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ABSTRACT

BACKGROUND

The heterogeneous clinical presentation of graft microvascular inflammation
poses a major challenge to successful kidney transplantation. The effect of micro-
vascular inflammation on allograft outcomes is unclear.

METHODS

We conducted a cohort study that included kidney-transplant recipients from more
than 30 transplantation centers in Europe and North America who had undergone
allograft biopsy between 2004 and 2023. We integrated clinical and pathological
data to classify biopsy specimens according to the 2022 Banff Classification of
Renal Allograft Pathology, which includes two new diagnostic categories: probable
antibody-mediated rejection and microvascular inflammation without evidence of
an antibody-mediated response. We then assessed the association between the
newly recognized microvascular inflammation phenotypes and allograft survival
and disease progression.

RESULTS

A total of 16,293 kidney-transplant biopsy specimens from 6798 patients were as-
sessed. We identified the newly recognized microvascular inflammation phenotypes
in 788 specimens, of which 641 were previously categorized as specimens with no
evidence of rejection. As compared with patients without rejection, the hazard ratio
for graft loss was 2.1 (95% confidence interval [CI], 1.5 to 3.1) among patients with
microvascular inflammation without evidence of an antibody-mediated response and
2.7 (95% CI, 2.2 to 3.3) among patients with antibody-mediated rejection. Patients
with a diagnosis of probable antibody-mediated rejection had a higher risk of graft
failure beyond year 5 after biopsy than those without rejection (hazard ratio, 1.7;
95% CI, 0.8 to 3.5). Patients with a diagnosis of either newly recognized microvas-
cular inflammation phenotype had a higher risk of progression of transplant glo-
merulopathy during follow-up than patients without microvascular inflammation.

CONCLUSIONS
Microvascular inflammation in kidney allografts includes distinct phenotypes, with
various disease progression and allograft outcomes. Our findings support the clini-
cal use of additional rejection phenotypes to standardize diagnostics for kidney
allografts. (Funded by OrganX. ClinicalTrials.gov number, NCT06496269.)
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ND-STAGE KIDNEY FAILURE POSES A

substantial challenge to patients and cli-

nicians, with markedly high morbidity,
mortality, and costs.!? Although kidney trans-
plantation is the treatment of choice, allograft
rejection remains a major cause of long-term al-
lograft loss. A deeper understanding of the multi-
faceted response leading to allograft rejection is
needed.>*

Antibody-mediated alloimmune responses are
widely recognized to play a key role in the failure
of kidney allografts,” with allograft microvascular
inflammation constituting the hallmark histo-
logic lesion of antibody-mediated graft injury.®
However, the frequent occurrence of graft micro-
vascular inflammation in the absence of circu-
lating donor-specific anti-HLA antibodies (here-
after referred to as donor-specific antibodies)
highlights the incomplete understanding of the
mechanisms underlying the associated inflam-
mation.”® This heterogeneous presentation poses
a major clinical challenge because current treat-
ment strategies are often ineffective, which hin-
ders improvements in allograft outcomes and
patient care.’ Thus, refinement of the definition
of graft microvascular inflammation phenotypes
according to the presence or absence of antibody-
mediated features would be of great importance
for understanding the complexity of this alloim-
mune response and might improve allograft-relat-
ed precision diagnostics and personalize immuno-
suppressive treatments.

Because of this clinical need, two new cate-
gories have been introduced into the diagnostic
framework of the 2022 Banff Classification of
Renal Allograft Pathology, which is the accepted
standard for the diagnosis of allograft rejection
in kidney-transplant recipients. The first category
— microvascular inflammation or injury, donor-
specific antibody—negative, and C4d-negative (MVI,
DSA-negative, and C4d-negative) — includes cases
of allograft rejection without evidence of an an-
tibody-mediated response. The second category
— probable antibody-mediated rejection — in-
cludes donor-specific antibody—positive cases with
a mild form of microvascular inflammation in
the absence of C4d deposition, which is a marker
of antibody-mediated allograft damage.!® As these
diagnostic modifications are integrated into rou-
tine practice worldwide, they will probably have
major implications for therapeutic decision mak-
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ing and patient care."! To date, the clinical impor-
tance of these newly recognized phenotypes is
unclear, and whether treatment is warranted for
either newly recognized microvascular inflamma-
tion phenotype remains uncertain.!’

We conducted a large, population-based, mul-
ticenter cohort study including more than 16,000
biopsy specimens from both adult and pediatric
kidney-transplant recipients to investigate the
clinical relevance of allograft microvascular in-
flammation. We assessed the implications of the
newly recognized phenotypes with regard to
precision diagnostics for kidney allografts, risk
stratification for allograft outcomes, and poten-
tial therapeutic strategies.

METHODS

STUDY OVERSIGHT

The study protocol (available with the full text of
this article at NEJM.org) was approved by the
internal institutional review board of the Paris
Transplant Institute. All the patients or their par-
ents or legal guardians provided written informed
consent to participate. The study was conducted in
accordance with the Declaration of Helsinki, the
International Council for Harmonisation guide-
lines for Good Clinical Practice, and the Declara-
tion of Istanbul on Organ Trafficking and Trans-
plant Tourism.

STUDY POPULATION
This multicenter population-based study included
6798 adult and pediatric kidney-transplant recipi-
ents who had undergone allograft biopsy between
March 1, 2004, and December 31, 2023. These
patients were followed at more than 30 Europe-
an and North American transplantation centers
and were included in three international multi-
center cohorts (the Paris Transplant Group cohort
[ClinicalTrials.gov number, NCT03474003], the
University of Wisconsin—Madison cohort, and the
Pediatric Transplant Recipient cohort [National
Institutes of Health project 1R21DK122229-01]),
as well as two clinical trials (KTD-Innov [Kidney
Transplantation Diagnostics Innovation study;
NCT03582436] and EU-TRAIN [European Trans-
plantation and Innovation study; NCT03652402])
(see the Supplementary Appendix).

We reported the study findings according to
the Strengthening the Reporting of Observational
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Studies in Epidemiology (STROBE) statement.!?
The completed STROBE checklist is provided in
Table S1 in the Supplementary Appendix (avail-
able at NEJM.org). Table S2 shows the represen-
tativeness of the study patients. The flow chart
of the study is provided in Figure S1.

The first three authors and the last author
designed the study, analyzed the data, and edited
the first draft of the manuscript. All the investi-
gators contributed to data collection. The first
two authors wrote the first draft of the manu-
script, which was reviewed by all the authors.
The last author made the decision to submit the
manuscript for publication and vouches for the
accuracy and completeness of the data and for
the fidelity of the study to the protocol.

DATA COLLECTION

Kidney-allograft biopsies were performed either as
protocol-based surveillance or because of a clinical
indication, according to the standard clinical prac-
tice at each study center. All data available at the
time of transplantation and allograft biopsy were
collected as part of routine clinical care, recorded
in the database at the study center in compliance
with local and national regulations, and submit-
ted anonymously for analysis at the Paris Trans-
plant Institute. Clinical data included demograph-
ic characteristics, transplantation characteristics,
and all biopsy information necessary for a com-
prehensive assessment and diagnosis of kidney-
allograft rejection according to the 2019 and 2022
Banff classifications, including Banff lesion scores,
donor-specific antibody status, and findings on
C4d staining.

Kidney-allograft pathological data were re-
corded according to the Banff criteria for patho-
logical assessment of renal allografts (see the
Methods section in the Supplementary Appendix
and Table S3). Circulating donor-specific anti-
bodies against HLA-A, HLA-B, HLA-Cw, HLA-DR,
HLA-DQ, and HLA-DP were assessed with the use
of single-antigen flow bead assays (see the Sup-
plementary Appendix).

DIAGNOSTIC CLASSIFICATION OF BIOPSY SPECIMENS
For each biopsy specimen, we assigned kidney-
allograft diagnoses according to the 2019 and
2022 Banff classifications (see the Methods sec-
tion in the Supplementary Appendix) with the use
of the validated computer-based Banff automa-
tion system.'®131* To enable the system to render
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diagnoses according to the most recent Banff
classification, the automation system was updat-
ed to comply with the 2022 Banff classification
rules, as detailed in the Methods section in the
Supplementary Appendix and in Table S4. We used
multimodal data to acquire a precise diagnostic
classification, assigning each biopsy specimen a
diagnosis related to antibody-mediated rejection
or microvascular inflammation, T-cell-mediated
rejection, or mixed rejection (co-occurrence of
antibody-mediated rejection and T-cell-mediated
rejection) or a diagnosis unrelated to allograft
rejection (nonrejection), depending on the version
of the Banff classification that was used.

OUTCOMES
The outcomes of interest were microvascular
inflammation-related diagnoses according to
the 2022 Banff classification and allograft loss,
defined as a definitive return to dialysis or pre-
emptive kidney retransplantation. Secondary out-
comes were new or recurrent antibody-mediated
rejection and transplant glomerulopathy, a chron-
ic and progressive form of allograft injury, in pa-
tients with a first microvascular inflammation—
related diagnosis.

STATISTICAL ANALYSIS

Continuous variables were described with the use
of means and standard deviations or medians
and interquartile ranges. We generated Sankey
diagrams using the R software packages ggplot2,
version 3.5.1, and ggalluvial, version 0.12.5 (R
Foundation for Statistical Computing), to visual-
ize the diagnoses based on the 2019 Banff clas-
sification that were reclassified according to the
2022 Banff classification. To evaluate the as-
sociation between microvascular inflammation
phenotypes and long-term outcomes of interest
(including allograft loss, new or recurrent anti-
body-mediated rejection, and transplant glomeru-
lopathy), we excluded patients with multiorgan
transplantation and limited the time-to-event
analyses to patients included in studies with more
than 1 year of follow-up.

Risk assessment was conducted at the time of
allograft biopsy. For patients who had undergone
multiple biopsies, risk assessment was conducted
on the date of biopsy on which a rejection-related
event occurred or on the date of the first biopsy
after transplantation if rejection did not occur
during the first 12 months of follow-up (with an
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extension to 14 months to account for delayed
surveillance biopsies). We excluded patients with
BK virus nephropathy and new or recurrent glo-
merulonephritis. Survival was analyzed for a
maximum of 10 years after biopsy, with kidney-
graft loss as the event of interest. Data on graft
survival were censored at the time of death or
the date of the last recorded follow-up. Kidney-
allograft survival data were plotted on Kaplan—
Meier curves. We used univariable Cox models to
assess the association between diagnoses reclas-
sified as a microvascular inflammation-related
event and death-censored graft survival. A sensi-
tivity analysis was conducted with the Aalen—
Johansen estimator to assess the cumulative in-
cidence of allograft loss during follow-up, with
death treated as a competing risk.

We used the Aalen-Johansen estimator to eval-
uate the cumulative incidence of new or recurrent
antibody-mediated rejection and transplant glo-
merulopathy during follow-up among patients
with a first microvascular inflammation-related
diagnosis, treating patient death and graft fail-
ure as competing risks. The risk of new or recur-
rent antibody-mediated rejection or transplant glo-
merulopathy was assessed with a semiparametric
Fine—Gray competing-risk model. The proportional
hazards assumption appeared to be reasonable
in the Cox and Fine—Gray models. The widths of
the confidence intervals were not adjusted for mul-
tiplicity and may not be used in place of hypothesis
testing.

Subgroup analyses with stratification accord-
ing to clinical scenarios and subpopulations were
conducted to evaluate the robustness of the find-
ings. The subgroup analyses included an assess-
ment of the association between glomerulitis and
peritubular capillaritis lesions and outcomes, an
assessment of the effect of subthreshold micro-
vascular inflammation (defined as a combined
glomerulitis score and peritubular capillaritis
lesion score of <2 according to the Banff lesion
scoring system) on outcomes, an assessment of
the effect of biopsy reason (protocol-based sur-
veillance vs. clinical indication) on outcomes,
and an assessment of graft survival in patients
with functioning allografts at year 5 after biopsy.
All statistical analyses were performed with the
use of R software, version 4.2.0 (R Foundation
for Statistical Computing), and Stata software,
version 17.0 (StataCorp).
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RESULTS

PATIENTS

A total of 6798 kidney-transplant recipients who
had undergone at least one kidney-allograft bi-
opsy after transplantation were included in the
main analysis. Characteristics of the patients at
the time of transplantation are provided in Ta-
ble 1. The mean (+SD) age of the patients was
44.6+19.4 years, 2590 of 6708 (38.6%) were fe-
male, and 5270 of 6705 (78.6%) had received a
transplant from a deceased donor. With regard
to transplantation-related immunologic charac-
teristics, 851 of 6691 patients (12.7%) had un-
dergone retransplantation, 108 of 6736 (1.6%)
had an ABO-incompatible kidney transplant, and
1305 of 5204 (25.1%) had circulating donor-specif-
ic antibodies. Detailed characteristics of the adult
and pediatric cohorts are provided in Table S5.

MICROVASCULAR INFLAMMATION PHENOTYPES
ACCORDING TO THE 2022 BANFF CLASSIFICATION
We analyzed 16,293 kidney-transplant biopsy spec-
imens. The median time from transplantation to
biopsy was 8.1 months (interquartile range, 3.0
to 14.1).

We identified the newly recognized microvas-
cular inflammation phenotypes in 788 specimens
(4.8%), of which 503 (3.1%) had a phenotype of
MVI, DSA-negative, and C4d-negative and 285
(1.7%) had a phenotype of probable antibody-
mediated rejection. Of the specimens with a phe-
notype of MVI, DSA-negative, and C4d-negative,
most (63.3%) had been obtained because of a
clinical indication for biopsy; the median time
from transplantation to biopsy among specimens
with this phenotype was 11.3 months (interquar-
tile range, 3.0 to 16.1). Similarly, of the specimens
with a phenotype of probable antibody-mediated
rejection, most (57.1%) had been obtained because
of a clinical indication for biopsy; the median time
from transplantation to biopsy among specimens
with this phenotype was 10.7 months (interquar-
tile range, 3.0 to 22.8).

A total of 2563 biopsy specimens were ob-
tained from patients with a diagnosis of allograft
rejection according to the 2022 Banff classifica-
tion. The diagnoses included active antibody-
mediated rejection (in 1242 specimens), chronic
active antibody-mediated rejection (in 390), acute
T-cell-mediated rejection (in 705), chronic active
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T-cell-mediated rejection (in 54), and mixed re-
jection (in 172). Diagnoses of mixed rejection
included active antibody-mediated rejection and
acute T-cell-mediated rejection (in 129 specimens),
active antibody-mediated rejection and chronic
active T-cell-mediated rejection (in 5), and chron-
ic active antibody-mediated rejection and acute
T-cell-mediated rejection (in 38). A total of 999
specimens were obtained from patients with a
rejection-related diagnosis according to the 2022
Banff classification, which included borderline
(suspicious) for acute T-cell-mediated rejection
(in 900) and chronic antibody-mediated rejec-
tion (in 99).

A total of 11,943 biopsy specimens were ob-
tained from patients with a nonrejection-related
diagnosis according to the 2022 Banff classifica-
tion. Detailed characteristics of the biopsy spec-
imens are provided in Table 1 and Table S6.

RECLASSIFICATION OF MICROVASCULAR
INFLAMMATION—RELATED DIAGNOSES

Diagnoses of kidney-allograft pathological find-
ings were assigned according to the 2019 and
2022 Banff classifications. The reclassification
of microvascular inflammation-related diagnoses
between the 2019 and 2022 Banff classifications
is shown in Figure 1 and Figure S2.

We included 16,293 biopsy specimens in the
reclassification analysis. A total of 641 speci-
mens were from patients with a nonrejection-
related diagnosis according to the 2019 Banff
classification that was reclassified as MVI, DSA-
negative, and C4d-negative (in 391 specimens) or
probable antibody-mediated rejection (in 250 spec-
imens) according to the 2022 Banff classifica-
tion. Of the 781 specimens from patients with a
diagnosis of T-cell-mediated rejection according
to the 2019 Banff classification, the diagnosis in
76 (9.7%) was reclassified according to the 2022
Banff classification as MVI, DSA-negative, and
C4d-negative (in 48 specimens) or probable anti-
body-mediated rejection (in 28 specimens); these
reclassifications were primarily attributable to
the concomitant presence of artery inflammation
and mild-to-moderate microvascular inflamma-
tion. Of the 971 specimens from patients with
a diagnosis of borderline (suspicious) for acute
T-cell-mediated rejection according to the 2019
Banff classification, the diagnosis in 71 (7.3%)
was reclassified as MVI, DSA-negative, and C4d-
negative (in 64 specimens) or probable antibody-
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mediated rejection (in 7 specimens). A detailed
explanation of the diagnostic reclassification is
provided in Table S7.

KEY CHARACTERISTICS OF THE FIRST
MICROVASCULAR INFLAMMATION—RELATED
DIAGNOSIS

To compare the clinical presentations among the
different microvascular inflammation phenotypes,
we analyzed the characteristics associated with
a first microvascular inflammation—related diag-
nosis and no previous episodes of kidney-allograft
rejection. A total of 919 biopsy specimens and
the patients from whom they were obtained were
assessed. The first microvascular inflammation—
related diagnosis was MVI, DSA-negative, and
C4d-negative in 246 specimens (26.8%), probable
antibody-mediated rejection in 150 (16.3%), and
antibody-mediated rejection (active antibody—
mediated rejection or chronic active antibody-
mediated rejection) in 523 (56.9%) (Table 2).

Recipient, donor, and transplant characteris-
tics were generally similar among patients with
a first diagnosis of antibody-mediated rejection,
probable antibody-mediated rejection, or MVI,
DSA-negative, and C4d-negative (Table S8). The
percentage of patients with circulating donor-
specific antibodies at the time of transplantation
was lower in the MVI, DSA-negative, and C4d-
negative group than in the antibody-mediated
rejection group and the probable antibody-medi-
ated rejection group (13.9%, 60.8%, and 74.8%,
respectively). At the time of biopsy, the mean
estimated glomerular filtration rate appeared to
be higher in the probable antibody-mediated
rejection group (62.5+33.9 ml per minute per
1.73 m? of body-surface area) than in the anti-
body-mediated rejection group (53.5+34.6 ml per
minute per 1.73 m?) and the MVI, DSA-negative,
and C4d-negative group (53.9+29.5 ml per minute
per 1.73 m?).

Histologic analysis showed that glomerular
inflammation was present in 55.3% of the biopsy
specimens in the probable antibody-mediated re-
jection group. Glomerular inflammation and
peritubular capillary inflammation occurred in a
similar percentage of specimens in the antibody-
mediated rejection group (79.4% and 72.8% of
the specimens, respectively) and in the MVI, DSA-
negative, and C4d-negative group (84.1% and
85.8%, respectively). Thrombotic microangiopathy
was mainly observed in specimens in the anti-
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Table 1. Characteristics of Kidney-Transplant Recipients, Transplant Donors, Transplants, and Transplant Biopsy

Specimens.*

Characteristic
RecipientsT
Age —yri

Female sex — no./total no. (%)

Cause of end-stage kidney disease — no./total no. (%)§

Autosomal dominant polycystic kidney disease
Diabetes
Glomerulonephritis
Other
Tubulointerstitial disease
Unknown
Vascular disease
Previous kidney transplantation — no./total no. (%)
Donors
Age —yrq
Female sex — no./total no. (%)
Deceased donor — no./total no. (%)
Transplants
Median cold ischemia time (IQR) — hr]|
ABO incompatible — no./total no. (%)

Median no. of HLA-A, HLA-B, and HLA-DR mismatches (IQR)**

Donor-specific anti-HLA antibodies — no./total no. (%)§

Biopsy specimens
Pathological assessment — no./total no. (%) 71
Glomerulitis score =1

Peritubular capillaritis score =1

Glomerular basement membrane double contours score =1

Interstitial inflammation score =1
Tubulitis score =1
Intimal arteritis score =1
Vascular fibrous intimal thickening score =1
Interstitial fibrosis score =1
Tubular atrophy score =1
Total inflammation score =1
Inflammation in areas of IFTA score =1
Tubulitis in areas of IFTA score =1
Mesangial matrix expansion score =1
Arteriolar hyalinosis score =1

Thrombotic microangiopathy — no./total no. (%)

Acute tubular injury — no./total no. (%)

Value

44.6+19.4
2590/6708 (38.6)

813/5813
713/5813 (12.
1310/5813

(14.0
(
@

1032/5813 (1
(7.
(
(
(

)
3)
5)

8)
446/5813 (7.7)
912/5813 (1

587/5813 (1
851/6691 (1

2.
7.
5.7)
0.1)
2.7)
48.6+18.7
2537/5628 (45.1)
5270/6705 (78.6)

14.2 (7.7-20.0)
108/6736 (1.6)
4.00 (3.0-5.0)

1305/5204 (25.1)

3181/16,087 (19.8)
3020/15,620 (19.3)
1130/15,840 (7.1)
2666/16,021 (16.6)
3622/16,133 (22.5)
517/14,788 (3.5)
9270/14,404 (64.4)
9001/15,731 (57.2)
9408/15,731 (59.8)
1798/7953 (22.6)
1666/5114 (32.6)
39/1646 (2.4)
2155/13,855 (15.6)
8898/15,332 (58.0)
453/12,475 (3.6)
2063/12,360 (16.7)

16.
22.
64.
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Table 1. (Continued.)

Characteristic

C4d deposition — no./total no. (%) i
No
Yes

Donor-specific antibodies at the time of biopsy — no./total no. (%)

Value

11,855/14,147 (83.8)
2292/14,147 (16.2)
4140/13,754 (30.1)

The analysis included 6798 kidney-transplant recipients, transplant donors, and transplants and 16,293 transplant
biopsy specimens. Plus—minus values are means +SD. Percentages may not sum to 100 because of rounding. IFTA
denotes interstitial fibrosis and tubular atrophy, and IQR interquartile range.

Data are for 6715 recipients.
Data for the pediatric cohort were unavailable.
Data are for 6431 donors.
Data are for 6210 transplants.
* Data are for 6224 transplants.

o e—_me

A total of 5825 transplant recipients (85.7%) were adults, and 973 (14.3%) were children.

T Banff lesion scores were assigned according to the Banff criteria for pathological assessment of renal allografts.

Scores are based on a 4-point scale ranging from 0 to 3, with higher scores indicating more severe involvement.

11 Deposition of C4d was assessed with the use of immunohistochemical analysis (IHC) or immunofluorescence (IF).

A C4d Banlff lesion score of =1 on IHC or =2 on IF was considered to indicate C4d deposition.

body-mediated rejection group and the probable
antibody-mediated rejection group (5.8% and 6.3%
of the specimens, respectively, as compared with
1.0% of the specimens in the MVI, DSA-negative,
and C4d-negative group). Lesions with morpho-
logic atrophic scarring (i.e., interstitial fibrosis
or tubular atrophy) and chronic vascular lesions
(i.e., arterial intimal fibrosis or arteriolar hyali-
nosis) occurred in a similar percentage of speci-
mens in the three groups.

RISK STRATIFICATION ACCORDING TO
MICROVASCULAR INFLAMMATION PHENOTYPES
To assess the clinical implications of the newly
recognized phenotypes, we assessed long-term
graft outcomes in patients with a nonrejection-
related diagnosis according to the 2019 Banff
classification that was reclassified as a micro-
vascular inflammation-related diagnosis accord-
ing to the 2022 Banff classification (Fig. 2 and
Fig. S4). A total of 4374 kidney-transplant recipi-
ents were included in the graft-survival analysis.
The median follow-up after kidney-allograft bi-
opsy was 5.0 years (interquartile range, 2.6 to 8.6).
Graft loss occurred in 490 patients (11.2%).
Patients with a nonrejection-related diagnosis
according to the 2019 Banff classification that
was reclassified as MVI, DSA-negative, and C4d-
negative according to the 2022 Banff classifica-
tion had worse graft survival than patients with
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a nonrejection-related diagnosis according to
both Banff classifications (hazard ratio for graft
loss, 2.1; 95% confidence interval [CI], 1.5 to 3.1)
(Fig. 2). Patients with a nonrejection-related diag-
nosis according to the 2019 Banff classification
and a diagnosis of probable antibody-mediated
rejection according to the 2022 Banft classifica-
tion had worse graft survival beyond year 5 after
biopsy than patients with a nonrejection-related
diagnosis according to both classifications (haz-
ard ratio for graft loss, 1.7; 95% CI, 0.8 to 3.5);
this difference was not observed through year 5
after biopsy (hazard ratio for graft loss, 1.3; 95%
CI, 0.8 to 2.1). Patients with a diagnosis of anti-
body-mediated rejection according to both classifi-
cations had worse graft survival than patients with
a nonrejection-related diagnosis according to
both classifications (hazard ratio for graft loss,
2.7; 95% CI, 2.2 to 3.3). Similar findings were
observed in a sensitivity analysis of the cumula-
tive incidence of allograft loss according to the
reclassified diagnoses, in which death was treat-
ed as a competing risk (Fig. S3).

MICROVASCULAR INFLAMMATION AND DISEASE
PROGRESSION

We assessed the risk of new or recurrent anti-
body-mediated rejection during follow-up among
patients with a first microvascular inflammation—
related diagnosis and no previous episodes of
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Active AMR
(N=1242, 28.6%)
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704  Chronic active AMR
(N=390, 9.0%)
w
g 60— Chronic inactive AMR
g (N=99, 2.3%)
H
Acute TCMR
Y
5 507 (N-781,18.0%)
)
I
§ 40 Chronicactive TCMR
5 (N=54,1.2%)
7]
a
Mixed rejection
309 (N=172,4.0%)
Borderline
204 (N=971, 22.3%)
107 Nonrejection
(N=641, 14.7%)
0

Banff 2019
Classification

Active AMR
(N=1242, 28.6%)

Chronic active AMR
(N=390, 9.0%)

Chronic AMR
(N=99, 2.3%)

Acute TCMR
(N=705, 16.2%)

Chronic active TCMR
(N=54, 1.2%)

Mixed
(N=172, 4.0%)

Borderline
(N=900, 20.7%)

Probable AMR
(N=285, 6.6%)

MVI, DSA-negative,
and C4d-negative
(N=503, 11.6%)

Banff 2022
Classification

Diagnosis

Figure 1. Reclassification of Allograft Rejection—Related Diagnoses According to the 2022 Banff Classification.

Shown is a Sankey diagram of 4350 kidney-allograft biopsy specimens from patients with a diagnosis related to
kidney-allograft rejection according to the 2022 Banff Classification of Renal Allograft Pathology. The flows indicate
specimens obtained from patients with a diagnosis based on the 2019 Banff classification that was reclassified
according to the 2022 Banff classification. Mixed rejection included active antibody-mediated rejection and acute
T-cell-mediated rejection (in 129 specimens), active antibody-mediated rejection and chronic active T-cell-mediat-
ed rejection (in 5), and chronic active antibody-mediated rejection and acute T-cell-mediated rejection (in 38).
Borderline indicates borderline (suspicious) for acute T-cell-mediated rejection. Nonrejection indicates graft-related

T-cell-mediated rejection.

diagnoses other than rejection. AMR denotes antibody-mediated rejection; MVI, DSA-negative, and C4d-negative
microvascular inflammation or injury, donor-specific anti-HLA antibody—negative, and C4d—negative; and TCMR

kidney-allograft rejection. We also calculated the
cumulative incidence of transplant glomerulopa-
thy among these patients.

A total of 5235 kidney-transplant recipients
were included in the analysis, of whom 423 (8.1%)
had new or recurrent antibody-mediated rejec-
tion during follow-up (Fig. 3A). Patients with a
diagnosis of MVI, DSA-negative, and C4d-nega-
tive or probable antibody-mediated rejection had
an intermediate cumulative incidence of antibody-
mediated rejection during follow-up as compared
with patients without a diagnosis of microvascu-
lar inflammation and those with active antibody-
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mediated rejection. The risk of antibody-mediated
rejection during follow-up in the MVI, DSA-
negative, and C4d-negative group was similar to
that in the probable antibody-mediated rejection
group (subdistribution hazard ratio, 0.7; 95% CI,
0.4 to 1.2). However, patients in the MVI, DSA-
negative, and C4d-negative group and those in
the probable antibody-mediated rejection group
had a lower risk of antibody-mediated rejection
during follow-up than patients in the active
antibody-mediated rejection group (subdistri-
bution hazard ratio, 0.4 [95% CI, 0.3 to 0.5] for
the comparison of the MVI, DSA-negative, and
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Table 2. Biopsy Characteristics According to First Microvascular Inflammation-Related Diagnosis.*

Reason for biopsy — no./total no. (%)
Protocol-based surveillance
Clinical indication

Median no. of glomeruli (IQR):

Median time from transplantation to biopsy (IQR)
— mof

Banff lesion score
Glomerulitis score =1 — no./total no. (%)
Peritubular capillaritis score =1 — no. /total no. (%)

Glomerular basement membrane double contours
score =1 — no./total no. (%)

Interstitial inflammation score =1 — no./total no. (%)
Tubulitis score =1 — no./total no. (%)
Intimal arteritis score =1 — no./total no. (%)

Vascular fibrous intimal thickening score =1
— no./total no. (%)

Interstitial fibrosis score =1 — no./total no. (%)
Tubular atrophy score =1 — no./total no. (%)
Total inflammation score =1 — no./total no. (%)

Inflammation in areas of IFTA score =1 — no./
total no. (%)

Tubulitis in areas of IFTA score =1 — no./total no. (%)

Mesangial matrix expansion score 21 — no./
total no. (%)

Arteriolar hyalinosis score =1 — no./total no. (%)
Thrombotic microangiopathy — no./total no. (%)
Acute tubular injury — no./total no. (%)

C4d deposition — no./total no. (%)

No

Yes on IHC

Yes on IF

Donor-specific antibodies at the time of biopsy
— no./total no. (%)

Estimated glomerular filtration rate at the time of biopsy
— ml/min/1.73 m?q

Median urinary protein-to-creatinine ratio (IQR)|

366/910 (40.2)
544910 (59.8)
15.0 (10.0-20.0)

3.02 (0.80-11.80)

703/916 (76.7)
643/919 (70.0)
73/883 (8.3)

19.6
29.3
13.2
64.1

179/915
269/918
111/843
520/811

AAAA
—_ ===

444/885 (50.
466/886 (52.
102/466 (

(

2
63/249 (25.

2)
6)
1.9)
3)
1/79 (1.3)
138/784 (17.6)

495/866 (57.2)
35/764 (4.6)
231/765 (30.2)

550/890 (61.8)
224/890 (25.2)
116/890 (13.0)
488/878 (55.6)
55.3433.3

0.18 (0.10-0.39)

195/518 (37.6)
323/518 (62.4)
15.0 (10.0-20.0)
2.95 (0.59-8.98)

413/520 (79.4)
381/523 (72.8)
54/494 (10.9)

86/520
143/522
57/474
300/456

16.5
27.

12.0
65.8

AAA,_\
el

251/500 (5
265/502 (52.
58/280 (

(

0.2)
8)
20.7)
31/132 (23.5)
1/42 (2.4)
87/443 (19.6)

287/490 (58.6)
26/452 (5.8)
152/451 (33.7)

154/494 (31.2)
224494 (45.3)
116/494 (23.5)
338/482 (70.1)
53.5+34.6

0.21 (0.11-0.44)

67/148 (45.3)
81/148 (54.7)
15.0 (10.0-20.0)

3.28 (2.75-11.34)

83/150 (55.3)
51/150 (34.0)
0/150

14/149 (9.4)

32/150 (21.3)
19/135 (14.1)
87/133 (65.4)

71/144 (49.3)

75/143 (52.4)

15/85 (17.6)
8/42 (19.0)

0/17
13/126 (10.3)

81/142 (57.0)
7/112 (6.2)
22/108 (20.4)

150/150 (100)
0/150
0/150

1507150 (100)

62.5+33.9

0.15 (0.08-0.29)

Probable MVI, DSA-
Antibody-Mediated ~ Antibody-Mediated Negative,
Overall Rejection Rejection and C4d-Negative
Characteristic (N=919) (N=523) (N=150) (N=246)

104/244 (42.6)

140/244 (57.4)

14.0 (11.0-21.0)
3.15 (0.85-12.15)

207/246 (84.1)
211/246 (85.8)
19/239 (7.9)

32.1
38.
15.0
59.9

79/246
94/246
35/234

133/222

AAA,_\
I AL A

122/241 (50.6)
126/241 (52.3)
29/101 (28.7)
24/75 (32.0)

0/20
38/215 (17.7)

127/234 (54.3)
2/200 (1.0)
57/206 (27.7)

246/246 (100)
0/246
0/246
0/246

53.9+£29.5

0.18 (0.07-0.33)

* The analysis included 919 kidney-allograft biopsy specimens that underwent diagnostic assessment according to the 2022 Banff
Classification of Renal Allograft Pathology, which includes two new diagnostic categories: probable antibody-mediated rejection and micro-
vascular inflammation or injury, donor-specific anti-HLA antibody—negative, and C4d-negative (MVI, DSA-negative, and C4d-negative). Plus—
minus values are means +SD. Percentages may not sum to 100 because of rounding.

7 Data are for specimens from patients with active antibody-mediated rejection or chronic active antibody-mediated rejection.

i Data are for 858 specimens overall, 500 in the antibody-mediated rejection group, 129 in the probable antibody-mediated rejection group,
and 229 in the MVI, DSA-negative, and C4d-negative group.

§ Data are for 890 specimens overall, 502 in the antibody-mediated rejection group, 145 in the probable antibody-mediated rejection group,
and 243 in the MVI, DSA-negative, and C4d-negative group.

9§ Data are for 595 specimens overall, 328 in the antibody-mediated rejection group, 111 in the probable antibody-mediated rejection group,
and 156 in the MVI, DSA-negative, and C4d-negative group.

| Data are gram of protein per gram of creatinine and are for 493 specimens overall, 285 in the antibody-mediated rejection group, 81 in the
probable antibody-mediated rejection group, and 127 in the MVI, DSA-negative, and C4d-negative group.
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No. at Risk

Nonrejection; nonrejection
Nonrejection; probable AMR
Nonrejection; MVI DSA-C4d-

AMR; AMR

Hazard Ratio for
Graft Loss
1.00- (95% CI)
0-907 — Nonrejection; nonrejection Reference
0.80+ — Nonrejection; probable AMR 1.3 (0.8-2.1)
©
S 0.701 o
s Nonrejection; MVI DSA- C4d- 2.1(1.5-3.1)
=]
2 0604 AMR; AMR 2.7 (2.2-3.3)
©
O 0.50-
Y
5
2 0.40-
E
® 030+
2
& 0204
0.10+
0'00 T T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10
Years since Biopsy
3604 3167 2893 2537 2145 1762 1466 1243 999 829 676
122 110 101 93 80 72 63 50 39 25 23
159 139 128 116 99 88 74 66 57 45 38
489 423 380 331 292 256 222 185 150 116 94
Figure 2. Risk Stratification of Kidney-Allograft Survival According to Microvascular Inflammation—Related Diagnoses.
Shown is the probability of kidney-allograft survival, as assessed in a time-to-event analysis, among patients with a nonrejection-related
diagnosis according to the 2019 and 2022 Banff classifications (nonrejection; nonrejection), patients with a diagnosis other than allo-
graft rejection according to the 2019 classification that was reclassified as a diagnosis of probable antibody-mediated rejection accord-
ing to the 2022 classification (nonrejection; probable AMR), patients with a diagnosis other than allograft rejection according to the
2019 classification that was reclassified as MVI, DSA-negative, and C4d-negative according to the 2022 classification (nonrejection;
MVI DSA- C4d-), and patients with a diagnosis of antibody-mediated rejection according to the 2019 and 2022 classifications (AMR;
AMR). Data for patients who died were censored. The widths of the confidence intervals have not been adjusted for multiplicity and
may not be used in place of hypothesis testing. Cl denotes confidence interval.
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C4d-negative group with the active antibody-
mediated rejection group and 0.5 [95% CI, 0.3 to
0.8] for the comparison of the probable anti-
body-mediated rejection group with the active
antibody-mediated rejection group).

Of the 5235 patients included in the analysis,
transplant glomerulopathy developed or pro-
gressed during follow-up in 351 (6.7%) (Fig. 3B).
The risk of development or progression of trans-
plant glomerulopathy in the MVI, DSA-negative,
and C4d-negative group was similar to that in
the probable antibody-mediated rejection group
(subdistribution hazard ratio, 1.4; 95% CI, 0.8 to
2.4), yet both groups had a lower risk than the
active antibody-mediated rejection group (sub-
distribution hazard ratio, 0.7 [95% CI, 0.5 to 1.1]
for the comparison of the MVI, DSA-negative, and
C4d-negative group with the active antibody-

N ENGL J MED

mediated rejection group and 0.6 [95% CI, 0.3 to
0.9] for the comparison of the probable antibody-
mediated rejection group with the active antibody-
mediated rejection group).

DISCUSSION

In this population-based study, which included
more than 16,000 kidney-allograft biopsy speci-
mens, we observed that the clinical recognition of
microvascular inflammation in kidney allografts
refines risk stratification for allograft outcomes.
Here, we found that kidney-transplant recipients
with microvascular inflammation according to
the 2022 Banff classification, among whom the
predominant diagnosis was nonrejection accord-
ing to the 2019 Banff classification, presented
with similar clinical features and had a higher
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risk of alloimmune-mediated disease progression
and worse long-term graft survival than patients
with nonrejection-related diagnoses according to
both Banff classifications.

Microvascular inflammation is widely acknowl-
edged to be an independent predictor of adverse
kidney-allograft outcomes.>” However, the com-
plete range of phenotypes associated with this
histologic lesion has not been recognized in clini-
cal practice until recently.® Our study shows
that use of the 2022 Banff classification to iden-
tify microvascular inflammation phenotypes more
effectively reflects the clinical, histologic, and
prognostic heterogeneity of these phenotypes than
use of the 2019 Banff classification, which focused
on microvascular inflammation solely in the con-
text of antibody-mediated rejection.’* Recognition
of these phenotypes in clinical settings paves
the way for standardizing future trials that aim
to decipher the immunologic processes that un-
derlie the distinct microvascular inflammation
phenotypes and to define tailored therapeutic
strategies.

Our study showed that patients with micro-
vascular inflammation without evidence of an
antibody-mediated cause (MVI, DSA-negative, and
C4d-negative) had an intermediate prognosis as
compared with patients with antibody-mediated
rejection and those with nonrejection, a finding
that aligns with previous studies suggesting that
outcomes in patients with incomplete humoral
phenotypes may be better than in patients with
antibody-mediated rejection.®'3% This difference
in allograft outcomes implies that alternative
mechanisms may play a causal role in isolated
microvascular inflammation, a hypothesis that
has potential therapeutic implications. An increas-
ing number of studies suggest that the patho-
physiological process of microvascular inflam-
mation may be linked to an innate immune
response rather than to a humoral response, with
allorecognition driven by natural killer (NK) cells
playing an integral role in allograft injury.*??
Moreover, recognition of the role of T cells in the
pathogenesis of microvascular inflammation is
increasing. Multi-omic analyses have shown that
kidney-transplant biopsy specimens from patients
with isolated microvascular inflammation and
transplant glomerulopathy have increased T-cell
activity, which suggests a T-cell-dominant pheno-
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A New or Recurrent Antibody-Mediated Rejection

50
45
— 404
B3 Active AMR
o 354 t
o
b
< 304
S 25
© ] Probable AMR
£ 20
=
g 154
=] - —
S 104 MVI DSA- C4d
7 Non-MVI
O T T T T T 1
0 500 1000 1500 2000 2500 3000
Days since Biopsy
No. at Risk
Active AMR 489 233 152 85
Probable AMR 141 89 52 22
MVI DSA- C4d- 227 147 99 65
Non-MVI 4378 3153 1962 1168
B Development or Progression of Transplant Glomerulopathy
50
45
g 40
g 354
b
< 304
v
£ 25 Active AMR
[
£ 204 MVI DSA- C4d-
=
£ 15+
S 104 Probable AMR
57 Non-MVI
0+ T T T T T 1
0 500 1000 1500 2000 2500 3000
Days since Biopsy
No. at Risk
Active AMR 489 291 199 114
Probable AMR 141 99 62 28
MVI DSA- C4d- 227 149 101 69
Non-MVI 4378 3155 1975 1185

Figure 3. Risk Stratification of Disease Progression According to
Microvascular Inflammation—Related Diagnoses.

Panel A shows the cumulative incidence of new or recurrent antibody-
mediated rejection during follow-up among patients with a first micro-
vascular inflammation—related diagnosis (MVI, DSA-negative, and C4d-
negative [MVI DSA- C4d-], probable antibody-mediated rejection, or active
antibody-mediated rejection) and patients with a first diagnosis unrelated
to microvascular inflammation (non-MVI). Panel B shows the cumulative
incidence of the development or progression of kidney-transplant glomeru-
lopathy during follow-up among patients with a first microvascular inflam-
mation—related diagnosis and patients with a first diagnosis unrelated to
microvascular inflammation.
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type.” In addition, some studies have shown de-
creased numbers of circulating T and NK cells in
blood, alongside increased T-cell and NK cell
infiltration in biopsy specimens with microvas-
cular inflammation.? Thus, although the use of
antibody-targeted therapies might be considered
for isolated microvascular inflammation,® the
treatment response may be limited, which sug-
gests a need for therapies potentially directed
toward innate immune mechanisms and T-cell-
mediated responses.

We speculate that the implications of these
findings may extend beyond kidney transplants
to other solid-organ allografts, in which micro-
vascular inflammation is also a key diagnostic
feature of antibody-mediated rejection.® As with
the diagnostic challenges previously encountered
with kidney allografts, the clinical phenotypes
associated with this histologic lesion remain in-
adequately recognized among the diagnostic cri-
teria currently in use for other solid-organ trans-
plants.*** From a prognostic perspective, the
identification of these phenotypes may improve
the stratification of recipients of heart, lung, or
liver transplants who are at risk for alloimmune-
related disease progression and poor graft out-
come, which would parallel observations in kid-
ney-allograft recipients in the current study and
have substantial implications for therapeutic deci-
sion making and patient care.

Our study has certain limitations. Immuno-
suppressive therapy at the time of biopsy was not
standardized among the study centers and was
not routinely recorded in the database at each

center, which prevents us from assessing the as-
sociation between graft outcomes and treatment.
Moreover, because surveillance biopsies were not
systematically performed 1 year after transplan-
tation, we were unable to fully assess the natural
evolution of the microvascular inflammation
phenotypes. However, our analysis integrated
biopsies performed because of a clinical indica-
tion, which has provided valuable insights re-
garding disease progression. Clinical recognition
of the microvascular inflammation phenotypes
will aid in the standardization of targeted thera-
peutic approaches that may lead to improved
allograft outcomes and patient care.

Our study, which included a highly character-
ized multicenter cohort of more than 6000 kid-
ney-transplant recipients, provides a detailed analy-
sis of the clinical characteristics and prognostic
importance of specific microvascular inflamma-
tion phenotypes that were introduced in the 2022
Banff classification for pathological assessment
of renal allografts.
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