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We are currently completing a licensing agreement 

with One Lambda/Thermo Fisher                              

to commercialize MMDx® as a centralized 

diagnostic service for biopsies:

service laboratories in USA, Europe.
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The unmet need:

Accurate assessment of 
rejection and injury in 
troubled transplants



ATAGC

Unmet needs and opportunities

Failures

Deaths

Complications

Sub-optimal function

Organ transplantation is a 

major force in health care
1,000,000 existing organ transplants

120,000 new transplants each year



What the clinician needs to know                

about a troubled transplant 

Rejection

• T cell-mediated rejection (TCMR)

• Antibody-mediated rejection (ABMR)

• Under-immunosuppression/non-adherence

• Guidance for therapy

Parenchymal wounding (and diseases)

• Acute parenchymal injury (AKI)

• Irreversible injury (atrophy-scarring)

• Risk of progression to failure



Problems with histology

(and other opinion-based diagnostics)

• Empirical: No external gold standard

• Variability between observers

– Estimate of intrinsic error rate

• Based on non-specific lesions

• Requires empirical guidelines (algorithms)

• Experts interpret guidelines: “It depends…”

• Dichotomous (“0 vs. 1”) vs. continuous

• Continually changing: literature challenge



Histology: limited inter-observer agreement 

provides an estimate of “noise”

• “normal vs. abnormal”: good

• diagnosis in abnormal: not good

• for T cell-mediated rejection

– kidney transplant: 50%
• Reeve et al. Am J Transplant 13:645, 2013.

– heart transplant: 28%
• Crespo-Leiro et al Transplantation 94:1172, 2012.

– lung transplant: 0-18%
• Arcasoy et al Am.J.Transplant. 11:320, 2011.

– liver transplant?

• histology does not correlate with function



Disease classification

Mechanistic understanding

Improved diagnostic accuracy

Understand injury and progression

Continuous automated measurements

Why study molecules?



Platform: Discovery/development vs. application

Analysis: Supervised vs. unsupervised

Approaches to high 

dimensionality data



Platform: Discovery/development vs. application

Affymetrix microarrays

Analysis: Supervised vs. unsupervised

Both

Approaches to high 

dimensionality data



What is MMDx®?



The Molecular Microscope                    

Diagnostic System (MMDx®
)

A central diagnostic system that receives biopsies (stabilized in RNAlater 

shipped Fedex room temp.), uses microarrays to measure transcript 

changes, and applies equations to compare each new biopsy to a 

Reference Set, generating an automated report in 29 hours.

Predefined algorithms (classifiers) assign scores that reflect probabilities:

• Rejection Score (TCMR and/or ABMR)

• T cell-mediated rejection (TCMR) Score

• Antibody-mediated rejection (ABMR)

• Acute kidney injury (AKI) Score

• Extent of irreversible damage (Atrophy-scarring Score)

• Risk Score for progression to failure

• Probability of non-adherence: MH/time score

Molecular

MicroscopeTM
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LUNG TRANSPLANT PROGRAM

ATAGC

Advantages and insights from molecular 

measurements: accuracy and safety

• Less tissue: safer (if histology can be dropped e.g. TBB)

– Kidney: one 3mm core: can read medulla (INTERCOMEX)

– Heart: 1-2 bites?  (INTERHEART)

– Lung 1-2 bites: potentially mucosal biopsy (INTERLUNG)

– Liver: INTERLIVER is in planning

• Objective, quantitative, probabilistic

• Standardized assessment: international

• Correct errors in histology: C4d, v-lesions, need for DSA

• Calibrate blood and urine biomarkers

• Mechanisms and druggable targets

• “Theranostic” support: drug development



LUNG TRANSPLANT PROGRAM

ATAGCATAGC

• How much tissue is needed to represent 

the organ? (chip actually needs very little)

• Highly focal diseases

• Search for truth when conventional 

phenotyping is poor (the “fool’s gold 

standard”)

Challenges of molecular 

assessment



FFPE yields only 10% of RNA

Sampling error

FFPE damages the RNA:

False positives, false negatives

Why do we use RNAlater?  Why 

not formalin-paraffin (FFPE)

FFPE is very much second best
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Plan for commercialization of MMDx® services:
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LUNG TRANSPLANT PROGRAM

ATAGC

MMDx for kidney transplants
Using rejection-associated transcripts (RATs)



A supervised approach
(because kidney histology classes are “pretty good”

Developing the kidney 

diagnostic system 



Introducing MMDx®-Kidney

• international collaboration of Canadian, 

European, and USA centers

– Genome Canada

– INTERCOM and INTERCOMEX

Clinicaltrials.govNCT#01299168.

• This required reclassifying all the disease 

states since so many errors were found

• Can read medulla and cortex 

• MMDx® is now ready for commercialization

Reviewed in Nature Reviews Nephrology 12 (9):534-548, 2016.



The current 

MMDx report

page 1

General

Patient ID XPA4756

Name:
XPA96, 

DOB (Y-M-D):
1947-07-01

Age at Bx:
68

Biopsy Site ID XPA96B1

INTERCOM Study ID XPA96

Attending Physician NA

Date Reported (Y-M-D) 2015-04-28

Date Received (Y-M-D) 2015-04-27

Date of Transplant (Y-M-D) 2007-01-27

Date of Biopsy (Y-M-D) 2015-04-21

Clinical Information

Time of Biopsy Post-Tx 8.2 years Biopsy Indication
follow-up from previous biopsy 

(ABMR)

Primary Disease Etiology uncertain Transplant Type Deceased-heart beating

GFR (CG) at Biopsy 20 Tx before Biopsy Yes (PP/IVIG/Ritux)

Proteinuria Pos DSA Status at Biopsy DSA II positive

Haematuria PRA Status at Biopsy Unknown

Local Histopathology Phenotype: the Banff System

Inflammatory/TCMR 

Lesions
ABMR Lesions Atrophy/Scarring Other

i NA ptc NA ci NA BK NA

t NA g NA ct NA

v NA cg NA cv NA

total i NA C4d NA ah NA

mm NA

Banff Diagnosis 1 NA Banff Diagnosis 2 NA

Molecular Phenotype: the Edmonton Molecular Microscope System

Classifier/PBT
Biopsy 

Score

Range in 

Reference Set

%ile compared to 

Reference Set 
Interpretation

Global Disturbance Score 0.01 -5.6 -> 9.33 All:55.5  Late:55.6 Moderate

Acute kidney injury (AKI) Score 0.77 -0.92 -> 1.98 All:71.5  Late:78 High

Atrophy-Fibrosis Score 0.30 0.0 -> 1.0 All:54.2  Late:36.2 Moderate

Rejection Score 0.54 0.0 -> 1.0 All:79.4  Late:75.3 Moderate

TCMR Score 0.01 0.0 -> 1.0 All:49.3  Late:56.2 Low

ABMR Score 0.79 0.0 -> 1.0 All:95.1  Late:91.8 Very High

Pure molecular interpretation

Relatively severe ABMR, with ptc/g and cg features. No TCMR. Relatively mild atrophy-

fibrosis with considerable AKI and inflammation, suggesting recent injury.

Integrated interpretation 
incorporating histo-clinical variables 

can follow as data is available



Nearest 

neighbors (NN) 

analysis

The MMDx-Kidney report compares each new 

biopsy with solved biopsies in the reference set

normal

ABMR

TCMR



Reading kidney biopsy core portions 

(average 3mm) by their mRNA 

expression

MMDx-Kidney

The INTERCOMEX study



Bottom line for INTERCOMEX

(kidney biopsies MMDx-Kidney)

• Clinician feedback indicated that MMDx-

kidney agreed with their clinical 

assessment significantly more frequently 

than did the local histology assessments.

• Clinicians frequently disagree with their 

own local histology assessments (20%).

“Real Time Assessment of Kidney Transplant Indication Biopsies 

by Microarrays: First Results of the INTERCOMEX Study” 

manuscript in preparation



Mechanisms of rejection:

T cell-mediated rejection (TCMR)

Antibody-mediated rejection (ABMR)



ATAGC

J. M. Venner et al. Molecular landscape of T cell-mediated rejection in 

human kidney transplants: Prominence of CTLA4 and PD ligands. Am 

J Transplant 14 (11):2565-2576, 2014.

TCMR landscape and 

classifier



TCMR landscape
top TCMR transcripts (red) in relationship to IFNG effects, the inflammasome, and 

parenchymal injury and dedifferentiation changes

Top 30 TCMR transcripts
e.g. Activated effector T cells: IFNG, CTLA4

APCs: ADAMDEC1, SLAMF8

Unadjusted p value

Strength of association with TCMR phenotype vs. Everything else

J. M. Venner et al. AJT 14:2565-2576, 2014.
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NK

FCGR3A-

IgG(DSA)

MHC

endothelium

Synapse!

Synapse!

TCMR: Effector T cell crosses microcirculation to synapse with APC

(TCR-MHC)  Dendritic cell? Macrophage?

Triggers parenchymal response to wounding (e.g. AKI)

• Effector T cell cross endothelium without killing it.

• Synapse: effector T cell: antigen presenting cell!

• T cell-mediated interstitial inflammation triggers the 

organ response to wounding (e.g. in kidney, AKI)

• We do not know the exact molecular triggers.

• Unlikely to be cytotoxic.

P. F. Halloran, K. S. Famulski, and J. 

Reeve. Molecular assessment of disease 

states in kidney transplant biopsies.

Nature Reviews Nephrology 

doi:10.1038/nrneph.2016.85. Published 

online 27 June 2016.:1-16, 2016.



J. M. Venner, L. G. Hidalgo, K. S. Famulski, J. Chang, and P. F. 

Halloran. The molecular landscape of antibody-mediated kidney 

transplant rejection: Evidence for NK involvement through CD16a Fc 

receptors. Am J Transplant 15:1336, 2015

ABMR Landscape and 

Classifier



The molecular landscape of ABMR

Top 30 ABMR transcripts e.g. 

endothelial

IFNG inducible

NK cells

NK

CD16A (FCGR3A)

CX3CR1
CCL4

Capillary 

endothelium

c3b

c3b

c3b

c3b

c4d

c4d

c4d

c4d

c4d

c4d

Fractalkine

NK receptors engage class I

SLAM proteins, etc

Cytotoxicity:
e.g. granulysin (GNLY), 

FGFBP2, YME1L1

IFNG induces MHC

C

CX3CL1

synapse!

Unadjusted p value

Strength of association with ABMR phenotype vs. Everything else



TCMR

ABMR

Synapse!

Synapse!

Parallels between antigen-specific events in TCMR and ABMR:

The synapse and its consequences

P. F. Halloran, K. S. 
Famulski, and J. Reeve. 
Molecular assessment of 
disease states in kidney 
transplant biopsies.
Nature Reviews 
Nephrology 
doi:10.1038/nrneph.201
6.85. Published online 27 
June 2016.:1-16, 2016.

Endothelial response-to-injury

Parenchymal response-to-injury (“AKI”)
?

CD16-Activated 
NK cell

is very similar to 
TCR-activated 
effector T cell



Olivier Aubert et al JASN in press 2017

ABMR type 1: pre-existing donor-specific antibody

ABMR type 2: new onset donor specific antibody

Type 1 ABMR

Type 2 ABMR

Type 1 ABMR

Type 2 ABMR

These studies of the natural history of ABMR are essential for planning 

new clinical trials of therapy



10y

P. F. Halloran et al. Disappearance of T cell-mediated rejection despite continued antibody-mediated rejection in late kidney 

transplant recipients. JASN Published online 2015 doi: 10.1681/ASN.2014060588, 2015

TCMR becomes rare after 5 

years post transplant, and 

virtually never occurs after 

10 years post transplant

In patients transplanted 

with no DSA, ABMR cases 

begin to present about one 

year post transplant and 

continue to present even 30 

years post transplant

5y  
10y

Why?



Clonal deletion/abortion

Clonal anergy

T regulatory cells

T cell exhaustion

Immune checkpoints: PD1, CTLA4

Why does TCMR stop appearing in 

unselected indication biopsies?

Mechanisms of adaptive T cell tolerance



Why does TCMR cease to occur?

Persistence of Ag leads to T cell exhaustion

K. E. Pauken and E. J. Wherry. SnapShot: T Cell Exhaustion. Cell 163 (4):1038, 2015.



TCMR expresses known checkpoints for T cell responses

PD1-PD1LG/PD2LG, CTLA4-B7-1/B7-2, ICOS-ICOSLG

Unadjusted p value

Strength of association with TCMR phenotype vs. Everything else

J. M. Venner et al. AJT 14:2565-2576, 2014.

PD-L1

PD-L2



Maybe some in protocol biopsies 

reflect exhausted T cells

Do all biopsies with TCMR 

need treatment?

What would happen if we treated a stable kidney 

transplant with checkpoint inhibitor anti PD1?



Pure 

resistant 

TCMR 

induced by 

anti PD1 in 

kidney 

transplant 

stable for 

28 years

E. J. Lipson, S. M. Bagnasco, J Moore Jr., S. Jang, M. J. Patel, A. A. Zachary, D. M. Pardoll, J. M. Taube, and C. G. Drake. Tumor Regression and 

Allograft Rejection after Administration of Anti–PD-1. N Engl J Med 378 (9):896-898, 2016.



The six rejection-related states
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Applying archetype analysis to kidney 

1208 biopsies

How many distinct rejection 

phenotypes are there in organ 

transplants?



Fig 2B

TCMR

Mixed TCMR+
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Early-stage ABMR
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Late-stage ABMR

(cg-dominant) 
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Fig 2C
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Early-stage ABMR

Early-stage
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Fully-developed ABMR

Late-stage

ABMR

(cg-dominant) 

Non rejection
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TCMR
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Mixed
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Early-stage ABMR (Type 2)
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No major abnormalities 

Progression to failure after biopsy

P. F. Halloran et al.  Antibody-mediated rejection, T cell-mediated rejection, and the injury-repair response: new 

insights from the Genome Canada studies of kidney transplant biopsies. Kidney Int (85):258-264, 2014.

Fully-developed ABMR: >1year 

PVN

TCMR

Early-stage ABMR type1

Time of biopsy post transplant (TxBx) predicts case mix for 

indication biopsies: may be relevant for all organs

Injury phenotypes: “wound repair”

Non-adherence-induced rejection

Early stage ABMR type 2 Late-stage ABMR: 

median 10y



Injury, atrophy-fibrosis, progression

Lessons in kidney

(Lessons for heart, lung, liver?)



Molecules can 

assess acute 

injury:

histology cannot

JASN 23:948, 2012



JCI Insight 2016

Fibrosis does not cause failure: it 

reflects injury – “wounding”.  

Injury at the time of transplantation 

causes development of some 

fibrosis but this is just wound repair 

and is not progressive.  

Progression is due to ongoing injury 

from rejection (especially ABMR) 

and disease 



Among indication biopsies with atrophy-fibrosis (ci>1),

early biopsies usually show non-progressive conditions;

late biopsies show progressive diseases (ABMR, GN)
J. M. Venner, K. S. Famulski, J. Reeve, J. Chang, and P. F. Halloran. Relationships among injury, fibrosis, and time in human kidney transplants.

Journal of Clinical Investigation Insight 1 (1):e85323-doi:10.1172/jci.insight.85323., 2016.



J. M. Venner, K. S. Famulski, J. Reeve, J. Chang, and P. F. Halloran. Relationships among injury, fibrosis, and time in human kidney transplants.

Journal of Clinical Investigation Insight 1 (1):e85323-doi:10.1172/jci.insight.85323., 2016.



MMDx for heart transplants

Using rejection-associated transcripts (RATs)



Endomyocardial biopsy

• Drs. Caves and 

Billingham developed 

the concept of 

scheduled 

endomyocardial

biopsies to diagnose 

TCMR before the 

onset of graft 

dysfunction



Reading human EMBs

by their mRNA expression

MMDx-Heart

The INTERHEART study



Endomyocardial biopsies of heart transplants show similar changes in ABMR 

(Loupy et al Circulation accepted pending revisions  2016)



Kidneys, N=1208

“ABMR”

“TCMR”

“No

Rejection”



A normal heart transplant endomyocardial biopsy (EMB)



A heart transplant biopsy with probable 

antibody-mediated rejection
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MMDx-heart report for an 

endomyocardial biopsy with TCMR
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EMB bite 1 vs. EMB bite 2

Reproducibility of MMDx in heart 

transplant EMB bites



Laura Borgese1, Agnese Gaudenzi1, Valentina Manfredini1, 

Ornella Leone1, Valentina Agostini1, Jeff Reeve2, Marco Masetti1, 

Francesco Grigioni1, Philip Halloran2, Luciano Potena1. 

1 Heart Failure and Heart Transplant Unit - S.Orsola-Malpighi Hospital- University of Bologna (Italy)
2 ATAGC - University of Alberta (Canada)

Preliminary insights from the INTERHEART study: 

prospective validation and clinical correlates 

of the Molecular Microscope Diagnostic System 

in heart transplant biopsies. 



Ejection Fraction

P=0.01P=0.4

Histology Molecular microscope



P = 0.03P=0.7

Histology Molecular microscope MMDx-Heart

Right atrial pressure



MMDx®

for lung transplants

The INTERLUNG study

Using rejection-associated transcripts (RATs)



INTERLUNG Study

Transbronchial biopsy

High complications

Histology requires 10 bites

MMDx: 1-2 bites?

Mucosal biopsy

3B-MB:

X
2B-MB?

TBB



First generation TBB biopsy report

(3B-MB to follow)

Although the reference set is small we can use 
kidney  and heart experience to generate a report



FIGURE 1

Figure 1. Left: Separation of transbronchial biopsies into molecular rejection phenotypes

based on expression of 453 rejection-associated transcripts (RATs) derived from kidneys.

A1 is ABMR, A2 is TCMR, and A3 is non-rejection. Right: correlation of the 453 RATs with

rejection (PC1) and ABMR/TCMR (PC2) in N=58 transbronchial biopsies. RATs are colored

by their associated kidney rejection phenotypes.

Separation of lung rejection phenotypes based on kidney rejection-associated transcripts



 
                Alberta Transplant Applied Genomics Centre 
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INTERLUNG Study: Molecular Diagnostic Report 
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PBTs 

NR Rejection 
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The first TBB biopsy reported in the 

MMDx-lung system

The blue triangle indicates that 

this biopsy has rejection genes 

suggesting ABMR-like changes



What we have covered:

• What is MMDx®?

• Mechanisms of rejection: TCMR, ABMR

• The six rejection-related states

• Injury, atrophy-fibrosis, progression

• MMDx
®

for heart transplants

• MMDx
®

for lung transplants

• MMDx
®

for liver transplants: beginning

• Plan: commercial availability in 2017



Thank you!


