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Significant progress has been made in kidney transplantation, with 1-year graft
survival nearing 95%. However, long-term allograft survival remains
suboptimal, with a 10-year overall graft survival rate of only 53.6% for
deceased donor transplant recipients. Chronic active antibody-mediated
rejection (ABMR) is a leading cause of death-censored graft loss, yet no
therapy has demonstrated efficacy in large, randomized trials, despite
substantial investment from pharmaceutical companies. Several clinical trials
aimed to treat chronic ABMR in the past decade have yielded disappointing
results or were prematurely terminated, attributed to factors including
incomplete understanding of disease mechanisms, heterogeneous patient
populations with comorbidities, slow disease progression, and limited patient
numbers. This review aims to discuss opportunities for improving retrospective
and prospective studies of ABMR, focusing on addressing heterogeneity,
outcome measurement, and strategies to enhance patient enrollment to
inform study design, data collection, and reporting.
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Major advances have been made in kidney transplantation. One year graft survival
now approaches 95% (1), but long term allograft survival remains suboptimal despite
gradual improvements prospectively. The 10 year overall graft survival rate is only
53.6% for deceased donor transplant recipients transplanted from 2008 to 2011 (2). A
leading contributor to death censored graft loss is chronic active antibody mediated
rejection (ABMR) (3, 4), and no therapy has shown effectiveness in large, randomized
trials. This is especially frustrating given the increasing investment that large
pharmaceutical companies have dedicated to this important condition.

In the last decade, several important clinical trials in this field have shown
disappointing results or prematurely terminated (5-7). The reasons include our
incomplete understanding of the mechanisms driving progressive disease, a complicated
heterogenous patient population, and slowly progressive disease prospective and
retrospective study design must take these issues into consideration. To complicate this

Abbreviations

ABMR, antibody mediated rejection; DSA, donor specific antibody; HLA, human leukocyte antigen; SAB,
single antigen bead; XM, crossmatch; CDC, complement dependent cytotoxicity; FDA, Food and Drug
Agency; MFI, mean fluorescence intensity.

01


http://crossmark.crossref.org/dialog/?doi=10.3389/frtra.2024.1389005&domain=pdf&date_stamp=2020-03-12
https://doi.org/10.3389/frtra.2024.1389005
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/frtra.2024.1389005/full
https://www.frontiersin.org/articles/10.3389/frtra.2024.1389005/full
https://www.frontiersin.org/articles/10.3389/frtra.2024.1389005/full
https://www.frontiersin.org/journals/transplantation
https://doi.org/10.3389/frtra.2024.1389005
https://www.frontiersin.org/journals/transplantation
https://www.frontiersin.org/

Balakrishnan et al.

field, ABMR and microvascular inflammation in the absence of
HLA DSA has been idenfied and acknowledge in the most recent
iteration of the Banff classification (8). The aim of this review is
to discuss opportunities to improve our retrospective and
prospective studies of ABMR with the goal of finding an effective
therapy to improve long-term outcomes. Our focus will be on
approaches to reduce heterogeniety, considerations for outcome
measurement, and strategies to increase patient enrollment to
inform study design, data collection, and reporting.

Minimizing patient heterogeneity in
clinical trials

Consider the varied clinical phenotypes
of ABMR

Antibody-mediated (ABMR)
histologically by microvascular inflammation (glomerulitis and

rejection is  diagnosed
peritubular capillaritis) with or without C4d positivity (8).
Evidence of HLA DSA is required, but C4d positivity or
validated ABMR-associated molecular transcripts can fulfill these
criteria if DSA is absent. Chronic ABMR is indicated by
histologic features of chronic glomerulopathy (Banff cg score >0).
Notably, the latest Banff classification recognizes a subgroup with
DSA-negative, C4d-negative microvascular inflammation (8).
Relying solely on histologic criteria for ABMR diagnosis has
limitations due to potential variations in mechanisms and
prognosis despite similar histologic features. Antibodies may be
preexisting (i.e., pretransplant DSA) or develop post-transplant
due to HLA mismatch (i.e., de novo DSA). ABMR can also be
subclinical, detected via surveillance biopsy, or identified during
allograft dysfunction on indication biopsy.

Early post-transplant increases in DSA can be driven by
memory B cell responses, while persistently elevated DSA may be
the result of constant secretion of alloantibody by the plasma

TABLE 1 Framework of ABMR clinical phenotypes.

10.3389/frtra.2024.1389005

cells. Another critical point to understand is that ABMR is a
chronic progressive disease process, and the allograft survival
depends on the time of detection. All these factors must be
considered when defining patient inclusion criteria, determining
the sample size, and developing a management strategy because
outcomes differ among these groups. For example, graft survival
8 years after ABMR diagnosis was 63% among patients with
preexisting DSA compared to only 34% among patients with de
novo DSA (9). Furthermore, the median time to graft loss among
patients with ABMR and de novo DSA who present with graft
dysfunction is 3.3 years compared to 8.3 years if the ABMR is
subclinical (10). Thus, there is a risk for underpowering a study
or not finding therapeutic efficacy if original graft loss
projections are based on patients with ABMR from de novo DSA
and allograft dysfunction, but patients with preexisting DSA and
ABMR detected on surveillance biopsy are eventually studied.

A consensus conference sponsored by the Transplantation
Society considered the limitations of using histology alone for
the diagnosis of ABMR and a framework of the clinical
phenotypes of ABMR was constructed (11). The intent of this
framework was to influence future ABMR study design and
patient management by addressing the heterogeneity in clinical
trials Table 1.

Hyperacute rejection is a rare in the current era of transplant
and occurs minutes to hours post-transplant leading to almost
immediate allograft loss. Even if hyperacute rejection is avoided,
patients with preexisting DSA at transplant are at risk for an
early acute active ABMR <30 days after transplantation during a
memory B cell response Table 1. Early active ABMR can occur
among patients with a prior sensitizing event (e.g., blood
transufions, pregnancy, or prior transplant) without preexisting
DSA, but this is less common.

Most cases of active ABMR in current practice are now detected
late (>30 days post-transplant) and are associated with inferior
allograft survival Table 1 (12, 13). Late ABMR >30 days post-
transplant now usually develops in the context of de novo DSA

Timing Donor specific antibody Histology Clinical presentation
Hyperactive Preexisting Diffuse inflammation, Abrupt graft loss
rejection (hours necrosis, and thrombotic
post-transplant) microangiopathy
Early active (<30 days Preexisting (or patient is Non Can have similar Banff active ABMR Abrupt allograft dysfunction
post-transplant) immunologically naive with history of histologic features correlating with increased DSA
sensitizing events including pregnancy, depending on time of | C4d positivity and thrombotic quantity usually 7-14 days post-
transplant, or blood transfusion) detection microangiopathy usually present. transplant
Banff cg=0
Late (>30 days post- Preexisting Banff active or chronic active ABMR | +/— allograft dysfunction and
transplant) (continuum) +/— C4d positivity proteinuria
Can occur in patients with or
without Early active (<30 days
post-transplant active ABMR)
De novo (MOST COMMON) Banff active or chronic active ABMR | +/— allograft dysfunction and
(continuum) +/— C4d positivity proteinuria
Concomitant TCMR often present
with de novo DSA
Frontiers in Transplantation 02 frontiersin.org


https://doi.org/10.3389/frtra.2024.1389005
https://www.frontiersin.org/journals/transplantation
https://www.frontiersin.org/

Balakrishnan et al.

from underimmunosuppression (14). Because these
rejections are associated with underimmunosuppression, they are
often termed “mixed” and include histologic features of T cell
mediated rejection. Unfortunately, concomitant features of T cell
mediated rejection are associated with an inferior prognosis (10).
Late ABMR in a patient with known preexisting DSA can
represent ongoing inflammation and injury after an early acute
ABMR episode or can appear later. The onset can be insidious,
subclinical, and is often unrecognized without histologic surveillance.

Whether the histology is active or chronic active ABMR
depends on the timing of the diagnosis and biopsy. A histologic
diagnosis of chronic active ABMR also does not account for the
spectrum of activity and chronicity. Cases of chronic active
ABMR cases include those with moderate to severe microvascular
with mild
microvascular inflammation with severe chronicity (15). The key

inflammation with mild chronicity or cases
message is that the diagnosis of active and chronic active ABMR

encompasses a breadth of phenotypes with varied outcomes.

Understand the baseline risk of
ABMR among incompatible kidney
transplant recipients

Patients transplanted with known preexisting DSA are at the
highest risk of ABMR, but this risk varies based on whether the
preexisting DSA was detected with Luminex single antigen bead
(SAB) only or if the crossmatch (XM) was positive. Patients with
no DSA with SAB testing are at the lowest risk, while patients
with SAB and CDC crossmatch positivity are at the highest risk
for early active ABMR (<30 days post-transplant), chronic active
ABMR, and eventual graft loss. The risk for patients with flow
cytometric XM positivity is between those with SAB positivity
only and those with CDC XM positivity.

Specifically the risk for early active ABMR is 5%-10% among
patients with DSA based on SAB alone and up to 40%-50%
). The difference
in long term outcomes based on pretransplant and XM positivity

when the flow cytometric XM is positive (16,
has been shown in several studies (18, 19). A large multicenter
study by Orandi et al. also clearly showed the stratification of
allograft loss based on baseline DSA testing positivity (20).

The effect of incompletely considering these outcome differences
was shown in an important industry sponsored multicenter phase 2
randomized controlled trial that examined the efficacy of eculizumab
(a terminal C5 complement inhibitor) in reducing the risk of early
active ABMR among kidney transplant patients who received a
positive XM living donor kidney transplant. A single center
nonrandomized study found that the incidence of ABMR was
7.7% among patients treated with eculizumab compared to 41.2%
(p=0.0031) among those in the historical control group (17).
Unfortunately, a follow-up phase 2 multicenter randomized study
observed similar rates of rejection among the groups: 9.8% with
eculizumab compared to 13.7% (p=0.760) among controls (21).
Close examination of the baseline characteristics may explain why
the results from the retrospective study were not replicated. All
patients in the single center retrospective study had a positive flow
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cytometric XM, while lower risk patients were included in the
multicenter randomized study. Specifically, 24% of patients in the
eculizumab treated group and 35% of controls had negative
crossmatch results (21).

The literature in the ABMR field often refers to patients
responding to ABMR treatment. What does this mean? Is the
response clinically meaningful? Can it be reproduced? The most
clinically meaningful outcome measure is allograft survival, but
some patients live with ABMR for years. Appropriately powering
and conducting clinical trials that use allograft loss as the
primary endpoint are expensive and often not feasible. Therefore,
defining appropriate clinical endpoints is central to the design of
meaningful studies. The next section aims to discuss potential
surrogate endpoints and drawbacks to consider.

Surrogate endpoints

The United States Food and Drug Agency requires that the
outcome studied be a well-defined and reliable assessment of
how a patient feels, functions, or survives to get a drug approved
(22). This ensures that within the stated context of use (e.g.,
ABMR), the results of an assessment can be relied upon. The
FDA allows for using a surrogate endpoint to reduce the
duration of follow-up and required sample sizes. Showing
efficacy with a validated surrogate endpoint would lead to
accelerated approval, but full drug approval would only be
granted after showing that the intervention leads to an
improvement in the actual endpoint (e.g., graft survival).

Not all endpoints that correlate with improved graft survival are
appropriate surrogate endpoints. The intervention itself could have
mechanisms of action that are independent of its intended effects
on the disease process (23). Requirements for a reliable surrogate
endpoint can be exceedingly difficult to achieve. Surrogate
endpoints must must correlate with the risk of the outcome in
patients without any intervention and continue to correlate with
the risk of the outcome after intervention. The levels of the
surrogate must predict the net effect of the intervention and the
correlation between the surrogate endpoint and outcome must be
constant across classes of interventions and populations (24). We
will discuss the advantages and drawbacks of potential endpoints
that have been studied in ABMR trials.

Kidney function measures

Graft function as determined by eGFR is commonly selected
as a study outcome because of its connection to graft failure. The
problem is that the eGFR equations themselves have limitations
Estimated
GFR can also fluctuate and be affected by multiple factors

particularly in kidney transplant patients (25).

(e.g., hydration, calcineurin inhibitors, acute kidney injury etc.).
In fact, a recent study showed that the trend in serum
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creatinine does not predict histologic features on a follow-up
biopsy (26).
measurement or change in GFR at two separate time points is

Considering these issues, a one-time eGFR

not an acceptable outcome measure as too many factors can
influence the result.

In contrast, determining the slope of eGFR decline is a more
reliable indicator of the trajectory graft function compared to
time point measurements. Estimated GFR trajectories have been
incorporated in several models (27). In fact, a multicenter study
of 91 patients found that a significant change in eGFR was seen
within the first 12 months after active ABMR diagnosis that
worsened by a factor of 0.757 ml/min/1.73 m*> P*" month during
12-month It that 30%

improvement in eGFR slope in the first 12 months was

a analysis. was extrapolated a
associated with a 10% improvement in death-censored graft
failure at 5 years (28). This data supported the FDA approval of
eGFR slope as a reasonable surrogate endpoint in kidney

transplantation trials.

Renal histology

The Banff Classification of Allograft Pathology has undoubtedly
Use of the
standardized Banff classification is the basis for patient inclusion

been a major advance in transplantation (29).

and has been used for outcome assessment. Despite its strengths,
this to be
misinterpretation which can affect patient management (

vulnerable to
). The
main limitations include lack of reproducibility, comparability
of Banff
oversimplification of a phenotypically complex and heterogeneous

classification has been shown

scores across constantly evolving versions, and
category of rejection.

The poor reproducibility of the Banff system among
pathologists is a major issue (31, 32). A recent study revealed
that even experienced pathologists lack consistency when
interpreting Banff scores (33). The agreement between any two
pathologists was poor. For instance, the agreement was between
44.8% and 65.7% for glomerulitis, 44.8%-67.2% for peritubular
capillaritis, and 53.7-80.6% for transplant glomerulopathy. This
variability in reading individual Banff lesional scores extends to
diagnostic categories that include multiple lesion scores (33).

The Banff classification for ABMR has rapidly evolved. The
downside of this rapid evolution is that it is sometimes hard to
compare studies from different eras. The effect of a changing
classification was clearly illustrated recently (34). Removing the
“suspicious for ABMR” category in 2017 negatively impacted risk
stratification (34). In response, the Banff 2022 classification has
added new categories to account for microvascular inflammation
(Banff glomerulitis and peritubular capillaritis scores >2) without
C4d or HLA DSA positivity (8).

We are hopeful that future Banff iterations will leverage
digital pathology, artificial intelligence and machine learning
tools to permit us to navigate from a categorical classification to
a more meaningful, consistent, reproducible, auditable, and
continuous scoring system (35, ). Finally, using novel
diagnostic tools such as imaging mass cytometry (37) allows an

unprecedented characterization of the immune composition
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with spatially enriched analysis, providing well-defined targets
for personalized therapy.

HLA donor specific antibody assessment
Measurement of DSA has evolved rapidly. Initial tests were
with nonspecific with insensitive CDC crossmatches that were
either positive or negative, while modern tests of DSA are based
on comprehensive high-resolution donor and recipient HLA
typing combined with sensitive and specific SAB solid phase
assays that output mean fluorescence intensity (MFI). As
described earlier, there appears to be clear correlation with the
quantity of DSA and outcomes, but there limitations in our
current methods of DSA quantification that affect our ability to
use DSA itself as a surrogate endpoint even if one confirms that
HLA typing is accurate. Mean fluorescence intensity is a semi
quantitative measure that corresponds to the amount of DSA
that binds to the antigen on beads -not the true quantity of
DSA. There is a maximum number of antigens on these beads.
Bead saturation and interference can occur leading to inaccurate
results particularly among patients with a high quantity of HLA
antibody (38, 39). Performing these solid phase assays with
diluted serum to determine antibody titer can provide a better
. The neat MFI of multiple DSA
specificities was compared to antibody titer and a substantial

quantitative assessment

overlap in MFI was found over a breadth of antibody titer (38).
Even if issues of determining DSA quantity are resolved, this will

not resolve the challenges of interpreting multiple DSA
specificities or varied DSA pathogenicity. Lab to lab variability
and insufficient reproducibility further complicate DSA

measurement (40). Ensuring accurate HLA typing, investigating
the change in DSA with consistent assays, and the use of titers
for antibody quantification may be more informative (41, 42).

Integrative box (iBox) scoring system

Surrogate endpoints based on one marker (e.g., eGFR) may be
insufficient. A composite endpoint comprised of multiple
predictive factors may be more predictive of death censored graft
failure. The iBox risk prediction tool utilizes a combination of
variables including eGFR, proteinuria, HLA DSA, and histology
information at 6-24 months to generate individual predictions at
3, 5, and 7 years post transplant (43). This novel tool was
developed based on large international multicenter derivation
and validation cohorts with more than 10,000 patients. Full and
abbreviated (histology omited) iBox systems have been developed
with c-statistics ranging from 0.70 to 0.93 in validation cohorts
(44). Furthermore, the accuracy of the iBox risk score to predict
death censored allograft failure was confirmed in post hoc
analysis of data from randomized controlled trials in which the
iBox scores appeared to change based on treatment (45). The
qualification of iBOX as a reasonable likely surrogate endpoint is
ongoing with the FDA (
(EMA), has approved the iBox for use as a surrogate endpoint to

) and the European Medicine Agency

demonstrate the superiority of a new immunosuppressive therapy
compared to the standard of care from 6 to 24 months post
transplant (44). While a surrogate endpoint comprised of
multiple factors may be preferable to the use of a single
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FIGURE 1
Illustration of the overlap in neat MFI by antibody titer. MFI, mean fluorescence intensity. MFl is a semiquantitative measure of donor specific antibody. As
shown in these violin plots, the quantity of donor specific antibody can be vastly different (different titer) despite the same MFI. This emphasizes the point
that MFl is not a reliable endpoint for DSA quantification in treatment trials (38). Reprinted with permission from Maguire CH, Schinstock CA, Tambur AR.
Measuring human leukocyte antigen alloantibodies: beyond a binary decision. Copyright © 2020 The Author(s) Curr Opin Organ Transplant. (2020) 25(6):
p. 529-535 https://journals.lww.com/co-transplantation/fulltext/2020/12000/measuring_human_leukocyte_antigen_alloantibodies_.3.aspx licensed
under CC-BY-NC-ND. The Creative Commons license does not apply to this content. Use of the material in any format is prohibited without written
permission from the publisher, Wolters Kluwer Health, Inc. Please contact permissions@lww.com for further information.

factor, the limitations of the factors included in the scoring
system remain relevant.

Molecular tests

Molecular profiling of biopsies at the transcriptomic level is
helpful because of its sensitivity, objectivity, and ability to
detect early changes (47). As an added benefit, these tests shed
light on the pathogenic mechanisms contributing to disease.
Most of the published literature historically in the field of
rejection concentrated on microarrays obtained on extra biopsy
cores stored in RNA later Stabilization solution (Molecular
Microscope MMDx One Lambda) (48-50). This revolutionary
technology was difficult to apply to practice because of the
need for an extra core of sample stored in RNA later. Recently
other technologies have been developed using formalin-fixed
paraffin-embedded specimens. One example is the Nano String
nCounter system (Nano String Technologies, Seattle, WA)
which is advantageous because a separate core is not needed,
transcripts can be assessed on the same tissue examined
visually, and large retrospective studies can be conducted
(51-53). This technology is simpler to use and less expensive.
While there is promise in these recent technologies, there can
be a degree of overlap in the gene transcripts with varied
histologic diagnoses (47).

Innovative single cell RNA sequencing and multiplex imaging
for transcriptomic and spatial profiling of allograft tissue from

Frontiers in Transplantation 05

patients experiencing different rejection phenotypes are also now
available for investigational use. These revolutionary technologies
can advance our understanding of the mechanisms of disease
because they can help us understand heterogenous immune cell
populations in ABMR (37). Spatial profiling has been performed
using imaging mass cytometry (37), multiple iterative labeling by
antibody neodeposition (50), and the GeoMX digital space
profiling platform (51). The studies have highlighted the
heterogeneity of the immune landscape and correlated these
the While
molecular technologies are promising and will provide insights

changes to kidney microstructures. innovative
on the mechanisms of disease, there is a need for validation

before using as endpoints in clinical trials or practice.

Donor derived cell free DNA

Donor derived cell free DNA at varied levels can be detected in
the peripheral blood of transplant recipients and is increasingly
used as a surveillance biomarker of rejection (54). An increased
percentage of donor derived cell free DNA correlates with
allograft injury (54). The clear advantage of this test is that it is
noninvasive. Some researchers have examined the change in the
percentage of donor derived cell free DNA with treatment (55).
The most obvious challenge with this donor derived cell free
DNA is it is only a marker of injury and not specific for ABMR.
It also provides little information about what histologic features
to expect (e.g, degree of microvascular inflammation or

frontiersin.org
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TABLE 2 Challenges and opportunities to improve studies in ABMR.

10.3389/frtra.2024.1389005

Challenges Opportunities

Heterogenous cases with varied clinical outcomes
o Varied baseline DSA quantity

o Preexisting versus de novo DSA

o ABMR detected via surveillance or indication biopsy

Plan to enroll patients with a similar risk profile as those included in pilot and early
observational studies.

Balance the inclusion of patients with preexisting and de novo DSA. Adjust for
whether the ABMR diagnosis was made via indication or surveillance biopsy

Difficult to conduct clinical trials because of low enrollment and need for prolonged follow-up

o The time to graft loss after ABMR detection can be several years.

o High risk transplants with DSA and positive crossmatch are done less often
making it more difficult to enroll patients in clinical trials.

o The downside of improving the homogeneity in the studied patient population is
a decrease in patients who meet inclusion criteria.

« Patients with chronic ABMR often not found early because these patients may be
followed by non-transplant nephrologists and/or do not get surveillance DSA
or biopsies

Develop international consortia.

To account for long follow-up, consider using reliable qualified surrogate endpoints
such as slope of eGFR, and plan for long term extension studies to verify results.
Be realistic about enrollment and include centers experienced in transplantation
with donor specific antibody.

Develop decentralized clinical trials and partner with local general nephrologists to
enroll and identify patients who do not have long term follow-up in an academic
medical center.

Consider novel clinical trial design to overcome small patient numbers

Lack of standardized reporting limit the ability to communicate or combine results for meta-analysis

o Key details about DSA, histology, and patient characteristics often missing in
the literature

chronicity). This technology is now rapidly expanding. The test is
now offered by several companies and local labs will now be
running these tests. Thus, there are important unanswered
questions about the accuracy, precision, and reproducibility of
these tests and laboratory proficiency is needed. This background
is necessary before conclusions can be made about the clinical
use and validity of these tests to inform.

Need for collaboration and
standardized reporting

Large multicenter, randomized controlled trials are the
paradigm for determining the efficacy and safety of new
therapies, but applying this approach to transplant and ABMR
has proven difficult. The number of patients that meet specific
inclusion criteria can be small. One obvious way to overcome
this challenge is through the development of research consortia
with consistent protocols. Another way of overcoming this
challenge is with the adoption of novel trial designs that employ
master protocols and Bayesian adaptive approaches that can
adapt depending on short-term outcomes (56, 57). These
innovative trial designs have already been successful in other area
and can be adapted to transplant (58, 59).

Standardized and consistent reporting across centers is essential
for research consortia to be effective and for accurate literature
interpretation. A recent systematic review of ABMR studies
highlighted the lack crucial details on patient inclusion and
outcomes. Out of 163 articles reviewed, only 98 reported on XM

positivity, while information on sample handling, assays,
immunosuppression, treatment, and DSA specificity was
inconsistently  provided  (60). This deficiency hampers

understanding, generalization, meta-analysis, and potentially skews
results from machine learning algorithms. Clarifying data details
is critical to prevent misinterpretation and guide future study design.
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Collaboration and development of minimum standards for reporting by major
transplant groups (e.g., Banff).

Minimal standard reporting consistently followed by industry and enforced by
major clinical journals

Summary

Improving study design for ABMR presents numerous
opportunities despite existing challenges (Table 2). Learning from
past experiences is crucial, given the variability in outcomes
based on patient, histology, and DSA characteristics. Minimizing
or addressing this heterogeneity is vital to prevent unexpected
results, although it may reduce sample size and generalizability.
Collaboration within the community to establish and validate
surrogate endpoints, form consortia, and adopt adaptive clinical
trial designs can help overcome these obstacles. Standardizing
reporting in retrospective and prospective studies is also essential
for accurate communication within the community.

Data availability statement
The original contributions presented in the study are included

in the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

Author contributions

SB: Writing - original draft, Writing — review & editing. MA:
Writing - original draft, Writing - review & editing. CS: Writing
- original draft, Writing - review & editing, Conceptualization,
Supervision.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

frontiersin.org


https://doi.org/10.3389/frtra.2024.1389005
https://www.frontiersin.org/journals/transplantation
https://www.frontiersin.org/

Balakrishnan et al.

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The handling editor M-CvG declared a past co-authorship with
the author CS.

1. Services DoHaH. OPTN/SRTR 2021 Annual Data Report. (2023). Available
online at:  http://srtr.transplant.hrsa.gov/annual_reports/Default.aspx  (Accessed
December 15, 2023).

2. Hariharan S, Israni AK, Danovitch G. Long-term survival after kidney
transplantation. N Engl ] Med. (2021) 385(8):729-43. doi: 10.1056/NEJMra2014530

3. Merzkani MA, Bentall AJ, Smith BH, Benavides Lopez X, D'Costa MR, Park WD,
et al. Death with function and graft failure after kidney transplantation: risk factors at
baseline suggest new approaches to management. Transplant Direct. (2022) 8(2):
e1273. doi: 10.1097/TXD.0000000000001273

4. Van Loon E, Senev A, Lerut E, Coemans M, Callemeyn J, Van Keer JM, et al.
Assessing the complex causes of kidney allograft loss. Transplantation. (2020) 104
(12):2557-66. doi: 10.1097/TP.0000000000003192

5. U.S. National Library of Medicine. Clazakizumab for the Treatment of Chronic
Active Antibody Mediated Rejection in Kidney Transplant Recipients. Available
online at: https://classic.clinicaltrials.gov/show/NCT03744910 (Accessed December
15, 2023).

6. U.S. National Library of Medicine. Efficacy and Safety of Human Plasma-derived
Cl-esterase Inhibitor as Add-on to Standard of Care for the Treatment of Refractory
Antibody Mediated Rejection (AMR) in Adult Renal Transplant Recipients. Available
online at: https://classic.clinicaltrials.gov/show/NCT03221842 (Accessed December
15, 2023).

7. A Multicenter Study to Evaluate the Efficacy and Safety of Cinryze® for the
Treatment of Acute Antibody-mediated Rejection in Participants With Kidney
Transplant. Available online at: https:/classic.clinicaltrials.gov/show/NCT02547220
(Accessed December 15, 2023).

8. Naesens M, Roufosse C, Haas M, Lefaucheur C, Mannon RB, Adam BA, et al. The
banff 2022 kidney meeting report: reappraisal of microvascular inflammation and the
role of biopsy-based transcript diagnostics. Am ] Transplant. (2024) 24(3):338-49.
doi: 10.1016/j.ajt.2023.10.016

9. Aubert O, Loupy A, Hidalgo L, Duong van Huyen JP, Higgins S, Viglietti D, et al.
Antibody-mediated rejection due to preexisting versus de novo donor-specific
antibodies in kidney allograft recipients. ] Am Soc Nephrol. (2017) 28(6):1912-23.
doi: 10.1681/ASN.2016070797

10. Wiebe C, Gibson IW, Blydt-Hansen TD, Pochinco D, Birk PE, Ho J, et al. Rates
and determinants of progression to graft failure in kidney allograft recipients with de
novo donor-specific antibody. Am J Transplant. (2015) 15(11):2921-30. doi: 10.1111/
ajt.13347

11. Schinstock CA, Mannon RB, Budde K, Chong AS, Haas M, Knechtle S, et al.
Recommended  treatment for antibody-mediated rejection after kidney
transplantation: the 2019 expert consensus from the transplantion society working
group. Transplantation. (2020) 104(5):911-22. doi: 10.1097/TP.0000000000003095

12. Loupy A, Suberbielle-Boissel C, Hill GS, Lefaucheur C, Anglicheau D, Zuber J,
et al. Outcome of subclinical antibody-mediated rejection in kidney transplant
recipients with preformed donor-specific antibodies. Am ] Transplant. (2009) 9
(11):2561-70. doi: 10.1111/j.1600-6143.2009.02813.x

13. Bentall A, Cornell LD, Gloor JM, Park WD, Gandhi MJ, Winters JL, et al. Five-
year outcomes in living donor kidney transplants with a positive crossmatch. Am |
Transplant. (2013) 13(1):76-85. doi: 10.1111/j.1600-6143.2012.04291 x

14. Schinstock CA, Cosio F, Cheungpasitporn W, Dadhania DM, Everly M]J,
Samaniego-Picota MD, et al. The value of protocol biopsies to identify patients with
de novo donor-specific antibody at high risk for allograft loss. Am J Transplant.
(2017) 17(6):1574-84. doi: 10.1111/ajt.14161

15. Loupy A, Haas M, Roufosse C, Naesens M, Adam B, Afrouzian M, et al. The
banff 2019 kidney meeting report (I): updates on and clarification of criteria for T
cell- and antibody-mediated rejection. Am ] Transplant. (2020) 20(9):2318-31.
doi: 10.1111/ajt.15898

16. Vo AA, Peng A, Toyoda M, Kahwaji J, Cao K, Lai CH, et al. Use of intravenous
immune globulin and rituximab for desensitization of highly HLA-sensitized patients
awaiting kidney transplantation. Transplantation. (2010) 89(9):1095-102. doi: 10.
1097/TP.0b013e3181d21e7f

07

10.3389/frtra.2024.1389005

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

17. Stegall MD, Diwan T, Raghavaiah S, Cornell LD, Burns ], Dean PG, et al.
Terminal complement inhibition decreases antibody-mediated rejection in sensitized
renal transplant recipients. Am J Transplant. (2011) 11(11):2405-13. doi: 10.1111/j.
1600-6143.2011.03757.x

18. Schinstock CA, Gandhi M, Cheungpasitporn W, Mitema D, Prieto M, Dean P,
et al. Kidney transplant with low levels of DSA or low positive B-flow crossmatch: an
underappreciated option for highly sensitized transplant candidates. Transplantation.
(2017) 101(10):2429-39. doi: 10.1097/TP.0000000000001619

19. Lefaucheur C, Loupy A, Hill GS, Andrade J, Nochy D, Antoine C, et al. Preexisting
donor-specific HLA antibodies predict outcome in kidney transplantation. J] Am Soc
Nephrol. (2010) 21(8):1398-406. doi: 10.1681/ASN.2009101065

20. Orandi BJ, Garonzik-Wang JM, Massie AB, Zachary AA, Montgomery JR, Van
Arendonk K], et al. Quantifying the risk of incompatible kidney transplantation: a
multicenter study. Am J Transplant. (2014) 14(7):1573-80. doi: 10.1111/ajt.12786

21. Marks WH, Mamode N, Montgomery RA, Stegall MD, Ratner LE, Cornell LD,
et al. Safety and efficacy of eculizumab in the prevention of antibody-mediated rejection
in living-donor kidney transplant recipients requiring desensitization therapy: a
randomized trial. Am J Transplant. (2019) 19(10):2876-88. doi: 10.1111/ajt.15364

22. Sciences NCfAT. Clinical Outcome Assessments (2024). Available online at:
https://toolkit.ncats.nih.gov/module/prepare-for-clinical-trials/working-with-industry-
to-design-clinical-trials/clinical-outcome-assessments/ (Accessed December 15, 2023).

23. Fleming TR. Surrogate endpoints and FDA’s accelerated approval process.
Health Aff. (2005) 24(1):67-78. doi: 10.1377/hlthaff.24.1.67

24. Greene SJ, Mentz RJ, Fiuzat M, Butler J, Solomon SD, Ambrosy AP, et al.
Reassessing the role of surrogate end points in drug development for heart failure.
Circulation. (2018) 138(10):1039-53. doi: 10.1161/CIRCULATIONAHA.118.034668

25. Porrini E, Ruggenenti P, Luis-Lima S, Carrara F, Jimenez A, de Vries APJ, et al.
Estimated GFR: time for a critical appraisal. Nat Rev Nephrol. (2019) 15(3):177-90.
doi: 10.1038/541581-018-0080-9

26. Parajuli S, Zhong W, Pantha M, Sokup M, Aziz F, Garg N, et al. The trend of
serum creatinine does not predict follow-up biopsy findings among kidney
transplant recipients with antibody-mediated rejection. Transplant Direct. (2023) 9
(6):e1489. doi: 10.1097/TXD.0000000000001489

27. Inker LA, Collier W, Greene T, Miao S, Chaudhari ], Appel GB, et al. A meta-
analysis of GFR slope as a surrogate endpoint for kidney failure. Nat Med. (2023) 29
(7):1867-76. doi: 10.1038/s41591-023-02418-0

28. Irish W, Nickerson P, Astor BC, Chong E, Wiebe C, Moreso F, et al. Change in
estimated GFR and risk of allograft failure in patients diagnosed with late active
antibody-mediated rejection following kidney transplantation. Transplantation.
(2021) 105(3):648-59. doi: 10.1097/TP.0000000000003274

29. Loupy A, Mengel M, Haas M. Thirty years of the international banff classification
for allograft pathology: the past, present, and future of kidney transplant diagnostics.
Kidney Int. (2022) 101(4):678-91. doi: 10.1016/j.kint.2021.11.028

30. Schinstock CA, Sapir-Pichhadze R, Naesens M, Batal I, Bagnasco S, Bow L, et al.
Banff survey on antibody-mediated rejection clinical practices in kidney
transplantation: diagnostic misinterpretation has potential therapeutic implications.
Am ] Transplant. (2019) 19(1):123-31. doi: 10.1111/ajt.14979

31. Veronese FV, Manfro RC, Roman FR, Edelweiss MI, Rush DN, Dancea S, et al.
Reproducibility of the banff classification in subclinical kidney transplant rejection.
Clin Transplant. (2005) 19(4):518-21. doi: 10.1111/j.1399-0012.2005.00377.x

32. Gough J, Rush D, Jeffery ], Nickerson P, McKenna R, Solez K, et al.
Reproducibility of the banff schema in reporting protocol biopsies of stable renal
allografts. Nephrol Dial Transplant. (2002) 17(6):1081-4. doi: 10.1093/ndt/17.6.1081

33. Smith B, Cornell LD, Smith M, Cortese C, Geiger X, Alexander MP, et al. A
method to reduce variability in scoring antibody-mediated rejection in renal
allografts: implications for clinical trials—a retrospective study. Transpl Int. (2019)
32(2):173-83. doi: 10.1111/tri.13340

34. Callemeyn ], Ameye H, Lerut E, Senev A, Coemans M, Van Loon E, et al.
Revisiting the changes in the Banff classification for antibody-mediated rejection


http://srtr.transplant.hrsa.gov/annual_reports/Default.aspx
https://doi.org/10.1056/NEJMra2014530
https://doi.org/10.1097/TXD.0000000000001273
https://doi.org/10.1097/TP.0000000000003192
https://classic.clinicaltrials.gov/show/NCT03744910
https://classic.clinicaltrials.gov/show/NCT03221842
https://classic.clinicaltrials.gov/show/NCT02547220
https://doi.org/10.1016/j.ajt.2023.10.016
https://doi.org/10.1681/ASN.2016070797
https://doi.org/10.1111/ajt.13347
https://doi.org/10.1111/ajt.13347
https://doi.org/10.1097/TP.0000000000003095
https://doi.org/10.1111/j.1600-6143.2009.02813.x
https://doi.org/10.1111/j.1600-6143.2012.04291.x
https://doi.org/10.1111/ajt.14161
https://doi.org/10.1111/ajt.15898
https://doi.org/10.1097/TP.0b013e3181d21e7f
https://doi.org/10.1097/TP.0b013e3181d21e7f
https://doi.org/10.1111/j.1600-6143.2011.03757.x
https://doi.org/10.1111/j.1600-6143.2011.03757.x
https://doi.org/10.1097/TP.0000000000001619
https://doi.org/10.1681/ASN.2009101065
https://doi.org/10.1111/ajt.12786
https://doi.org/10.1111/ajt.15364
https://toolkit.ncats.nih.gov/module/prepare-for-clinical-trials/working-with-industry-to-design-clinical-trials/clinical-outcome-assessments/
https://toolkit.ncats.nih.gov/module/prepare-for-clinical-trials/working-with-industry-to-design-clinical-trials/clinical-outcome-assessments/
https://doi.org/10.1377/hlthaff.24.1.67
https://doi.org/10.1161/CIRCULATIONAHA.118.034668
https://doi.org/10.1038/s41581-018-0080-9
https://doi.org/10.1097/TXD.0000000000001489
https://doi.org/10.1038/s41591-023-02418-0
https://doi.org/10.1097/TP.0000000000003274
https://doi.org/10.1016/j.kint.2021.11.028
https://doi.org/10.1111/ajt.14979
https://doi.org/10.1111/j.1399-0012.2005.00377.x
https://doi.org/10.1093/ndt/17.6.1081
https://doi.org/10.1111/tri.13340
https://doi.org/10.3389/frtra.2024.1389005
https://www.frontiersin.org/journals/transplantation
https://www.frontiersin.org/

Balakrishnan et al.

after kidney transplantation. Am J Transplant. (2021) 21(7):2413-23. doi: 10.1111/ajt.
16474

35. Farris AB, Vizcarra ], Amgad M, Cooper LAD, Gutman D, Hogan J. Artificial
intelligence and algorithmic computational pathology: an introduction with renal
allograft examples. Histopathology. (2021) 78(6):791-804. doi: 10.1111/his.14304

36. Roufosse C, Naesens M, Haas M, Lefaucheur C, Mannon RB, Afrouzian M, et al.
The Banff 2022 kidney meeting work plan: data-driven refinement of the Banff
classification for renal allografts. Am ] Transplant. (2024) 24(3):350-61. doi: 10.
1016/j.ajt.2023.10.031

37. Alexander MP, Zaidi M, Larson N, Mullan A, Pavelko KD, Stegall MD, et al.
Exploring the single-cell immune landscape of kidney allograft inflammation using
imaging mass cytometry. Am ] Transplant. (2023) 24(4):549-63. doi: 10.1016/j.ajt.
2023.11.008

38. Maguire CH, Schinstock CA, Tambur AR. Measuring human leukocyte antigen
alloantibodies: beyond a binary decision. Curr Opin Organ Transplant. (2020) 25
(6):529-35. doi: 10.1097/MOT.0000000000000822

39. Tambur AR, Herrera ND, Haarberg KM, Cusick MF, Gordon RA, Leventhal JR,
et al. Assessing antibody strength: comparison of MFI, Clq, and titer information. Am
J Transplant. (2015) 15(9):2421-30. doi: 10.1111/ajt.13295

40. Kiernan JJ, Ellison CA, Tinckam KJ. Measuring alloantibodies: a matter of
quantity and quality. Curr Opin Organ Transplant. (2019) 24(1):20-30. doi: 10.
1097/MOT.0000000000000593

41. Tambur AR, Schinstock C. Clinical utility of serial serum dilutions for HLA
antibody interpretation. HLA. (2022) 100(5):457-68. doi: 10.1111/tan.14781

42. Tambur AR, Bestard O, Campbell P, Chong AS, Barrio MC, Ford ML, et al.
Sensitization in transplantation: assessment of risk 2022 working group meeting
report. Am J Transplant. (2023) 23(1):133-49. doi: 10.1016/j.ajt.2022.11.009

43. Loupy A, Aubert O, Orandi BJ, Naesens M, Bouatou Y, Raynaud M, et al.
Prediction system for risk of allograft loss in patients receiving kidney transplants:
international derivation and validation study. Br Med J. (2019) 366:14923. doi: 10.
1136/bm;j.14923

44. Klein A, Loupy A, Stegall M, Helantera I, Kosinski L, Frey E, et al. Qualifying a
novel clinical trial endpoint (iBOX) predictive of long-term kidney transplant
outcomes. Transpl Int. (2023) 36:11951. doi: 10.3389/ti.2023.11951

45. Naesens M, Budde K, Hilbrands L, Oberbauer R, Bellini MI, Glotz D, et al.
Surrogate endpoints for late kidney transplantation failure. Transpl Int. (2022)
35:10136. doi: 10.3389/i.2022.10136

46. Klein A, Loupy A, Stegall M, Helantera I, Kosinski L, Frey E, et al. Qualifying a
novel clinical trial endpoint (iBOX) predictive of long-term kidney transplant
outcomes. Am ] Transplant. (2023) 23(10):1496-506. doi: 10.1016/j.ajt.2023.04.018

47. Halloran PF, Venner JM, Madill-Thomsen KS, Einecke G, Parkes MD, Hidalgo

LG, et al. Review: the transcripts associated with organ allograft rejection. Am J
Transplant. (2018) 18(4):785-95. doi: 10.1111/ajt.14600

08

10.3389/frtra.2024.1389005

48. Halloran PF, Reeve ], Akalin E, Aubert O, Bohmig GA, Brennan D, et al. Real time
central assessment of kidney transplant indication biopsies by microarrays: the
INTERCOMEX study. Am J Transplant. (2017) 17(11):2851-62. doi: 10.1111/ajt.14329

49. Halloran PF, Madill-Thomsen KS, Pon S, Sikosana MLN, Bohmig GA,
Bromberg J, et al. Molecular diagnosis of ABMR with or without donor-specific
antibody in kidney transplant biopsies: differences in timing and intensity but
similar mechanisms and outcomes. Am J Transplant. (2022) 22(8):1976-91. doi: 10.
1111/ajt.17092

50. Madill-Thomsen KS, Bohmig GA, Bromberg ], Einecke G, Eskandary F, Gupta
G, et al. Donor-specific antibody is associated with increased expression of rejection
transcripts in renal transplant biopsies classified as no rejection. ] Am Soc Nephrol.
(2021) 32(11):2743-58. doi: 10.1681/ASN.2021040433

51. Varol H, Ernst A, Cristoferi I, Arns W, Baan CC, van Baardwijk M, et al.
Feasibility and potential of transcriptomic analysis using the NanoString nCounter
technology to aid the classification of rejection in kidney transplant biopsies.
Transplantation. (2023) 107(4):903-12. doi: 10.1097/TP.0000000000004372

52. de Nattes T, Beadle ], Toulza F, Candon E, Ruminy P, Francois A, et al. A simple
molecular tool for the assessment of kidney transplant biopsies. Clin ] Am Soc Nephrol.
(2023) 18(4):499-509. doi: 10.2215/CJN.0000000000000100

53. Rosales IA, Mahowald GK, Tomaszewski K, Hotta K, Iwahara N, Otsuka T, et al.
Banff human organ transplant transcripts correlate with renal allograft pathology and
outcome: importance of capillaritis and subpathologic rejection. ] Am Soc Nephrol.
(2022) 33(12):2306-19. doi: 10.1681/ASN.2022040444

54. Bloom RD, Bromberg JS, Poggio ED, Bunnapradist S, Langone AJ, Sood P, et al.
Cell-free DNA and active rejection in kidney allografts. ] Am Soc Nephrol. (2017) 28
(7):2221-32. doi: 10.1681/ASN.2016091034

55. Wolf-Doty TK, Mannon RB, Poggio ED, Hinojosa R, Hiller D, Bromberg JS, et al.
Dynamic response of donor-derived cell-free DNA following treatment of acute rejection
in kidney allografts. Kidney360. (2021) 2(4):729-36. doi: 10.34067/KID.0000042021

56. Luce BR, Connor JT, Broglio KR, Mullins CD, Ishak KJ, Saunders E, et al. Using
Bayesian adaptive trial designs for comparative effectiveness research: a virtual trial
execution. Ann Intern Med. (2016) 165(6):431-8. doi: 10.7326/M15-0823

57. Stegall MD, Smith B, Bentall A, Schinstock C. The need for novel trial designs,
master protocols, and research consortia in transplantation. Clin Transplant. (2020) 34
(1):e13759. doi: 10.1111/ctr.13759

58. Mehta C, Gao P, Bhatt DL, Harrington RA, Skerjanec S, Ware JH. Optimizing
trial design: sequential, adaptive, and enrichment strategies. Circulation. (2009) 119
(4):597-605. doi: 10.1161/CIRCULATIONAHA.108.809707

59. Bhatt DL, Mehta C. Adaptive designs for clinical trials. N Engl ] Med. (2016) 375
(1):65-74. doi: 10.1056/NEJMral510061

60. Jatana SS, Zhao H, Bow LM, Cozzi E, Batal I, Horak T, et al. Seeking
standardized definitions for HLA-incompatible kidney transplants: a systematic
review. Transplantation. (2023) 107(1):231-53. doi: 10.1097/TP.0000000000004262


https://doi.org/10.1111/ajt.16474
https://doi.org/10.1111/ajt.16474
https://doi.org/10.1111/his.14304
https://doi.org/10.1016/j.ajt.2023.10.031
https://doi.org/10.1016/j.ajt.2023.10.031
https://doi.org/10.1016/j.ajt.2023.11.008
https://doi.org/10.1016/j.ajt.2023.11.008
https://doi.org/10.1097/MOT.0000000000000822
https://doi.org/10.1111/ajt.13295
https://doi.org/10.1097/MOT.0000000000000593
https://doi.org/10.1097/MOT.0000000000000593
https://doi.org/10.1111/tan.14781
https://doi.org/10.1016/j.ajt.2022.11.009
https://doi.org/10.1136/bmj.l4923
https://doi.org/10.1136/bmj.l4923
https://doi.org/10.3389/ti.2023.11951
https://doi.org/10.3389/ti.2022.10136
https://doi.org/10.1016/j.ajt.2023.04.018
https://doi.org/10.1111/ajt.14600
https://doi.org/10.1111/ajt.14329
https://doi.org/10.1111/ajt.17092
https://doi.org/10.1111/ajt.17092
https://doi.org/10.1681/ASN.2021040433
https://doi.org/10.1097/TP.0000000000004372
https://doi.org/10.2215/CJN.0000000000000100
https://doi.org/10.1681/ASN.2022040444
https://doi.org/10.1681/ASN.2016091034
https://doi.org/10.34067/KID.0000042021
https://doi.org/10.7326/M15-0823
https://doi.org/10.1111/ctr.13759
https://doi.org/10.1161/CIRCULATIONAHA.108.809707
https://doi.org/10.1056/NEJMra1510061
https://doi.org/10.1097/TP.0000000000004262
https://doi.org/10.3389/frtra.2024.1389005
https://www.frontiersin.org/journals/transplantation
https://www.frontiersin.org/

	Challenges and opportunities for designing clinical trials for antibody mediated rejection
	Introduction
	Minimizing patient heterogeneity in clinical trials
	Consider the varied clinical phenotypes of ABMR
	Understand the baseline risk of ABMR among incompatible kidney transplant recipients

	Considerations for outcome assessment
	Surrogate endpoints
	Kidney function measures
	Renal histology
	HLA donor specific antibody assessment
	Integrative box (iBox) scoring system
	Molecular tests
	Donor derived cell free DNA


	Need for collaboration and standardized reporting
	Summary
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


