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A B S T R A C T

Emerging treatments for antibody-mediated rejection (ABMR, NEJM391 (2):122-132) have 

increased the importance of ABMR detection when donor-specific antibody (DSA) is 

negative. We addressed this issue in the Trifecta-Kidney study (ClinicalTrials.gov 

#NCT04239703) using 3 centralized tests in 690 kidney transplant biopsies: DSA (One 

Lambda Inc), blood donor-derived cell-free DNA (dd-cfDNA, Prospera™ test, Natera, Inc), 

and molecular biopsy assessment (MMDx). We used an “AutoBanff 2022” algorithm to 

model the impact of alternative DSA interpretations on the histologic diagnosis of DSA-

negative ABMR following Banff guidelines, including agreement with dd-cfDNA and mo-

lecular ABMR. Lowering MFI cutoffs for DSA positivity did not improve the detection of 

DSA-negative ABMR. However, simply calling all DSA as positive allowed the Banff 2022 

guidelines to identify 46% more ABMR cases with no measurable conventional DSA, and 

per net reclassification improvement increased agreement between histologic diagnoses 

and both dd-cfDNA (P = 7.72E− 7) and molecular ABMR (P = 7.69E− 7). New ABMR 

cases were as strongly positive for dd-cfDNA and molecular ABMR as those found using 

the conventional DSA interpretation. A validation set analysis using INTERCOMEX study 

data (ClinicalTrials.gov NCT#01299168) confirmed these findings and found that the new 

DSA-negative ABMR cases identified by calling all DSA-positive had the same risk for graft 

loss as those found with conventional DSA interpretation.

Trifecta-Kidney Study ClinicalTrials.gov #NCT04239703
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1. Introduction

In kidney transplantation, antibody-mediated rejection 
(ABMR) is a major cause of functional deterioration and graft 
loss. Fortunately, new treatments such as anti-CD38 mono-
clonals are emerging in clinical trials, 1,2 but these will demand 
accurate assignment of histologic diagnosis, as well as effective 
monitoring of treatment efficacy and relapse. The key features of 
ABMR assessment 3-12 are microcirculation lesions and 
donor-specific human leukocyte antigen (HLA) antibody (DSA), 
as well as elevated plasma donor-derived cell-free DNA 
(dd-cfDNA) 13,14 and molecular features (Molecular Microscope 
Diagnostic System [MMDx]). 15,16 Histologic diagnosis of ABMR 
has been based on microvascular inflammation (MVI), glomer-
ular cg lesions, C4d deposition, and positive DSA, but this has 
been complicated by the recognition that cases with no 
measurable DSA can have typical ABMR-related histologic, 
molecular, and dd-cfDNA findings. 15,17-21 Possible explanations 
proposed for DSA-negative ABMR include natural killer (NK) cell 
recognition of missing-self, 22-24 complete absorption of DSA by 
the kidney tissue, 25 undetected alloantibodies against HLA or 
non-HLA polymorphic proteins, and autoantibodies. 26 The Banff 
system has introduced changes to address the histologic di-
agnoses of ABMR when DSA is negative. 12

The issue of DSA-negative ABMR was central to the launch 
of the Trifecta-Kidney study (ClinicalTrials.gov #NCT04239703). 
This study aimed to clarify the relationships between local 
standard-of-care (SOC) histology at the time of indication biopsy 
and 3 tests measured centrally to ensure standardization: DSA, 
dd-cfDNA, and molecular biopsy assessment. The local SOC 
diagnosis was assigned by local pathologists following their 
interpretation of the current Banff guidelines as known at the 
time of biopsy, but also reflects their “gestalt” assessment 
considering locally available information and clinical suspicions, 
and can sometimes differ from the rigorous application of the 
guidelines. Because the Trifecta study aimed to reflect the SOC 
diagnosis that will guide therapy, no attempt was made to

reinterpret the calls recorded by the local pathologists using 
central review. Dd-cfDNA was measured using the Prospera™ 

test (Natera, Inc), DSA was measured by One Lambda and 
interpreted by LGH, and the molecular phenotype of the biopsy 
was assessed by MMDx. 27,28 The Trifecta-Kidney study previ-
ously found that dd-cfDNA was strongly related to molecular 
ABMR activity as defined by increased expression of NK 
cell-expressed and IFNG-inducible genes, 27,29,30 but was also 
increased in T cell-mediated rejection (TCMR) and AKI 13 ; was 
more strongly related to molecular than histologic rejection 27,31 ; 
and was as elevated in DSA-negative ABMR as in DSA-positive 
ABMR. 14

The present analysis examined options for improving the 
histologic diagnosis of ABMR using the Banff guidelines when 
DSA is negative, and tested agreement between these alter-
natives and both dd-cfDNA and molecular ABMR findings. Our 
hypothesis was that current DSA measurements may be missing 
DSA in some cases with typical ABMR microvascular lesions. 
We developed an “AutoBanff 2022” algorithm to model the 
impact of alternative DSA interpretation on histologic SOC 
ABMR diagnosis by local pathologists following the existing 
Banff guidelines. 12

The study workflow is summarized in Figure 1A, B; abbrevi-
ations used are listed in Supplementary Table S1.

2. Materials and methods

2.1. Population and demographics

Trifecta-Kidney (ClinicalTrials.gov #NCT04239703) is a pro-
spective multicenter study of consenting patients, currently 
involving 64 investigators from 28 transplant institutions under 
local institutional review board-approved protocols as previously 
described. 27 Of 821 biopsies collected, 39 were excluded 
because DSA was not analyzable, and a further 92 cases were 
removed due to missing histology lesion or diagnosis data, 
leaving 690 for these analyses.

Figure 1. Sample inclusion diagram and study workflow for this Trifecta-Kidney N782 study. (A) CONSORT showing sample inclusion and exclusion, 
as well as sample processing methodology for this study. (B) Study design showing analytical workflow for the biopsy and blood-based assessments. 
ABMRM, antibody-mediated rejection plus mixed rejection; CONSORT, consolidated standards of reporting trials.
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Selected analyses were repeated or supplemented with data 
from the International Collaborative Microarray Study Extension 
(INTERCOMEX) study (ClinicalTrials.gov #NCT01299168), 
where a subset of 1709 biopsies (from the published N = 5086 
dataset 28 ) had the recorded histology lesions and clinical data 
necessary for these analyses.

2.2. Sample collection and data processing

The study CONSORT and workflow are outlined in Figure 1A, 
B. Centrally tested HLA antibodies and dd-cfDNA (both quantity 
and percent of total) were measured in blood drawn per estab-
lished protocols (blood for dd-cfDNA was taken immediately 
before the biopsy to avoid detecting dd-cfDNA released by the 
biopsy procedure).

2.3. Microarray analysis

The molecular biopsy phenotype was assessed by MMDx. A 
portion of one core of each biopsy (mean length 3 mm) 32 was 
immediately stabilized in RNAlater and shipped to the Alberta 
Transplant Applied Genomics Centre (Edmonton, Canada, 
http://atagc.med.ualberta.ca) for RNA extraction and processing 
per established protocols 32 using GeneChip PrimeView 219 
Human Gene Expression Arrays (Applied Biosystems). CEL 
files are available on the Gene Expression Omnibus website 
(GSE303670).

2.4. Biopsy sampling, data collection, and histologic 
diagnoses

Molecular analyses were completed and diagnoses sent to 
participating centers usually within 2 working days of receiving 
the biopsy, and were made without knowledge of the biopsy’s 
corresponding histology, clinical data, HLA antibody status, or 
dd-cfDNA results.

Histologic and clinical data, DSA testing results, and local his-
tology diagnoses (based on the local opinion following Banff 
guidelines) were collected at each center per SOC as approved by 
institutional review boards and submitted to the study as available. 
As detailed in the earlier report, 33 histology diagnoses were inter-
preted as “No rejection,” “ABMR,” “possible ABMR” (“pABMR”, 
equivalent to “ABMR suspicious”), “TCMR,” “possible TCMR” 
(“pTCMR”, equivalent to “Borderline”), and “Mixed rejection”, to 
facilitate direct comparison with MMDx (with no knowledge of 
MMDx results) and the AutoBanff simulated histology output (see 
section below in “Methods”). Central histology review was not 
specified in the protocol because it was not SOC.

2.5. Central HLA antibody measurements and DSA 
interpretation

Serum samples for HLA antibody testing were collected at the 
time of biopsy and shipped per standard protocols to One 
Lambda Inc (OLI) for centralized testing. HLA antibodies were 
tested using LABScreen Single Antigen beads (OLI, Canoga 
Park, California) according to the manufacturer’s

recommendations. HLA typing at each center was done per 
SOC and was judged by an expert (LGH) as moderate resolu-
tion. Donor and recipient HLA genotypes provided by each 
center were analyzed along with HLA antibody test results and 
interpreted as DSA by a single expert (LGH), blinded to histol-
ogy, molecular diagnoses, and dd-cfDNA results.

Although HLA antibody specificities were interpreted as posi-
tive using a conventional MFI threshold of 500, and alternate 
thresholds MFI300 or MFI100, we emphasize that DSA assign-
ment did not only depend solely on MFI cutoffs but also on pat-
terns of epitope reactivity and avoidance of nonspecific bead 
reactivities. DSA was generally identified when the beads corre-
sponding to the donor HLA type was ≥500 MFI (ie, conventional 
DSA), ≥300 MFI, or ≥100 MFI. Samples negative for all HLA 
antibodies were labeled panel-reactive antibody (PRA)-negative 
(and by definition DSA-negative); samples positive for HLA anti-
bodies but negative for DSA were labeled as DSA-negative, PRA-
positive. Biopsies from PRA-positive patients with missing/un-
available donor typing were called PRA-High Risk and were 
analyzed here as DSA-positive unless otherwise noted to avoid 
under-calling DSA positivity, as done in previous Trifecta 
studies. 14 Analyzed HLA antibody results were labeled as “sus-
pected non-specific” (SN) when the reactivity pattern followed 
that of well-recognized nonspecific reactivities (also known as 
natural HLA antibodies 34 ) or reactivities that do not align with a 
given epitope, and analyzed here as DSA-negative unless 
otherwise noted, similar to previous analyses. 14 In some ana-
lyses, PRA-High Risk and SN samples were left out to assess 
only clear DSA-positive versus DSA-negative status.

2.6. Statistics

All analyses used version 4.2.2 of R. 35 Net reclassification 
improvement (NRI) used the “improveProb” function in the 
Hmisc package. 36

2.7. AutoBanff model

The effect of calling all DSA as positive or changing DSA 
cutoffs on histology calls following the Banff 2022 guidelines 
was estimated using the previously described “AutoBanff” al-
gorithm 37 updated to simulate the 2022 guidelines. 12 The al-
gorithm was reviewed by 2 Banff-participating pathologists
(Heinz Regele and Agnieszka Perkowska-Ptasi� nska) to be
certain it represented Banff 2022 guidelines as accurately as 
possible. (AutoBanff is a research tool and is not intended to be 
used clinically, but could be made available if pathologists and 
clinicians wish to use it.) AutoBanff, outlined in Figure 2, follows 
through panels A-D in order, using the locally reported 
rejection-associated histology lesions (i-, t-, v-, g-, ptc-, and 
cg-lesions) as well as DSA and C4d status (+/− ) to produce an 
ABMR call (no ABMR, possible ABMR “pABMR,” microvas-
cular inflammation “MVI,” or ABMR) and a TCMR call (no 
TCMR, possible TCMR “pTCMR,” TCMR). These calls and the 
MMDx signouts were both condensed to a set of 6 classes in 
Supplementary Table S2 to permit direct comparison of histol-
ogy and MMDx signouts. The pABMR category (ie, possible
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ABMR or suspicious for ABMR) was combined with MVI into a 
single pABMR/MVI category to compare with MMDx pABMR. 
AutoBanff diagnosed no MVI cases when all DSA was 
considered as positive because this converted the MVI criteria 
to full ABMR.

3. Results

3.1. Study population and demographics

Characteristics of the 690 biopsy population (Table 1) were 
similar to previous Trifecta-Kidney analyses. 14 Of the 690 biopsies, 
634 (92%) were recorded as being for indications. The mean time

of biopsy posttransplant was 1301 days (approximately 3.6 years), 
the mean patient age was 50 years, 38% of patients were female, 
and 75% of kidneys were from deceased donors.

3.2. The effect of calling all DSA-positive on histologic 
recognition of ABMR and mixed rejection

We used an updated AutoBanff algorithm 37,38 (see Methods) 
representing the Banff 2022 guidelines 12 to model the impact of 
alternative DSA interpretations on the SOC histologic diagnoses 
of ABMR and mixed rejection (ABMRM), as well as examine 
agreement between local histology, molecular ABMRM di-
agnoses and dd-cfDNA.

Figure 2. AutoBanff algorithm schematic (reviewed by 2 pathologists—AP and HR), showing the decision tree algorithm for each of (A) TCMR, (B) 
ABMR, (C) Mixed rejection, and (D) No rejection (in this order). AutoBanff uses only rejection-associated lesions and clinical features: g-, ptc-, cg-, v-, 
i-, and t-lesions, as well as C4d and DSA status (positive or negative). If any given condition is false (not met), the path follows through red nodes, and 
if the condition is true (is met successfully), the path follows through green nodes. Diagnostic calls are shown at terminal nodes and consist of 7 
possible outcomes: pABMR (equivalent to “ABMR suspicious”), MVI, ABMR, pTCMR (equivalent to “borderline”), TCMR, Mixed rejection “Mixed”, 
and No rejection “NR.” For further analyses in this study, pABMR and MVI were collapsed into a single pABMR/MVI group. In situations where 
missing data could not impact the final diagnosis, the missing data were ignored; however, in scenarios where missing data would not permit a final 
call on either ABMR or TCMR (ie, missing lesions), the sample was labeled as “inadequate” and left out of further analyses in this study. *If there is 
no TCMR, then ptc > 0; however, if there is TCMR/pTCMR present, ptc > 0 alone is not sufficient, and you must also have g > 0. **This is only valid if 
there is no TCMR/pTCMR present; otherwise, if TCMR/pTCMR are present ptc > 0 alone is not sufficient, and you must have g > 0.
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AutoBanff using current DSA assessments diagnosed 149 
histologic ABMRM and 541 no ABMRM (Table 2). To our sur-
prise, simply calling all DSA as positive allowed AutoBanff to 
identify 68 new ABMRM cases, an increase of 46%, all with no 
measurable conventional DSA.

We examined the details of these 68 newly recognized his-
tologic ABMR cases (Table 3, Fig. 3). Fifty cases had previously 
been called suspicious for ABMR or MVI (ie, pABMR/MVI) using 
the conventional DSA interpretation, indicating typical ABMR 
lesions. In addition, 17 cases previously called TCMR were 
reclassified as Mixed rejection. One case previously called NR 
with conventional DSA was reclassified as histologic ABMR.

3.3. Molecular ABMR and dd-cfDNA findings in the 
additional ABMRM cases identified when all DSA was 
considered positive

A key issue in these analyses was whether considering all 
DSA to be positive improved the agreement between histologic 
ABMR diagnoses and both dd-cfDNA and molecular ABMR 
assessments (Table 4, comparing ABMRM to No ABMRM). 
Using NRI, calling all DSA as positive in the AutoBanff model 
significantly improved agreement with dd-cfDNA (NRI, P = 

7.72E− 7) and molecular ABMR (NRI, P = 7.69E− 7), and even 
with local histology diagnoses (NRI, P = 0.003).

These findings were validated in 1709 biopsies from the inde-
pendent INTERCOMEX study with available histology lesions and 
clinical features required for AutoBanff assessment. Considering all 
DSA as positive significantly improved the agreement between 
AutoBanff ABMRM and both local histology (NRI, P = 9.6E− 6) and 
molecular ABMR (NRI, P = 6.1E− 11) compared with using con-
ventional DSA (Supplementary Table S3).

We specifically compared the 68 new AutoBanff ABMR di-
agnoses identified when all DSA was considered positive to the 
149 cases found by AutoBanff using conventional DSA inter-
pretation (Table 5, showing all 6 diagnostic categories, the 68 
new cases and 149 conventional cases do not overlap). The 68 
newly found DSA-negative ABMR cases were as likely to have 
high dd-cfDNA (71% vs 66%) and molecular ABMRM (63% vs 
66%) as the 149 cases identified using conventional DSA

Table 1
Demographics and clinical features of the Trifecta-Kidney study 
(N = 690) biopsy cohort.

Biopsy characteristics (N = 690)

Days to biopsy posttransplant

Mean 1301

Median (range) 419 (1-13,441)

Days to the most recent follow-up after biopsy

Mean 26

Median (range) 6 (0-308)

Indication for biopsy (% of total)

For cause 634 (92%)

Surveillance 52 (8%)

Missing 4 (1%)

Patient demographics (N = 653)

Mean patient age (range) 50 (18-81)

Age >65 y (count) 79

Mean donor age (range) 45 (5-81)

Patient gender

Male (% of known) 401 (62%)

Female (% of known) 250 (38%)

Not available 2 (0%)

Donor gender

Male (% of known) 339 (57%)

Female (% of known) 260 (43%)

Not available 54 (8%)

Patient ethnicity

African American 100 (15%)

Other 548 (85%)

Not available a 5 (1%)

Donor type (% deceased donor transplants) 477 (75%)

Status at last follow-up

Functioning graft 572 (95%)

Graft failure/return to dialysis 29 (5%)

Patient death with functioning graft 3 (<1%)

Primary disease

Diabetic nephropathy (DN) 113 (17%)

Hypertension/large vessel disease 50 (8%)

Glomerulonephritis/vasculitis (GN) 221 (34%)

Interstitial nephritis/pyelonephritis 5 (1%)

Polycystic kidney disease 67 (10%)

Others 124 (19%)

Unknown etiology 73 (11%)

Table 1 (continued )

Biopsy characteristics (N = 690)

Histology rejection diagnoses (% of known)

No rejection (NR) 341 (49%)

Possible ABMR (pABMR) 63 (9%)

ABMR 104 (15%)

Possible TCMR (pTCMR) 55 (8%)

TCMR 95 (14%)

Mixed rejection 32 (5%)

Not available -

a Some centers preferred not to identify ethnicity.
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interpretation. In addition, 25 of the 68 cases had already been 
assigned SOC ABMR diagnoses by the local pathologists. 
Calling all DSA-positive had minimal effect on the interpretation 
of biopsies called NR by AutoBanff.

The cases called ABMR by local SOC histology but not by 
AutoBanff (even after assuming all DSA was positive) often had 
high dd-cfDNA, molecular ABMR, and even DSA in some cases, 
indicating that the AutoBanff model misses some true ABMR 
(data not shown). This is expected: as noted in the “Introduction” 
section, pathologists interpret the biopsy based on the total in-
formation available to them in addition to the Banff guidelines. 
Noting that the local SOC pathologists will sometimes differ from 

strict application of the guidelines when diagnosing ABMR, we 
found that the strict adherence to Banff 2022 guidelines in

AutoBanff (using conventional DSA interpretation) compared 
with the SOC local histology diagnosis did not improve the 
agreement with dd-cfDNA (NRI, P = .46) or with MMDx ABMRM 

(NRI, P = .63) (see footnote in Table 4). Thus, assigning di-
agnoses using strict adherence to Banff rules did not improve the 
relationship of the histology diagnoses to either dd-cfDNA or 
MMDx.

In summary, when all DSA is considered positive, the Auto-
Banff model and the Banff 2022 histology guidelines detect 46% 

more ABMR and mixed rejection than when using conventional 
DSA thresholds. These newly found DSA-negative ABMR cases 
were as likely to be molecular ABMRM and dd-cfDNA positive as 
those diagnosed using the conventional DSA interpretation. 
Considering all DSA as positive also improved the agreement

Table 2
Using simulated histology diagnoses per rejection calls assigned by the AutoBanff 2022 al-
gorithm to examine the effect of calling all DSA as positive compared with conventional DSA-
positivity (N = 690).

Simulated histology diagnoses using 
conventional DSA-positivity cutoff

Row totals
ABMRM a No ABMRM b

Simulated histology 
diagnoses when 
calling all DSA as 
positive

ABMRM 
a 149 68 (+46%) 217

No ABMRM b 0 473 473

Column totals 149 541 690

Gray shading indicates agreement.

Italics denote rows or columns with sum totals.

Samples with insufficient lesions/features for a Banff rejec�on assessment, ie, missing some/all of the i-, t-, v-, ptc-, cg-, g-lesion scores, DSA status 
(unknown or ambiguous), or C4d status, were called “inadequate” and were le� out of this table (N = 85 samples removed). 

ABMRM, an�body-mediated rejec�on plus mixed rejec�on; DSA, donor-specific an�body.

aABMRM includes clear cases of ABMR or mixed rejec�on only.

bNo ABMRM included TCMR, pTCMR, pABMR, and NR calls.

Table 3
Simulated histology diagnosis categories assigned by the AutoBanff 2022 algorithm with central DSA 
status determined bycalling all DSA as positive (rows) versus using the conventional threshold (excluding 
all “inadequate”, a N = 690 [columns]).

Simulated histology diagnoses using the conventional DSA threshold
ABMR Mixed NR pABMR/MVI pTCMR TCMR Row totals

Simulated 
histology 
diagnoses 
when 
calling all 
DSA as 
positive

ABMR 120 0 1 50 0 0 171
Mixed 0 29 0 0 0 17 46
NR 0 0 263 0 0 0 263
pABMR 0 0 43 22 5 0 70
pTCMR 0 0 0 0 69 0 69
TCMR 0 0 0 0 0 71 71
Column 
totals 120 29 307 72 74 88 690

Bolding and dark gray shading indicates discordant cases.

Light gray shading indicates agreement. 

Italics denote rows or columns with sum totals.

ABMR, an�body-mediated rejec�on. TCMR, T cell-mediated rejec�on. NR, no rejec�on. pABMR, possible ABMR. pTCMR, possible TCMR. MFI, mean 
fluorescence intensity.

aInsufficient lesions/features for a Banff rejec�on assessment, ie, missing some/all of the i-, t-, v-, ptc-, cg-, g-lesion scores, DSA status (unknown or 
ambiguous), or C4d status were labeled “inadequate” and excluded from this table (N = 85).
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between histologic diagnoses and both dd-cfDNA and molecular 
ABMRM.

3.4. Validation testing

We examined the AutoBanff ABMR diagnoses in an inde-
pendent cohort collected in the INTERCOMEX study (Clin-
icalTrials.gov NCT#01299168). In 1709 biopsies with available 
data, AutoBanff diagnosed 166 more ABMR cases (a 45% in-
crease) when all DSA was called positive than when conven-
tional DSA was used (Supplementary Table S3). 
(INTERCOMEX analyses used DSA assessed locally by each 
center because central DSA was not tested in this study). By 
NRI, these newly found DSA-negative ABMR cases agreed 
more with the molecular ABMR diagnoses than those made 
using conventional DSA assessment.

Although Trifecta-Kidney was too recent and had too few post-
biopsy failures to assess outcomes, the larger INTERCOMEX 
study had longer available follow-up and more failures. We 
compared graft outcomes in the ABMRM cases diagnosed by 
AutoBanff using conventional DSA to new DSA-negative ABMR 
cases found by AutoBanff when all DSA was considered to be 
positive. Both the newly diagnosed DSA-negative ABMR group 
and the ABMR diagnosed using conventional DSA interpretation 
had significantly increased graft failure compared with NR (Fig. 4, 
black line, log-rank test comparing conventional DSA ABMRM to 
NR, P = .0014, comparing all DSA as positive ABMRM with NR, 
P = .0038). There was no difference in risk for graft loss between 
the ABMR groups (Fig. 4, green and blue lines, post hoc analysis 
using log-rank test, P = .5).

In the INTERCOMEX data set, compared with local histology, 
AutoBanff considering all DSA-positive agreed better with dd-
cfDNA (NRI, P = 4.2E− 3) and MMDx (NRI, P = 3.1E− 5). 
AutoBanff using conventional DSA interpretation did not improve 
agreement (NRI, P > .05 in both comparisons).

3.5. Effect of lowering MFI thresholds on central DSA-
positive calls

We examined the impact of using lower MFI thresholds on the 
detection of ABMR. Lowering the MFI500 threshold to MFI300 or 
MFI100 resulted in relatively few additional cases being called 
central DSA-positive. In 690 cases, the MFI300 threshold pro-
duced 12 more DSA-positive sera and MFI100 found 30 more 
DSA-positive sera compared with conventional MFI500 (Sup-
plementary Table S4). MFI300 called 4 additional DSA-positive 
ABMRM cases (+3%), and MFI100 called 11 additional DSA-
positive ABMRM cases (+9%). The lower MFI thresholds did 
not improve agreement with dd-cfDNA or molecular ABMR 
because the DSA-positive cases with no molecular ABMRM 

(“false positives”) also rose.
Lowering the MFI500 threshold to MFI300 or MFI100 

increased sensitivity but decreased specificity, with no effect on 
balanced accuracy for the prediction of either molecular ABMR 
or dd-cfDNA by DSA (Supplementary Table S5).

Thus, reducing the MFI threshold for DSA positivity from 500 
to 300 or 100 found somewhat more DSA-positive cases but did 
not improve the overall ability of DSA positivity to predict either 
dd-cfDNA or molecular ABMR.

Although Trifecta-Kidney is not intended to address the rela-
tive value of DSA screening versus dd-cfDNA screening, the DSA 
and dd-cfDNA findings at the time of biopsy in this study indicate 
that dd-cfDNA predicts ABMRM in the biopsy better than DSA, 
and that adding DSA to dd-cfDNA does not improve the predic-
tion of ABMRM by dd-cfDNA alone (Supplementary Table S6).

3.6. PRA-positivity is not an alternative to DSA-
positivity

Because considering all DSA as positive improved the 
agreement between the AutoBanff histology calls and local

Figure 3. Sankey plot showing the redistribution of 
AutoBanff 6 class calls when considering all DSA as 
positive instead of conventional DSA (set at MFI500 
for positivity). The total 690 biopsies with available 
AutoBanff calls are shown as the black node on the far 
left. The middle nodes show the distribution of those 
690 biopsies into 6 classes (pABMR/MVI, ABMR, 
pTCMR, TCMR, Mixed rejection “Mixed”. and No 
rejection “NR”) when using conventional DSA-
positivity inputs, and the far-right nodes show redis-
tribution by AutoBanff when all DSA was considered 
positive. ABMR, antibody-mediated rejection; ABMR-

Prob , ABMR probability classifier score; DSA, donor-
specific antibody; pABMR, possible ABMR; pTCMR, 
possible TCMR; TCMR, T cell-mediated rejection.

L.G. Hidalgo et al. American Journal of Transplantation 26 (2026) 117–130

124



histology ABMR diagnoses, MMDx ABMR diagnoses, and dd-
cfDNA positivity, we also considered whether substituting 
PRA-positivity for conventional DSA would improve the agree-
ment. However, when comparing conventional DSA-positivity 
with PRA-positivity, conventional DSA agreed better with MMDx 
ABMRM (NRI, P = 2.17E− 4), indicating that PRA-positivity was 
not an appropriate substitute for DSA measurements within the 
Banff 2022 guidelines.

4. Discussion

The diagnosis of ABMR and Mixed rejection has been a 
challenge 39 since the first recognition that DSA can be asso-
ciated with microcirculation inflammation 35 years ago, 4,40 and 
the potential availability of new effective ABMR treatments 
makes histologic assessment of ABMR even more important. A 
recent editorial by Cornell et al. 41 states that “even before the 
most recent iteration of the Banff schema defining milder forms 
of AMR for investigation, physicians found difficulties with Banff 
AMR categories, rendering cases vulnerable to

misclassification.” The present analysis of 690 biopsies in 
Trifecta-Kidney examines potential improvements in the his-
tologic assessment of ABMR in cases with no measurable 
DSA. Calling all DSA as positive allowed the existing Banff 
2022 guidelines as modeled in AutoBanff to identify 68 addi-
tional histologic ABMRM cases (a 46% increase over the same 
algorithm using conventionally assessed DSA), and the new 
cases were as often positive for dd-cfDNA and molecular 
ABMR as those already diagnosed using conventional 
thresholds for DSA-positivity. A validation analysis in the 
INTERCOMEX cohort confirmed these conclusions and 
showed that the newly found ABMR cases (all with no 
measurable conventional DSA) had increased risk of graft loss 
similar to that in ABMR cases diagnosed using the conventional 
DSA interpretation. The AutoBanff model indicates that the 
existing Banff rules can diagnose more ABMRM by simply 
considering all DSA to be positive—and these new cases had 
typical histologic ABMR lesions, elevated dd-cfDNA, molecular 
ABMR activity, and comparable increased risk of graft loss 
compared to No rejection. We propose that the next Banff

Table 4
Comparing the simulated histology diagnoses by the AutoBanff algorithm to local histology diagnoses, MMDx 
diagnoses (compressed classes: ABMRM versus No ABMRM), and %dd-cfDNA (in samples with known AutoBanff 
classes assigned and known local histology, N = 690).

Simulated histology 
diagnoses using the 
AutoBanff algorithm d,e,f,g

Local histology diagnoses a 

(summarized from 6 
classes)

MMDx b (summarized from 
6 classes) %dd-cfDNA 

c
Row totals 
(# added 
compared 
with using 
conventional 
DSA)ABMRM 

h No ABMRM i ABMRM 
h No 

ABMRM i
≥1.0 <1.0

Using 
conventional 
DSA

ABMRM 
h 85 64 98 51 98 51 149

No 
ABMRM i

51 490 123 418 181 360 541

Considering 
all DSA as 
positive

ABMRM 
h 110 (+25) 107 (+43) 141 (+43) 76 (+25) 146 (+48) 71 (+20) 217 (+68)

No 
ABMRM i

26 (−25) 447 (43) 80 (−43) 393 (−25) 133 (−48) 340 (−20) 473

Column totals 136 554 221 469 279 411 690

Grey shading indicates agreement.

Italics denote rows or columns with sum totals.

a Net Reclassifica�on Improvement: AutoBanff ABMRM calls per conven�onal DSA vs considering all DSA as posi�ve - agreement with local histology 
ABMRM P=0.003 (direc�onality – considering all DSA as posi�ve is be�er).

b Net Reclassifica�on Improvement: AutoBanff ABMRM calls per conven�onal DSA vs all DSA as posi�ve - agreement with MMDx P = 7.69E-7 (direc�onality 
– considering all DSA as posi�ve is be�er).

c Net Reclassifica�on Improvement: AutoBanff ABMR/Mixed calls per conven�onal DSA vs all DSA as posi�ve agreement with dd-cfDNA ≥ 1.0 P = 7.72E-7 
(direc�onality – considering all DSA as posi�ve is be�er).

d Net Reclassifica�on Improvement comparing AutoBanff using conven�onal DSA vs local histology agreement with MMDx: P = 0.63.

e Net Reclassifica�on Improvement comparing AutoBanff considering all DSA as posi�ve vs local histology - agreement with MMDx: P = 3.1E-5.
f Net Reclassifica�on Improvement comparing AutoBanff using conven�onal DSA vs local histology - agreement with dd-cfDNA: P = 0.46.

g Net Reclassifica�on Improvement comparing AutoBanff considering all DSA as posi�ve vs local histology - agreement with dd-cfDNA: P = 4.2E-3.

h ABMRM includes clear cases of ABMR or Mixed rejec�on only. 

i Samples with insufficient lesions/features for a Banff rejec�on assessment i.e. missing some/all of the i-, t-, v-, ptc-, cg-, g-lesion scores, DSA status 
(unknown or ambiguous), or C4d status were labeled ‘Inadequate’ and excluded from this table (N = 85). 'No ABMRM' included TCMR, pTCMR, pABMR and 
NR calls. Abbrevia�ons: ABMRM, an�body-mediated rejec�on plus Mixed rejec�on; dd-cfDNA, donor-derived cell-free DNA; DSA, donor-specific an�body; 
MMDx, the Molecular Microscope Diagnos�c System.
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consensus meeting consider adding this nuance to the Banff 
guidelines, to avoid missing ABMR cases when DSA is nega-
tive but ABMR lesions are present. In contrast, lowering MFI 
cutoffs did not improve the ability of DSA to predict ABMR 
because while sensitivity increased, specificity fell.

We acknowledge that AutoBanff is a model that cannot fully 
simulate how pathologists actually assess ABMR or DSA in 
SOC. The fact that local pathologists are already diagnosing 
some of the new DSA-negative ABMR cases with high dd-cfDNA 
and MMDx ABMR reminds us that pathologists use judgment 
rather than simply following guidelines. We found that strictly 
using guidelines was not better at predicting dd-cfDNA or

molecular ABMR diagnoses compared with the SOC histologic 
diagnosis by the pathologist. 37 The AutoBanff approach makes 
no assumptions 42 but simply assigns the diagnoses according to 
Banff 2022 guidelines, which were never intended to replace the 
professional expertise of pathologists. Trifecta-Kidney does not 
attempt to evaluate the merits of the Banff guidelines 
themselves.

Although the mechanisms of DSA-negative ABMR remain 
elusive despite extensive studies, 15,17,18,21 the ultimate mecha-
nism is likely to have a crucial role for NK cells and their products 
such as IFNG. NK cell localization in MVI lesions and ABMR NK 
cell activation is well-recognized, 42-44 presumably controlled by

Table 5
Features of AutoBanff diagnostic groups using conventional DSA versus those when all DSA is considered positive 
(N = 690).

AutoBanff 
diagnosis AutoBanff version

Fraction called 
ABMRM by 
local histology

Fraction called 
ABMRM by 
MMDx

Fraction called 
conventional 
DSA-positive 
(central 
conventional 
DSA)

Fraction called 
central %dd-
cfDNA-
positive (≥1)

Continuous 
%dd-cfDNA 
(mean, 
standard 
deviation)

No rejection

Using conventional DSA (N = 
307) 9/307 (3%) 29/307 (9%) 51/307 (17%) 61/307 (20%) 0.33 (0.09-

1.34)

Considering all DSA as positive 
(N = 263) 7/263 (3%) 21/263 (8%) 51/263 (19%) 53/263 (20%) 0.34 (0.09-

1.39)

pABMR/MVI
Using conventional DSA (N = 72) 21/72 (29%) 44/72 (61%) 

a
22/72 (31%) 

c
44/72 (61%) 

e 1.06 (0.29-
3.87) 

g

Considering all DSA as positive 
(N = 70) 5/70 (7%) 24/70 (34%) 

a
22/70 (31%) 

c
18/70 (26%) 

e 0.45 (0.12-
1.64) 

g

ABMRM Using conventional DSA (N = 85/149 (57%) 98/149 (66%) 
b

98/149 (66%) 
d

98/149 (66%) 
f 1.39 (0.48-

149) 3.98) 
h

Considering all DSA as positive 
(N = 217) 110/217 (51%) 141/217 

(65%) 98/217 (45%) 146/217 
(67%)

1.32 (0.42-
4.17)

Newly identified cases only (N = 
+68) 25/68 (35%) 43/68 (63%) 

b
0/68 (0%) 

d
48/68 (71%) 

f 1.19 (0.31-
4.52) 

h

pTCMR
Using conventional DSA (N = 74) 5/74 (7%) 12/74 (16%) 15/74 (20%) 27/74 (36%) 0.58 (0.15-

2.24)

Considering all DSA as positive 
(N = 69) 5/69 (7%) 9/69 (13%) 15/69 (22%) 26/69 (38%) 0.58 (0.15-

2.26)

TCMR
Using conventional DSA (N = 88) 15/88 (17%) 38/88 (43%) 22/88 (25%) 49/88 (56%) 0.89 (0.25-

3.21)

Considering all DSA as positive 
(N = 71) 9/71 (13%) 26/71 (37%) 22/71 (31%) 36/71 (51%) 0.81 (0.22-

2.94)
Italics denote new ABMRM cases only.

Samples iden�fied as TG (including TG in combina�on with other histologic findings) by local histology were typically iden�fied as ‘pABMR’ by the AutoBanff 
algorithm.

ABMRM, an�body-mediated rejec�on plus mixed rejec�on; dd-cfDNA, donor-derived cell-free DNA; DSA, donor-specific an�body; pTCMR, possible T cell-
mediated rejec�on; MMDx, the Molecular Microscope Diagnos�c System, TCMR, T cell-mediated rejec�on.

aChi-squared, P = .002.

bChi-squared, P = .84.

cChi-squared, P = 1.0.

dChi-squared, P = .0099.
eChi-squared, P = 4.45E−5.

fChi-squared, P = .59.

gWelch’s t-test, P = .4.

hWelch’s t-test, P = .0001.
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the balance between activating and inhibitory signals due to 
donor-recipient HLA class I differences and others. NK cells are 
localized in microcirculation lesions in ABMR, 45 and NK 
cell-expressed genes are increased in biopsies with ABMR or 
Mixed rejection, presumably reflecting NK cell localization and 
activation through their primary Fc receptor CD16a. 43 The recent 
felzartamab study offers more evidence for the role of NK cells in 
DSA-positive ABMR 1,2 : felzartamab therapy was associated 
with regression of ABMR NK and IFNG-inducible gene activity, 
with minimal change in DSA, and recovery of blood NK cells was 
associated with relapse.

With detection and management of ABMR now a central 
issue for clinicians in kidney and heart transplantation, the fact 
that DSA-negative and DSA-positive ABMR have identical mo-
lecular phenotypes and long-term outcomes 15 leads naturally to 
the possibility that certain novel therapies effective in 
DSA-positive ABMR will be tested in DSA-negative ABMR. For 
example, anti-CD38 suppresses ABMR through its NK-depleting 
properties, and DSA-negative ABMR should be included in the 
trials of anti-CD38. Some ABMR cases that are called “DSA-- 
negative” may be mediated by DSA undetected by current 
platforms, and thus may benefit from depletion of plasma cells, 
reducing IgG half-life using efgartigimod to inhibit the neonatal 
Fc receptors or using imlifidase to temporarily inactivate all 
IgG. 46 It is probable that both antibody-dependent and 
antibody-independent mechanisms of NK cell activation are 
involved in all ABMR. Moreover, therapies that reduce DSA 
levels may improve outcomes in DSA-negative ABMR by 
depleting antibodies not detected as DSA, such as

alloantibodies against non-HLA polymorphisms. Moreover, the 
utility of other treatments often used for ABMR such as plas-
mapheresis, rituximab, anti-IL6, or anti-IL-6R, and proteasome 
inhibitors need to be re-examined.

We do not advocate for omitting DSA from patient follow-up 
or from the Banff histology classification. DSA is an intrinsic 
component of the cognate immune response to alloantigens 
and is strongly associated with molecular ABMR in kidney and 
heart transplants. The detection of DSA, like the detection of 
dd-cfDNA, increases the probability that ABMR is operating. 
We cannot rule out either subthreshold emerging DSA or 
waning DSA levels as a cause of DSA-negative ABMR due to 
the cross-sectional nature of the study. Early-stage and late-
stage molecular ABMR are both more likely to be DSA-
negative than fully developed ABMR. 15 More granularity in 
DSA assessment and details such as eplets finds concealed 
DSA associated with ABMR. 47 Our studies also found more 
DSA with lower MFI thresholds (although this did not improve 
the balanced accuracy of predictions). In addition, other details 
of DSA improve its utility, eg, de novo anti-DQ versus a weak 
anti-Class I.

In the context of recent literature, our findings are compatible 
with those in Sablik et al., 48 which found no significant differences 
in clinical features, allograft function, or graft survival between 
DSA-positive and DSA-negative cases called suspicious for 
chronic active ABMR versus DSA-positive cases called fully 
developed chronic active ABMR. Our analyses also found minimal 
molecular, histologic, or dd-cfDNA-associated differences be-
tween DSA-negative cases with otherwise consistent ABMR

Figure 4. Outcomes analysis of groups in the inde-
pendent INTERCOMEX population by Kaplan-Meier 
curves, using one random biopsy per transplant, and 
excluding any cases where 3 years post-biopsy 
outcome data were unavailable. Two ABMRM groups 
are compared: (1) all ABMRM called by the AutoBanff 
algorithm incorporating conventional DSA (green line), 
(2) new ABMRM cases identified by the AutoBanff al-
gorithm when all DSA was considered to be positive 
(blue line, no overlap with the group in “1”), and (3) No 
rejection cases agreed upon by AutoBanff using con-
ventional DSA positivity and AutoBanff considering all 
DSA as positive (black line). Post hoc analyses using a 
log rank test found that the ABMRM groups were not 
significantly different from each other in terms of like-
lihood of graft failure (P = .5), but both were signifi-
cantly more likely to fail than the No rejection group 
(conventional DSA ABMRM, P = .0014, considering all 
DSA as positive ABMRM, P = .0038). Abbreviations: 
ABMRM, antibody-mediated rejection plus Mixed 
rejection.
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features, versus full ABMR with DSA-positivity. In contrast with our 
results, a recent study 47 found a mild “borderline ABMR” pheno-
type with MVI lesions and negative DSA of which the character-
istics fell between full ABMR and NR. Our findings cannot be 
directly compared with that study because we focused exclusively 
on DSA-negative ABMR and did not include any eplet-directed or 
misclassified anti-HLA DSA. In the most recent iteration of the 
Banff guidelines, most of our cases called pABMR/MVI that tran-
sitioned to full ABMR when all DSA was considered positive meet 
the criteria for “MVI,” 12 ie, they have all the necessary criteria for 
full ABMR only excluding DSA-positivity. Further discussion of 
these criteria could consider the results presented in this manu-
script—primarily that many of these MVI cases have molecular 
ABMR and elevated dd-cfDNA.

In conclusion, the histologic identification of DSA-negative 
ABMR can be addressed within the existing Banff rules by 
adding a step in which all DSA is considered positive. Both in 
the Trifecta-Kidney cohort and in the INTERCOMEX validation 
analysis, this step found 46% and 45% more ABMR cases with 
typical lesions, molecular ABMR, dd-cfDNA, and risk of graft 
loss despite lacking measurable conventional DSA. However, 
simply adjusting MFI thresholds is not useful. Although the 
AutoBanff algorithm was not designed as a clinical tool, it could 
be made available to pathologists for use as a model, eg, in 
cases with MVI ≥ 2 but no detectable DSA. 47 We believe that 
our proposal to detect DSA-negative ABMR using Banff 
guidelines but calling all DSA-positive—and indeed, all 
changes proposed to the Banff guidelines—should be sub-
jected to prospective testing in controlled trials to determine the 
actual impact on real-time SOC histology diagnoses in the 
hands of expert pathologists.
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