 24% to NR-

Minor 34% to posible ABMR 42% to ABMR 64% (Table2). Class II was distributed 

similarly, with a gradient of NR 15%, Minor 24%, posible ABMR 30%, and ABMR 56%. 

Top genes with increased expresión in NR-Minor vs NR-Normal. Using 49,495 probe sets, 

we determined the top transcripts increased in NR-Minor biopsies versus NR-Normal 

biopsies (Table3). All of the top 20 genes by p-value were previously annotated as IFNG-

inducible,24 increased in ABMR,25 or both.24 Top transcripts included IFNG-inducible 

chemokines CXCL9 and CXCL11, 7 HLA genes (mostly class II), IFNG-inducible genes 

GBP1, GBP4, and GBP5, and NK chemokine CCL4. There was a gradient of increasing 

expresión from NR Normal to NR−Minor to posible ABMR to ABMR for every gene, 

similar to the gradient in % DSA positivity in Table 2. Thus, the transcripts increased in 

NR-Minor vs NR-Normal are part of a continuum from NR-Minor to ABMR. 

Comparing rejection transcripts set scores in DSA positive and DSA No-rejection 

biopsies. To see whether similar ABMR-related molecular heterogeneity existed in 

histology, we divided both MMDx No-rejection and histology No-rejection into DSA 

negative and DSA positive groups (Table 4). Scores were elevated in DSA positive for 

both definitions of NR.  

Thus, DSA positivity in biopsies designated No-rejection by MMDx or by histology is 

associated with subtle increases in ABMR-related transcripts and transcript sets. 

Survival with in MMDxMod rejection groups. In a subset of 543 biopsies (one random 

biopsy per transplant, median follow-up 343 days), 52 grafts failed within 3 years. None 

of the eight MMDxMod classes differed significantly from any other class in pairwise 

comparisons, using post hoc tests (Table5), but the simple size and number of overall 

failures were small. Most failures were not related to rejection in the biopsy: 28 of 52 

failures were in NR-Normal or NR-Minor biopsies. The histology classes also did not 

differ from each other−data not shown. 

It was surprising that ABMR biopsies were seldom followed by failure. Figure 3ª shows 

the failures as “x” on the rejection-based distribution: only 3 of the 52 failures followed 

biopsies with molecular ABMR.   



Multivariable Cox regression análisis was done to assess 3-year death-censored survival. 

Three predictors were significant (<0.05): Early injury (Hazard ratio = 1.86, p = 0.0001), 

TCMR (HR = 1.71, p = 0.001), and TxBx (HR = 1.78, p = 0.002), that is, higher scores 

for each were associated with reduced survival. The overall p-value for the model was 

0.00002. Relative variable importance assessed by proportion chi-square is shown in 

Figure 3B; TxBx>Minor>TCMR>Normal. The bootstrapped error estimate (1.0−the C-

statistic, i.e., 1-AUC) was 0.30. 

For LVEF≤55, 4 variables were significant in multivariable logistic regression: TxBx 

(Odd sratio = 1.6, p = 0.0002), Minor (OR = 0.74, p = 0.003), TCMR (OR = 1.31, p = 

0.008), and Normal (OR = 0.8, p = 0.04). Early Injury was border line significant, at p = 

0.06 (OR=1.19). Higher scores for TxBx, TCMR, and Early Injury were associated with 

low LVEF, and higher scores for Minor and Normal were associated with high LVEF. 

The variable importance plot for predicting LVEF≤55 is shown in Figure 3C (Early 

injury>TCMR>TxBx), and the overall model p-value <0.0001 

Relative importance of molecular rejection scores for predicting survival and function. 

To explore further the paucity of graft los in biopsies called ABMR by MMDx, we 

compared the relative importance of the archetype scores for predicting 3-year survival 

and LVEF using random forest analysis. In Figure S1A, the 5 rejection archetype scores 

(from the archetype model in Figure 2C/D) plus time post-transplant were used to predict 

3-year survival after biopsy. The important scores were TCMR and Early-injury. NR-

Minor and ABMR scores had Little importance, consistent with our observation of few 

failures in ABMR.  

In Figure S1B, we examined the same variables for their relative importance in predicting 

reduced LVEF. The most important variable was time post-transplant, followed by Early-

injury and TCMR scores; NR-Minor and ABMR scores were again not important. 

Abnormal LVEF was defined as ≤55 for this analysis, but other cutoffs (e.g., LVEF<45) 

showed similar results (data not shown).  

  



Discussion 

We analyzed rejection-related gene expresión in heart transplant EMBs currently 

considered to have no rejection to see if minor rejection-related molecular changes were 

being missed. We applied new archetype algorithms to the NR group to distinguish an 

NR-Minor from an NR-Normal group. Compared to NR-Normal, NR-Minor biopsies 

more often had mild histologic inflammation (TCMR1R), and the prevalence of DSA-

positivity was relatively greater in NR-Minor as compared to NR-Normal (although the 

majority of NR-Normal and NR-Minor were DSA-negative.).The most striking 

difference between NR-Minor and NR-Normal was a uniform increase in expresión of 

ABMR-related and IFNG-inducible genes, which increased from NR-Normal to NR-

Minor to posible ABMR to ABMR. DSA and class II DSA also increased in prevalence 

from NR-Normal to NR-Minor to posible ABMR to ABMR. Thus the mild increases in 

ABMR-like transcript expresión may be induced by subtle ABMR mechanisms induced 

by DSA, raising the possibility that ABMR-related stress is much more common tan 

previously appreciated, either by molecular diagnosis or histology.(This does not exclude  

alternative interpretations for the increase in DSA, molecular ABMR-like changes, and 

mild histologic abnormalities in NR-Minor biopsies.) Transcript sets related to effector T 

cells and injury also showed higher scores in NR-Minor vs. NR-Normal. The Minor 

archetype score had no apparent impact on LVEF or survival, both of which were more 

related to the TCMR and Early-injury scores. We conclude that using the 5 archetype 

model to subclassify No-rejection into NR-Normal and NR-Minor presents a more 

complete description of the molecular state of heart transplants and raises the issue of the 

long-term impact of low-level ABMR-like changes for management and prognosis.  

Although TCMR1R lesions are related to TCMR, when histology TCMR1R biopsies had 

molecular rejection, it was usually ABMR (N = 61) or possible ABMR (N = 62). In 411 

histology TCMR1R, there were 123 ABMR-related molecular diagnoses and 30 TCMR-

like diagnoses (16 TCMR and 14 possible TCMR). The association of mild molecular 

ABMR-related changes with mild TCMR-like lesions may be influenced by the difficulty 

in distinguishing intracapillary from interstitial cells by histology,14 but it is also likely 

that ABMR can have a mild interstitial infiltrate as well as intracapillary infiltrate. In 

kidney transplants, the TCMR-related lesions are sometimes found in molecular ABMR 

with no apparent TCMR.26 Thus TCMR1R should raise suspicions of mild molecular 



ABMR, particularly if DSA is present. However, while 133 TCMR1R were NRMinor, 

114 were NR-Normal.  

The lack of effect of ABMR on outcome is noteworthyonly 3 failures were recorded by 

3 years post-biopsy in 76 hearts and 149 biopsies with follow-up. In part, this must reflect 

the success of clinicians in avoiding severe early ABMR, nowvery uncommon in the 

centers participating in this study. The good survival in ABMR, possible ABMR, and 

NR-Minor, and the lack of association of the ABMR and Minor archetype scores on 

LVEF and graft loss in random forest analysis, probably reflects the lack of parenchymal 

(cardiac myocyte) injury in ABMR, which is a microcirculation disease, compared to 

TCMR, which is an interstitial process. Of interest, kidney transplants with early-stage 

ABMR also experience relatively little 3-year loss,2 but late deterioration often follows. 

ABMR in heart transplants emerges as a spectrum with a characteristic molecular 

phenotype, mild functional effects and a relatively benign early prognosis, making 

treatment decisions complex. 

The interpretation of the increased prevalence of DSA and the mild ABMR-like 

characteristics of NR−Minor must acknowledge the complex relationship between DSA 

and ABMR, both in hearts and in kidneys. DSA can be associated with no changes or 

with the ABMR spectrum, but ABMR can also be DSA negative. In the present study, 

DSA was present only in about 65% to 75% of both histologic and molecular ABMR, 

and DSA was present in some NR-normal biopsies. As a predictor of clinical ABMR 

states in kidney and heart transplantation, DSA is often present with no ABMR, and often 

absent in ABMR, both by molecular or histologic assessment. These trends are illustrated 

here (DSA-positive NR-Normal 24% and DSA negative ABMR 34%) and in the kidney 

transplant molecular23 and histologic27 literature, and acknowledged by the Banff 

consensus.28 DSA measurements vary among centers and within centers due to many 

factors and its pathogenicity depends on many factors such as titer, complement binding, 

IgG subclass, specificity, and de novo appearance.29,30 Defining DSA with this level of 

granularity is technically demanding, expensive, and is not SOC among experienced 

centers. Other possible mediators of ABMR should also be studied, including non-HLA 

alloantibodies, autoantibodies, and “missing self” recognition by NK cells.31  

As expected, this multicenter IRB-approved prospective cross-sectional biopsy study has 

limitations. The protocol specified that all center assessments and management be 



standard-of-care, and the centers did not agree to share slides for central histology review. 

Follow-up times in a prospective IRB-approved ongoing biopsy study are of necessity 

relatively short, making the number of events small. Inclusion of indication biopsies is an 

important element, but as a result, the results are cross-section of the biopsied population 

but not the whole transplant population because the most stable patients never have 

indication biopsies. Nevertheless, the analyses within the study population are of interest, 

and the ongoing study will reveal more understanding of outcomes as it continues.  

The association of DSA with NR-Minor biopsies supports the conclusion that the 

increased ABMR-associated transcript expression in NR-Minor biopsies reflects lowlevel 

ABMR mechanisms not recognized by previous molecular and histologic classifications. 

Rather than debating whether “Minor” ABMR-like changes should be called “rejection,” 

we believe that that the results in the future will be expressed quantitatively and 

probabilistically, in relationship to the evidence concerning outcomes and management 

choices at each point along the gradient, and this will require ongoing study.  

The disease mechanisms mediating this subtle “Minor” ABMR stress may involve NK 

cells, which are capable of IFNG release when triggered through their Fc receptors, and 

which are characteristic of kidney25 and heart ABMR.6 The top genes were all previously 

annotated in ABMR and recall the model we previously proposed in which NK cells 

triggered by CD16a Fc receptors engage the Fc portions of IGG bound to donor MHC, 

triggering release of IFNG (and probably other cytokines) and potentially release of 

granule-associated cytotoxic enzymes such as granulysin, with a corresponding change 

in the endothelium such as expression of IFNG-inducible genes CXCL11 and 

HLADRA.6,24,25,32-34  

The long-term impact of NR-Minor changes for late heart transplant syndromes such as 

atrophy-fibrosis, systolic and diastolic dysfunction, and arterial disease (cardiac allograft 

vasculopathy) needs to be established. We are currently adding a new dimension of 

molecular measurements of parenchymal injury to complement the assessment of 

rejection-associated transcripts, and expect to map the disturbed late phenotypes that 

emerge over time and relate early molecular patterns to late phenotypes (PFH et al., 

manuscript in preparation). Late kidney transplant outcomes23 are better predicted by 

parenchymal injury than by rejection activity, although the injury may often be the result 

of rejection, and we anticipate that heart and other transplants will be similar. These 



relationships will ultimately help us to understand the implications of the subtle NR-

Minor phenotype.  
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Figure 1 Strategy to assign supervised classifier and unsupervised archetype molecular scores to the 1320 

biopsies (a previously published set of 889, plus 431 new samples) based on their microarray expression 

measurements, without "overfitting" when using supervised scores. Because class labels (e.g., Rejecting or 

non-rejecting) are used to learn a supervised classifier's rules, a basic principle of supervised analysis is 

that a new sample is never assigned a score by a classifier that used it for training. In unsupervised analysis, 

there are no labels used at any stage, so this restriction doesn't apply. In particular, step 2 outlines these 

details. Supervised (classifier) and unsupervised (PCA, archetypal analysis (AA)) models were built using 

the 889. All 889 were used to generate PCA/AA scores from a single PCA and single AA(4-archetype 

version). Classifier scores were assigned in 10 allotments via 10-fold cross-validation. The single models 

(classifier/PCA/ AA) from the 889 were then used to assign scores to the 431 new samples. An additional 

(5-archetype) model was also built using all 1,320 samples. 



Table1 Histologic Diagnoses and DSA Status in 1,320 Endomyocardial Biopsies 

Mean time of biopsy post-transplant 

(range) in days 
759 (4-10150) 

Mean follow-up time (range) in days  644 (1-3854) 

 MMDx diagnoses  Histology diagnosesa 

Diagnoses  

N (% of 

1,320)  

% DSA 

positive of  

those tested  N (% of 1,320)  

% DSA 

positive of 

 those tested 

      

No rejection 831 

(63%) 

29%  519 (39%) 31%  

Early injury  32 (2%) 41%  - - 

Possible TCMR 38 (3%) 29%  411 

(31%)(TCMR1R) 

34%  

TCMR 79 (6%) 38%  113 (9%) 21%  

Possible ABMR 161 

(12%) 

40%  150 (11%) 54%  

ABMR 176 

(13%) 

65%  71 (5%) 68%  

Mixed (ABMR+TCMR) 13 (1%) 91%  14 (1%) 82%  

All ABMR (including Mixed) 189 

(14%)  

44%  85(6%) 71%  

Incomplete - -  42(3%) - 

DSA status at biopsy (824 tested)     N (% of tested)   

Positive    307 (37%)   

Indication biopsies     (49%)  

Protocol biopsies    (30%)b   

Negative    517 (63%)   

Not tested    496  

      

 

aBiopsy histology diagnoses were converted as follows: pAMR0 No ABMRpAMR1, pAMR1I+, 

pAMR1H+ Possible ABMRpAMR2, pAMR3 ABMRTCMR0R No TCMRTCMR1R Possible TCMR 

(TCMR1R) TCMR2R, TCMR3R TCMR. bDSA positivity was significantly more frequent in indication 

vs protocol biopsies (Chi-square p-value ~ 1E-11). 

  



 

 

Figure 2 Visualizing the new division of NR into NR-Normal and NR-Minor. Biopsies distributed in 

principal component analysis (PCA) based on expression of rejection-associated transcripts (RATs) in 

1,320 heart biopsies, with PC2 vs PC1 in the left panels and PC2 vs PC3 in the right. Each dot is a biopsy, 

colored by: (A and B) The 4 archetype model built using N = 889 biopsies; (C and D) The 5 archetype 

model built using N = 1,320 biopsies; (E and F) The MMDxMod diagnoses in N = 1,320, which are the 

original MMDx diagnoses but subdividing NR into 3 subcategories based on the 5 archetype model. 



Table 2 DSA Positivity in MMDxMod Rejection Classes in 824 Biopsies With DSA Test Results 

  Any DSA  Class II DSA status reported  

Biopsy class  DSA-negative  

DSA-positive  

(% total tested per row) Number tested   

DSA class II-positive 

(% total tested perrow) Number tested  

        

Modified MMDx NR-Normal 207 65 (24%) 272  38 (15%) 262  

 NR-Minor 142 74 (34%)a 216  50 (24%) 208  

 Early injury 10 7 (41%) 17  4 (24%) 17  

 posible TCMR 21 9 (30%) 30  7 (24%) 29  

 TCMR 33 20 (38%) 53  15 (29%) 52  

 posible ABMRb 56 40 (42%) 96  28 (30%) 94  

 ABMR 47 85 (64%)c 132  71 (56%) 126  

 Mixed 1 7 (88%) 8  6 (86%) 7  

Total tested  517 307 (37%) 824  219 (28%) 795d 

        

 

a Chi-square p-value = 0.02 for NR-Normal vs.NR-Minor. bThis includes biopsies called posible ABMR/posible TCMR. c Chi-square p-value <0.001 for NR-Normal 

vs NR-Minor. d 29 biopsies were reported with DSA without specifying class I or class II. 

  



Table 3 Top 20 Differentially Expressed Genes From Class Comparison Between NR-Normal (N=462) and NR-Minor (N=359) 

    Mean expresión 

SYMB Gene Transcript set 

annotationa 

Adjusted p-

valueb  

NR-Normal NR-Minor posible 

ABMR 

ABMR  

        

CXCL11 Chemokine (C-X-Cmotif) ligand 11  ABMR-

RAT,GRIT 

6E-106 25 (23.1-26.9) 118 (116.1-

119.9) 

368 (367.3-

368.8) 

965 (964.4-

965.6)  

HLA-

DRA 

major histocompatibility complex, classII, 

DR alpha  

ABMR-

RAT,GRIT 

1E-105 2507 (2506.4-

2507.6) 

4665 (4664.3-

4665.7) 

6881 (6880.7-

6881.3) 

8753 (8752.7-

8753.3)  

CXCL 9 chemokine (C-X-Cmotif) ligand 9 ABMR-

RAT,GRIT 

3E-105 200 (198.2-

201.8) 

939 (937.1-

940.9) 

2681 (2680.3-

2681.7) 

5172 (5171.5-

5172.5)  

GBP1 guanylate binding protein 1, interferon-

inducible  

ABMR-

RAT,GRIT 

1E-103 84 (83.0-85.0) 213 (211.9-

214.1) 

455 (454.4-

455.6) 

843 (842.4-

843.6)  

HLA-

DRB1 

major histocompatibility complex, class II, 

DR beta 1  

ABMR-

RAT,GRIT 

1E-102 993 (992.4-

993.6) 

1729 (1728.3-

1729.7) 

2611 (2610.6-

2611.4) 

3444 (3443.7-

3444.3)  

HLA-

DPA1 

major histocompatibility complex, class II, 

DP alpha 1  

ABMR-

RAT,GRIT 

6E-101 2278 (2277.3-

2278.7) 

4226 (4225.3-

4226.7) 

6478 (6477.6-

6478.4) 

8542 (8541.7-

8542.3) 

CD 74 CD 74 molecule, major histocompatibility 

complex, class II invariant chain  

ABMR-

RAT,GRIT 

2E-98 773 (772.4-

773.6) 

1410 (1409.2-

1410.8) 

2227 (2226.6-

2227.4) 

2885 (2884.7-

2885.3)  

GABBR1 gamma-aminobutyric acid (GABA) B 

receptor, 1  

ABMR-RAT 3E-95 48 (46.4-49.6) 141 (139.4-

142.6) 

433 (432.5-

433.5) 

1026 (1025.4-

1026.6)  



GBP4 guanylate binding protein 4 ABMR-

RAT,GRIT 

5E-95 50 (49.2-50.8) 97 (96.1-97.9) 178 (177.6-

178.4) 

292 (291.6-

292.4)  

NLRC5 NLR family, CARD domain containing 5  ABMR-

RAT,GRIT 

1E-92 169 (168.4-

169.6) 

261 (260.4-

261.6) 

402 (401.7-

402.3) 

560 (559.7-

560.3)  

CXCL 10 chemokine (C-X-Cmotif) ligand 10  ABMR-

RAT,GRIT 

2E-92 93 (91.6-94.4) 376 (374.4-

377.6) 

955 (954.3-

955.7) 

1922 (1921.5-

1922.5)  

IRF1 interferon regulatory factor 1 ABMR-

RAT,GRIT 

8E-92 162 (161.3-

162.7) 

283 (282.2-

283.8) 

496 (495.6-

496.4) 

739 (738.6-

739.4)  

HLA-

DQA1 

major histocompatibility complex, class II, 

DQ alpha 1  

GRIT 1E-91 117 (116.1-

117.9) 

261 (260.0-

262.0) 

494 (493.4-

494.6) 

748 (747.5-

748.5)  

HLA-

DOA 

major histocompatibility complex, class II, 

DO alpha  

ABMR-

RAT,GRIT 

8E-90 96 (95.1-96.9) 198 (197.1-

198.9) 

345 (344.6-

345.4) 

509 (508.7-

509.3)  

HLA-

DMA 

major histocompatibility complex, class II, 

DM alpha  

GRIT 3E-89 219 (218.4-

219.6) 

385 (384.3-

385.7) 

594 (593.6-

594.5) 

771 (770.6-

771.4)  

PSMB8 proteasome (prosome, macropain) subunit, 

beta type, 8  

GRIT 6E-89 230 (229.3-

230.7) 

369 (368.2-

369.8) 

599 (598.6-

599.4) 

852 (851.6-

852.4)  

HLA-F major histocompatibility complex, class I, F  ABMR-

RAT,GRIT 

1E-88 457 (456.4-

457.6) 

705 (704.4-

705.6) 

1062 (1061.7-

1062.3) 

1491 (1490.7-

1491.3) 

CCL4 chemokine (C-Cmotif) ligand 4 ABMR-RAT 8E-86 39 (37.5-40.5) 129 (127.4-

130.6) 

378 (377.5-

378.5) 

901 (900.4-

901.6)  

GBP5 guanylate binding protein 5 ABMR-

RAT,GRIT 

3E-85 22 (20.6-23.3) 51 (49.6-52.4) 132 (131.3-

132.7) 

295 (294.2-

295.8)  

BTN3A3 butyrophilin, subfamily 3,member A3  ABMR-

RAT,GRIT 

1E-84 122 (121.5-

122.5) 

189 (188.5-

189.5) 

260 (259.7-

260.3) 

358 (357.7-

358.3)  



 

ABMR-RAT, antibody-mediated rejection-associated transcripts; GRIT, interferón gamma-inducible transcripts. 

a False Discovery rate calculated using the Benjamini-Hochberg procedure after a Bayesiant-test. Adjusted p-values represent the comparison between NR and NR-

Minor biopsy groups. 

 

 

 

Table 4 Mean Transcript Set Scoresa for ABMR-Related Transcript Sets Split by DSA Status 

  Expression in MMDx no rejection   Expression in histology no rejection 

  DSA negative  

(N = 342) 

DSA positive  

(N = 142)  

t-testp-value  DSA negative  

(N = 212) 

DSA positive  

(N = 94)  

t-testp-value 

         

ABMR-related transcript sets ABMR-RAT  1.16  1.26  0.005   1.16  1.40  0.0002 

 Rejection-RAT  1.22  1.38  0.003   1.23  1.56  0.0003 

 IFNG-inducible (GRIT3) 1.12  1.18  0.02   1.11  1.23  0.001 

         

 

a Transcript set scores (defined in the Methods), are average fold changes of each transcript set’s gene expression values compared to that of the same genes’ expression 

values in the controls. As fold changes, they are unitless. 

 



 

 

 

 

Figure 3 Relationships of the rejection classes to survival and LVEF. (A) The PC2 vs PC1 plot from Figure 

1E, colored by MMDxMod diagnosis using molecular results in N = 1,320 heart biopsies. X-marks indicate 

transplants that went on to fail at any time postbiopsy. Vari- able importance plots and p-values for 

predicting (B) 3-year postbiopsy survival using multivariable Cox regression. (C) LVEF ≤ 55 using 

multivariable logistic regression. 

 

 

 

 

 

 



Table 5 Distribution of Failures Within 3 Years of Biopsy in MMDxMod Diagnoses 

MMDxMod diagnoses Failures  

(% of row total) 

Probability of  

failure by 3 years  

Total 

     

One random biopsy per patient  

(N = 543, 52 failures (10%)) 

NR-Normal  16 (8%)  0.14  211 

 NR-Minor  12 (10%)  0.15  124 

Early injury  1 (11%)  0.25  9  

possible TCMR  3 (19%)  0.20  16  

TCMR  5 (16%)  0.18  31  

possible ABMR  11 (15%)  0.22  72  

ABMR  3 (4%)  0.06  76  

Mixed  1 (25%)  0.25  4  

     

 

No groups were significantly different from NR-Normal (likelihood ratio test). 

 

 

 

 


