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Endothelin Type A Receptor Antibodies

Are Associated With Angiotensin

II Type 1 Receptor Antibodies, Vascular

Inflammation, and Decline in Renal Function

in Pediatric Kidney Transplantation
Meghan H. Pearl1, Lucia Chen2, Rim ElChaki1, David Elashoff2, David W. Gjertson3,

Maura Rossetti3, Patricia L. Weng1, Qiuheng Zhang3, Elaine F. Reed3 and

Eileen Tsai Chambers1,4,5

1Division of Pediatric Nephrology, Department of Pediatrics, University of California Los Angeles, Los Angeles, California, USA;
2Department of Medicine Statistics Core, University of California Los Angeles, Los Angeles, California, USA; 3Department of

Pathology and Laboratory Medicine, University of California Los Angeles, Los Angeles, California, USA; 4Division of Pediatric

Nephrology, Department of Pediatrics, Duke University, Durham, North Carolina, USA; and 5Department of Surgery, Duke

University, Durham, North Carolina, USA
Introduction: Autoantibody to angiotensin II type 1 receptor (AT1R-Ab) has been recognized as a non-hu-

man leukocyte antigen (HLA) antibody relevant in transplantation. Endothelin type A receptor antibody

(ETAR-Ab) has been strongly associated with AT1R-Ab, but the data in kidney transplantation are scarce.

Methods: We examined the relationship of ETAR-Ab and AT1R-Ab with clinical outcomes, biopsy findings,

inflammatory cytokines, and HLA donor-specific antibody (DSA) in a cohort of pediatric renal transplant

recipients. Sixty-five patients were longitudinally monitored for ETAR-Ab, AT1R-Ab, HLA DSA, interleukin

(IL)-8, tumor necrosis factor-a, IL-1b, interferon-g, IL-17, IL-6, renal dysfunction, hypertension, rejection,
and allograft loss during the first 2 years post-transplant.

Results: Fifteen patients (23%) had AT1R-Ab alone, 1 (2%) had ETAR-Ab alone, 23 (35%) had both ETAR-Ab

and AT1R-Ab, and 26 (40%) were negative for both antibodies at all timepoints. Having both ETAR-Ab and

AT1R-Ab was associated with >30% decline in estimated glomerular filtration rate (P ¼ 0.024), arteritis (P ¼
0.016), and elevated IL-8 levels (P ¼ 0.010), but not rejection, HLA DSA, or allograft loss. Having both

antibodies resulted in greater increases in IL-8 compared with AT1R-Ab alone, even when controlled for

additional clinical factors, including HLA DSA (P ¼ 0.012).

Conclusion: Our study demonstrates that, in pediatric kidney transplantation, ETAR-Ab is highly associ-

ated with AT1R-Ab, but there are a subset of patients with AT1R-Ab alone. Having both antibodies is

significantly associated with arteritis, elevated IL-8, and decline in renal function, and our results suggest

possible interaction effects. Better understanding of this interaction may be informative in developing

protocols for testing, treatment, and prevention of allograft injury.

Kidney Int Rep (2020) 5, 1925–1936; https://doi.org/10.1016/j.ekir.2020.09.004

KEYWORDS: angiotensin II type 1 receptor antibody; cytokine; endothelin type A receptor antibody; human leukocyte

antigen donor-specific antibody; pediatric nephrology; transplantation
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transplantation. Recently, autoantibodies to multiple
non-HLA1‒14 targets are becoming recognized for
their role in antibody-mediated renal allograft injury.
The activating autoantibody to angiotensin II type 1
receptor (AT1R-Ab)7,8,15‒20 is among the most well
described of these non-HLA antibodies in transplan-
tation. Autoantibody to the closely related G pro-
tein‒coupled receptor, endothelin type A receptor
(ETAR)21,22 has been strongly associated with
AT1R-Ab in other disease states, such as systemic
1925
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sclerosis and preeclampsia.23‒26 The pathophysiology
of AT1R-Ab has been linked to increased
endothelin-1 and activation of ETAR27,28 and, impor-
tantly, clinical disease severity in both systemic scle-
rosis and preeclampsia has been correlated with the
activation of both pathways.25,26 The strong associa-
tion of AT1R-Ab and ETAR-Ab has also been
described in solid-organ transplantation29‒32; howev-
er, the data in kidney transplantation19,20 are scarce
and limited to adult studies.

Our group33 and others34‒36 recently reported a
higher prevalence of AT1R-Ab in pediatric versus
adult kidney transplant recipients, highlighting
potentially important differences between these 2
populations with respect to the development of non-
HLA antibodies. In particular, pediatric kidney trans-
plant patients appear to have a higher rate of de novo
AT1R-Ab formation.33 Importantly, AT1R-Ab has been
associated with vascular inflammation, decline in esti-
mated glomerular filtration rate (eGFR), and allograft
loss33,34 in this vulnerable population. AT1R-Ab has
also been associated with elevations in tumor necrosis
factor-a (TNF-a), interferon-g (IFN-g), interleukin (IL)-
8, IL-1b, IL-6, and IL-17 in pediatric kidney transplant
recipients,33,37 further supporting an association be-
tween vascular inflammation and autoantibody
formation.

A better understanding of how autoimmunity to
other G protein‒coupled receptors, such as ETAR, may
interact with AT1R-Ab, alloimmunity, and inflamma-
tory cytokines is important to understanding the
overall impact of these autoantibodies. Moreover, the
relationship between non-HLA and HLA DSA is still
not well understood. Some studies have supported an
interplay between antibodies to G protein‒coupled
receptors and HLA DSA in kidney transplantation with
the development of non-HLA autoantibodies predis-
posing recipients to HLA sensitization and together
causing worsening allograft dysfunction.8,17,20,34 By
contrast, other studies have shown HLA and non-HLA
antibodies to have independent effects on renal allo-
grafts.18,33 Furthermore, how this interaction may
function in the context of a developing immune system
has yet to be elucidated. The availability of pharma-
cologic agents to block activity at these receptors has
important therapeutic implications. Therefore, we
sought to describe the relationship between ETAR-Ab
and AT1R-Ab in pediatric kidney transplant re-
cipients in the first 2 years post-transplant, and the
association of these antibodies with clinical outcomes.
In addition, we aimed to understand the association of
these antibodies with HLA DSA and inflammatory
cytokines.
1926
METHODS

Patients, Samples, and Study Design

In this retrospective study, 65 pediatric kidney
transplant patients were monitored for 2 years post-
transplant. From August 2005 to November 2014, 83
patients were enrolled in the UCLA Pediatric Kidney
Transplant Immune Monitoring Study, and 18 pa-
tients were excluded from analysis secondary to
missing more than 1 study sample at the timepoints
indicated. This study was approved by the institu-
tional review board of UCLA (#11-002375) and con-
forms with the 1964 Helsinki Declaration and its later
amendments or comparable ethical standards and the
Principles of the Declaration of Istanbul. Informed
consent and when appropriate patient assent was
obtained for all patients. Blood samples were ob-
tained per protocol pretransplant and at 6, 12, and 24
months post-transplant and for indication during
episodes of kidney transplant rejection. In longitu-
dinal analyses, blood samples were grouped by pe-
riods within 3 months of the timepoint. Demographic
and clinical data, including age, race, ethnicity
(Hispanic or Latino vs not Hispanic or Latino), eti-
ology of end-stage renal disease, transplant type
(deceased/living donor), sensitization history, time on
dialysis, delayed graft function (defined as dialysis in
the first week post-transplant), immunosuppression
regimen, cytomegalovirus, Epstein-Barr virus, and BK
virus levels, and blood pressure were collected. Pa-
tients were monitored for rejection, allograft loss, and
decrease in eGFR as determined by the updated
Schwartz equation38 in patients <18 years old at the
time of transplant and by the abbreviated Modifica-
tion of Diet in Renal Disease equation39 in
patients $18 years of age at the time of transplant.
Hypertension was determined by age, sex, and
height percentile40 for children <18 years old and
based on American Society of Hypertension and the
International Society of Hypertension guidelines for
patients $18 years old.41 Study data were collected
and managed using secure REDCap (Research Elec-
tronic Data Capture) electronic data capture tools
hosted at UCLA.42 Of the 65 patients, 54 had com-
plete 2-year follow-up, 7 patients had graft loss, and
4 patients transferred care to a different institution.
No patients died during the study period. A total of
9.1 patient-years of follow-up were analyzed. In
addition to analyzing patient-level outcomes, a sepa-
rate analysis of the 262 blood samples yielded from
the 65 patients was undertaken. This sample level
analysis allowed for a time-sensitive characterization
of the association between AT1R-Ab, ETAR-Ab, and
cytokine levels. One patient and 2 blood samples
Kidney International Reports (2020) 5, 1925–1936
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from that patient were positive for ETAR-Ab alone,
and were therefore excluded from analyses that
compared AT1R-Ab positive only, both AT1R-Ab
and ETAR-Ab positive, and antibody-negative pa-
tients/samples.

Clinical Protocols and Biopsy Evaluation

UCLA immunosuppressive regimen for pediatric
transplant recipients included induction with either
antithymocyte globulin for panel-reactive
antibodies $30%, delayed graft function, or rapid-
steroid withdrawal protocol or anti-CD25 monoclonal
antibody for those with panel reactive
antibodies <30%. Maintenance immunosuppression
consisted of steroid-free or steroid-based immunosup-
pression, a calcineurin inhibitor, and an antimetabolite.
Acute and chronic rejection were treated with previ-
ously described protocols.43

Patients underwent protocol biopsies at 6, 12, and 24
months post-transplantation or for clinical indication.
Biopsies were evaluated based on the 2013 Banff
criteria.44 Three patients were not included in the bi-
opsy score data as they had missing values.

Antibody and Cytokine Testing

HLA typing of recipient and donor was performed
using molecular methods, as described elsewhere.43

HLA antibodies were detected using a Luminex
single-antigen bead assay (Immucor, Stamford, CT) and
quantified by mean fluorescence intensity. Antibodies
were considered positive when mean fluorescence in-
tensity was $1000 for HLA-A, -B, -DR, and -DQ,
and $2000 for HLA-C and -DP.45 AT1R-Ab and ETAR-
Ab were measured by enzyme-linked immunosorbent‒
based assay (One Lambda, Canoga Park, CA). Sera were
diluted 1:100, tested in duplicate, and AT1R-Ab and
ETAR-Ab concentrations were determined by a stan-
dard curve. AT1R-Ab IgG >17 U/ml and ETAR-Ab
>10 U/ml was considered positive based on other
previous studies,30 recommendations from the test
manufacturer, and our receiver operating curve anal-
ysis. Cytokines were selected based on a literature re-
view of cytokines that have been associated with
activation of the AT1R and ETAR.46‒51 A custom
magnetic bead kit including IL-8, TNF-a, IL-1b, IFN-g,
IL-17, and IL-6 (EMD Millipore, Darmstadt, Germany)
was used per manufacturer’s instructions. Fluorescence
was quantified using a Luminex 200TM instrument
(Thermo Fisher Scientific, Waltham, MA). For the
patient-level analysis of cytokines, the median of the
post-transplant values of each cytokine across samples
was used as representative. Before regression analysis,
cytokines were transformed using the log(x þ 1)
transformation.
Kidney International Reports (2020) 5, 1925–1936
Statistical Methods

ETAR-Ab >10 U/ml was considered positive based
on other previous studies30 and recommendations
from the test manufacturer. We evaluated further by
completing a receiver operating curve analysis
comparing this cutoff to the optimal threshold as
determined by maximizing the Youden index,52 and
confirmed that the cutoff of 10 U/ml was
within �0.12 on average of the best threshold for all
outcomes. AT1R-Ab level >17 U/ml was obtained by
a similar process, as described elsewhere.33 Categori-
cal variables were compared between groups using
Fisher’s exact test. Continuous variables were
compared between groups using either the Kruskal-
Wallis test or 1-way analysis of variance, based on
the distribution of the data. Correlations between
blood sample AT1R-Ab and ETAR-Ab levels and
antibody status and cytokine levels were assessed by
mixed-effects models, including patient-level random
effects to account for repeated measurements. Timing
of antibody development was assessed by 1-sample t
test. Logistic and linear regression models were used
to evaluate the effect of AT1R-Ab and ETAR-Ab
positivity on eGFR decline and median patient IL-8
levels, respectively. Odds ratios and regression co-
efficients are reported along with 95% confidence
intervals. Firth’s penalized maximum method was
used to stabilize the estimates in the logistic regres-
sion model. Analyses were performed using R version
3.6.2 (http://www.r-project.org). P < 0.05 was
considered statistically significant and all tests were
2-sided.
RESULTS

Prevalence, Natural History, and Clinical

Characteristics

In our population of 65 pediatric renal transplant re-
cipients, 15 (23%) had AT1R-Ab alone, 1 (2%) had
ETAR-Ab alone, and 23 (35%) had both ETAR-Ab and
AT1R-Ab during at least 1 timepoint during the study
period. Twenty-six (40%) patients were negative for
both antibodies at all timepoints. All patients (with 1
exception, 96%) positive for ETAR-Ab were also positive
for AT1R-Ab. Of the 262 blood samples analyzed from
the aforementioned patients, 56 (22%) were positive for
ETAR-Ab (Figure 1a). All blood samples (except 2 sam-
ples from the same patient) positive for ETAR-Ab were
also positive for AT1R-Ab. Notably, 44 blood samples
(17%) were positive for AT1R-Ab alone. ETAR-Ab and
AT1R-Ab levels were highly correlated (r ¼ 0.78, P <
0.001; Figure 1b). These relationships were observed
across timepoints and in both samples associated with
biopsies done for clinical indication and protocol samples
1927
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Figure 1. Characteristics of blood samples positive for ETAR-Ab. Two hundred sixty-two blood samples from 65 patients are shown. Sample timing
(protocol timepoint vs time of clinically indicated biopsy) is presented. (a) Distribution of ETAR-Ab levels by time post-transplant. The distribution of
ETAR-Ab levels over time is shown. The distribution of ETAR-Ab levels in the population remained relatively stable over time. AT1R-Ab positivity
(defined as >17 units/ml by ELISA) in individual samples is presented. All (except 2) samples positive for ETAR-Ab, were also AT1R-Ab positive.
However, it is of note that there are samples positive for AT1R-Ab but negative for ETAR-Ab. (b) Correlation between blood sample ETAR-Ab and
AT1R-Ab levels. ETAR-Ab was highly correlated with AT1R-Ab. This remained true in stratified analyses by protocol versus clinical indication sample.
AT1R-Ab, autoantibody to angiotensin II type 1 receptor; ELISA, enzyme-linked immunoassay; ETAR-Ab, endothelin type A receptor antibody.

CLINICAL RESEARCH MH Pearl et al.: ETAR-Ab in Pediatric Transplantation
(Figure 1a and b). Of the 23 patients with both ETAR-Ab
and AT1R-Ab, 21 (88%) were positive for ETAR-Ab on a
post-transplant sample. Of these 21 patients, 8 (38%)
were also positive for ETAR-Ab pretransplant, 9 (43%)
1928
were negative pretransplant, and 4 (19%) did not have a
pretransplant sample available for analysis. Of the 53
patients with pretransplant samples available, 10 (18.9%)
were positive for ETAR-Ab.
Kidney International Reports (2020) 5, 1925–1936



Table 1. Baseline characteristics of population by ETAR-Ab and AT1R-Ab status

Variable Negative (n [ 26)
AT1R-Ab positive only

(n [ 15)
ETAR-Ab and AT1R-Ab
positive (n [ 23) P value

Time (months) from AT1R-Ab to ETAR-Ab, mean (SD) — — 2.8 (4.3) 0.003a

Age (years), mean (SD) 14.7 (4.9) 16.1 (3.3) 13.2 (4.2) 0.12

Sex (% male) 15 (57.7%) 6 (40%) 17 (73.9%) 0.12

Recipient race, n (% white) 18 (69.2%) 8 (53.3%) 20 (87%) 0.07

Recipient ethnicity, n (% Hispanic) 17 (65.4%) 9 (60%) 9 (39.1%) 0.18

Donor type, n (% deceased) 14 (53.8%) 13 (86.7%) 13 (56.5%) 0.09

Etiology of ESRD, n (%) 0.59

Dysplasia 4 (15.4%) 3 (20%) 2 (8.7%)

FSGS 2 (7.7%) 3 (20%) 3 (13%)

Other glomerulonephritis 3 (15.3%) 4 (26.7%) 1 (4.3%)

Obstructive uropathy 7 (26.9%) 2 (13.3%) 7 (30.4%)

Polycystic kidney disease 0 (0%) 1 (6.7%) 1 (4.3%)

Unknown 4 (15.4%) 1 (6.7%) 5 (21.7%)

Other 5 (19.2%) 1 (6.7%) 4 (17.4%)

Time on dialysis, median (IQR) 1.9 (1.1‒2.7) 2 (0.8‒3.2) 2.5 (1‒2.8) 0.80

Primary transplant, n (%) 25 (96.2%) 13 (86.7%) 20 (87%) 0.49

HLA mean mismatch, mean (SD) 1.2 (0.4) 1.4 (0.4) 1.1 (0.7) 0.46

Baseline PRA class I >20%, n (%) 1 (3.8%) 1 (6.7%) 2 (8.7%) 0.82

Baseline PRA class II >20%, n (%) 1 (3.8%) 4 (26.7%) 2 (8.7%) 0.09

EBV serostatus, n (% positive) 19 (73.1%) 12 (80%) 16 (69.6%) 0.88

CMV serostatus, n (% positive) 14 (53.8%) 12 (80%) 12 (52.2%) 0.19

Induction ATG (vs. IL-2 inhibitor), n (%) 0 (0%) 2 (13.3%) 4 (17.4%) 0.07

Steroid-free at hospital discharge, n (%) 12 (46.2%) 5 (33.3%) 16 (69.6%) 0.07

Delayed graft function, n (%) 1 (3.8%) 1 (6.7%) 2 (8.7%) 0.82

AT1R-Ab, autoantibody to angiotensin II type 1 receptor; ATG, antithymocyte globulin; CMV, cytomegalovirus; EBV, Epstein-Barr virus; ESRD, end-stage renal disease; ETAR-Ab,
endothelin type A receptor antibody; FSGS, focal segmental glomerulosclerosis; HLA, human leukocyte antigen; IL, interleukin; IQR, interquartile range; PRA, panel-reactive anti-
body; SD, standard deviation.
aP value obtained by 1-sample t test by assessing the probability that mean time from development of AT1R-Ab to ETAR-Ab was >0 month.
P values represent 3-group comparisons unless otherwise indicated. Fisher’s exact test was used for categorical variables. For continuous variables (age and HLA mismatch), a 1-way
analysis of variance was used. One patient with ETAR-Ab alone was excluded from analysis.
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In all patients with ETAR-Ab and AT1R-Ab, the
antibodies appeared simultaneously, or AT1R-Ab
developed, on average, 2.8 months earlier (P ¼ 0.003;
Table 1). Further analyses were conducted based on the
following groups: both ETAR-Ab and AT1R-Ab
negative; AT1R-Ab positive only; and both ETAR-Ab
and AT1R-Ab positive. One patient with ETAR-Ab
alone on 2 blood samples with subsequent blood sam-
ples negative for both ETAR-Ab and AT1R-Ab was
excluded from further analyses as an outlier. This
allowed us to examine risk factors associated with
ETAR-Ab while also addressing the potential impact of
concurrent AT1R-Ab. We found no demographic or
clinical characteristics that were significantly associ-
ated with the development of both ETAR-Ab and
AT1R-Ab (Table 1). Interestingly, there was a trend
toward an association between non-Hispanic ethnicity,
antithymocyte globulin induction, and steroid-free
immunosuppression at discharge and the develop-
ment of both ETAR-Ab and AT1R-Ab (Table 1).

Clinical Outcomes

ETAR-Ab and AT1R-Ab were not associated with
rejection, proteinuria, hypertension, or allograft loss
(Table 2). Notably, we found no association between
Kidney International Reports (2020) 5, 1925–1936
the development of ETAR-Ab and AT1R-Ab and HLA
DSA (Table 2). More severe T-cell‒mediated rejection
was more common in the group that was ETAR-Ab and
AT1R-Ab positive (Table 2), but this relationship was
not statistically significant. Interestingly, ETAR-Ab
and AT1R-Ab were associated with a >30% decline
in eGFR over the follow-up period (P ¼ 0.024; Table 2).
To examine the impact of rejection on this association,
we compared patients with ETAR-Ab (all with con-
current AT1R-Ab) versus patients without ETAR-Ab
(including both patients with AT1R-Ab alone and
negative for both) by rejection status. We found that
declines in eGFR were worse for patients with ETAR-
Ab both with and without rejection (Figure 2). In an
analysis of all 3 antibody groups (ETAR-Ab and AT1R-
Ab negative, AT1R-Ab positive only, ETAR-Ab and
AT1R-Ab positive) further subdivided by rejection
status, a similar trend was observed (P ¼ 0.13, data not
shown). To further investigate the relationship be-
tween having both ETAR-Ab and AT1R-Ab and
decline in eGFR, and to distinguish it from the impact
of AT1R-Ab alone, a logistic regression analysis was
performed (Table 3). In this analysis, having both
ETAR-Ab and AT1R-Ab was significantly associated
with a >30% decrease in eGFR. AT1R-Ab alone had
1929



Table 2. Clinical outcomes by ETAR-Ab and AT1R-Ab status
Outcome Negative (n [ 26) AT1R-Ab positive only (n [ 15) ETAR-Ab and AT1R-Ab positive (n [ 23) P value

Any rejection, n (%) 10 (38.5%) 7 (46.7%) 11 (47.8%) 0.80

Rejection type, n (%) 0.28

Borderline 6 (60%) 3 (42.9%) 3 (27.3%)

TCMR > borderline 2 (20%) 2 (28.6%) 7 (63.6%)

AMR 1 (10%) 0 (0%) 0 (0%)

Mixed (AMR and TCMR) 1 (10%) 2 (28.6%) 1 (9.1%)

Biopsies for cause, median (IQR) 0 (0‒33.3) 33.3 (0‒62.5) 41.6 (0‒66.7) 0.18

Development of HLA DSA, n (%) 0.83

None 18 (69.2%) 11 (73.3%) 16 (69.6%)

Class I only 2 (7.7%) 0 (0%) 3 (13%)

Class II only 5 (19.2%) 3 (20%) 4 (17.4%)

Class I and II 1 (3.8%) 1 (6.7%) 0 (0%)

EBV, CMV, or BK viremia ever, n (%) 11 (45.8%) 9 (69.2%) 9 (42.9%) 0.35

Proteinuria, n (%) 18 (69%) 11 (73%) 14 (61%) 0.70

Hypertension, n (%) 4 (15.4%) 3 (20.0%) 9 (39.1%) 0.14

>30% decrease in eGFR, n (%) 2 (7.7%) 5 (33.3%) 9 (39.1%) 0.024

IL-8 level,a median (IQR) 7.5 (4.5‒18.4) 12.6 (4.8‒17.8) 24.4 (9.2‒40.8) 0.010

Allograft loss, n (%) 0 3 (20.0%) 4 (17.4%) 0.07

AMR, antibody-mediated rejection; AT1R-Ab, autoantibody to angiotensin II type 1 receptor; CMV, cytomegalovirus; DSA, donor-specific antibody; EBV, Epstein-Barr virus; eGFR,
estimated glomerular filtration rate; ETAR-Ab, endothelin type A receptor antibody; HLA, human leukocyte antigen; IL, interleukin; IQR, interquartile range; TCMR, T-cell‒mediated
rejection.
aMedian IL-8 level for each patient was used as representative.
P values represent 3-group comparisons. Fisher’s exact test was used for categorical variables. For IL-8 level, a Kruskal-Wallis test was used. One patient with ETAR-Ab alone was
excluded from the analysis.
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borderline significance. These relationships remained
true when controlled for age, sex, presence of HLA
DSA, rejection, and HLA mismatch (Table 3). Younger
age and rejection were also associated with a >30%
decline in eGFR in this model (P ¼ 0.021 and P ¼
0.029, respectively). Interaction effects between HLA
DSA and non-HLA antibody status were evaluated and
were not significant. Patients with AT1R-Ab alone or
both AT1R-Ab and ETAR-Ab also had higher median
number of treatment days and more plasmapheresis
than patients negative for both antibodies (see
Supplementary Table S1).

Vascular Inflammation

Having both ETAR-Ab and AT1R-Ab was associated
with arteritis on biopsy (P ¼ 0.016; Supplementary
Table S2). There was no association between ETAR-
Ab and AT1R-Ab and other acute or chronic vascular
or tubulointerstitial findings (Supplementary Table S2).
We also analyzed a panel of cytokines in the blood
associated with vascular inflammation.46‒51 Differences
between the antibody groups evaluated by Kruskal-
Wallis test were noted for IL-8 in the patient-level
analysis (P ¼ 0.010, n ¼ 64; Table 2 and
Supplementary Table S3), but not for TNF-a, IFN-g,
IL-1b, IL-6, and IL-17 (Supplementary Table S3). In the
sample-level analysis, consistent with our previous
data,37 all blood samples with AT1R-Ab (AT1R-Ab
alone and both AT1R-Ab and ETAR-Ab) had higher
levels of all cytokines tested (n ¼ 260; Supplementary
1930
Table S4). Comparisons between the 3 groups of sam-
ples by antibody status were significant for all cyto-
kines except IL-17.

We further examined the effects of ETAR-Ab and
AT1R-Ab together and AT1R-Ab alone when compared
with having neither antibody on cytokines significant
on initial comparison by Kruskal-Wallis test by using
linear regression analyses. For the patient-level analysis
(n ¼ 64), we found that having both antibodies resul-
ted in greater increases in IL-8 above patients with
neither antibody compared with AT1R-Ab alone (P ¼
0.002; Table 3). This relationship persisted when
controlled for age, sex, living versus deceased donor,
presence of HLA DSA, rejection, HLA mismatch, and
viremia (P ¼ 0.012; Table 3). There was no significant
interaction between HLA DSA and non-HLA antibody
status on median patient IL-8 level. For the sample-
level analysis (n ¼ 260), TNF-a, IFN-g, IL-1b, IL-6,
and IL-8 were significantly elevated in blood samples
positive for AT1R-Ab alone and samples positive for
both AT1R-Ab and ETAR-Ab when compared with
samples having neither antibody. These relationships
remained consistent when controlled for age, sex,
living versus deceased donor, presence of HLA DSA,
rejection, HLA mismatch, and viremia (Supplementary
Table S5). Interestingly, the magnitude of the associa-
tion was higher in the samples positive for both anti-
bodies than in samples with AT1R-Ab alone for all
cytokines (Supplementary Table S5). The percent in-
crease in TNF-a, IFN-g, IL-1b, and IL-6 levels above
Kidney International Reports (2020) 5, 1925–1936



Figure 2. Renal function outcome by ETAR-Ab and rejection status. In this analysis, patients with ETAR-Ab and AT1R-Ab are labeled as ETAR-Ab
positive and patients with neither antibody or AT1R-Ab alone are labeled ETAR-Ab negative. A higher percentage of patients with ETAR-Ab had a
>30% decrease in eGFR over the follow-up period (measured from hospital discharge to last follow-up). This was true in patients both with and
without rejection. The 1 ETAR-Ab‒positive, AT1R-Ab‒negative patient excluded in other analyses is included in this analysis (n ¼ 65). AT1R-Ab,
autoantibody to angiotensin II type 1 receptor; eGFR, estimated glomerular filtration rate; ETAR-Ab, endothelin type A receptor antibody.
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antibody-negative samples was, on average, 28.2%
higher for samples with both antibodies than for sam-
ples with AT1R-Ab alone in the adjusted models. This
increase in magnitude was larger for IL-8, with an in-
crease of 122.1% (Supplementary Table S5).
DISCUSSION

In this longitudinal cohort of pediatric kidney trans-
plant recipients, we are the first to report the associa-
tion of ETAR-Ab with decline in renal function and
vascular inflammation in the first 2 years post-trans-
plant. Given AT1R-Ab and ETAR-Ab have been highly
associated with each other in transplantation20,22,29‒31

and other disease states,23‒25 we also examined the
natural history and differing clinical associations of
patients with these autoantibodies. We found distinct
groups of pediatric kidney transplant patients who
developed both ETAR-Ab and AT1R-Ab and AT1R-Ab
alone. Importantly, we found that patients with both
ETAR-Ab and AT1R-Ab had greater declines in renal
function, more arteritis, and higher IL-8 levels. In
addition, similar to AT1R-Ab, the development of
ETAR-Ab was not associated with HLA DSA. Our
findings suggest that testing for ETAR-Ab in addition
to AT1R-Ab may be beneficial in clinical
Kidney International Reports (2020) 5, 1925–1936
decisionmaking and guide potential treatment strate-
gies in pediatric kidney transplant recipients.

Given that ETAR-Ab and AT1R-Ab are highly
associated in most, but not all,23 disease states, we
measured both antibodies in each sample to describe
the timing of antibody development and to assess this
correlation. We found that there was a subset of pe-
diatric kidney transplant patients that develop AT1R-
Ab without concomitant ETAR-Ab. However, it was
uncommon for a patient with ETAR-Ab to not have
AT1R-Ab. Banasik et al. found a pretransplant preva-
lence of ETAR-Ab of 47.4%; however, a cutoff of >2.5
units/ml was used to determine positivity based on
their data analysis. This is lower than what has been
used in other studies in solid-organ transplantation29‒32

and may overlap with levels in healthy adults.23 In our
study, we used a cutoff value of >10 units/ml based on
other previous studies,30 recommendations from the
test manufacturer, and our receiver operating curve
analysis. We and others have described that AT1R-Ab
levels are higher in pediatric kidney transplant re-
cipients when compared with adults.33,35 Given AT1R-
Ab and ETAR-Ab are highly correlated,23 it is not
surprising that we found a higher level to be more
informative in our population. In an analysis of adult
kidney transplant recipients with similar serial
1931



Table 3. Association of decline in eGFR and IL-8 levels with antibody status
Outcomes and predictors OR (95% CI) P value Adjusted ORa (95% CI) P value

>30% Decline in eGFR

AT1R-Ab alone 6.00 (0.99‒36.23) 0.051 6.79 (0.96‒48.33) 0.056

ETAR-Ab and AT1R-Ab 7.71 (1.46‒40.90) 0.016 6.49 (1.17‒36.00) 0.032

Age (þ1 year) 0.81 (0.67‒0.97) 0.021

Rejection 4.73 (1.17‒19.11) 0.029

Median IL-8 levelb Estimate (95% CI) Adjusted estimatec (95% CI)

AT1R-Ab alone 0.24 (�0.43 to 0.92) 0.48 0.13 (�0.63 to 0.89) 0.74

ETAR-Ab and AT1R-Ab 0.98 (0.38‒1.57) 0.002 0.83 (0.21‒1.45) 0.012

AT1R-Ab, autoantibody to angiotensin II type 1 receptor; CI, confidence interval; CMV, cytomegalovirus; ETAR-Ab, endothelin type A receptor antibody; eGFR, estimated glomerular
filtration rate; HLA, human leukocyte antigen; IL, interleukin; OR, odds ratio.
aModel adjusted for age, sex, presence of HLA DSA, rejection, and HLA mismatch. Variables with significant associations with the outcome are shown.
bMedian IL-8 level for each patient assessed across all blood samples.
cModel adjusted for age, sex, living versus deceased donor, presence of HLA DSA, rejection, HLA mismatch, and viremia (CMV, BK, or EBV). No other variables had significant as-
sociations with the outcome.
The number of patients in each antibody group, the number of events with >30% decline in eGFR, and median IL-8 levels in each antibody group are shown in Table 2. Of note,
interaction effects between HLA DSA and non-HLA antibody status were tested with respect to each outcome and were not significant.
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sampling, only 4% of blood samples were positive for
ETAR-Ab (vs. 22% in our cohort) and only 56% of
these samples were also positive for AT1R-Ab (vs. 96%
in our cohort).20 Our data, when compared with adult
data, suggest that ETAR-Ab may be more common in
pediatric kidney transplant recipients and may have a
differing pattern of occurrence with respect to AT1R-
Ab. However, the methodologies of measuring ETAR-
Ab were different between our study, which utilized
enzyme-linked immunoassay, and the adult study that
used Luminex, which may potentially affect the
comparability.

We also found that patients who developed both
AT1R-Ab and ETAR-Ab in the first 2 years post-
transplantation tended to do so either simultaneously,
or AT1R-Ab preceded ETAR-Ab development. The
reason for this pattern remains unclear. It has been
suggested that there may be different levels of
expression of these receptors during different stages of
allograft injury,53 which may help explain the timing
of antibody formation, but this hypothesis requires
further investigation. Of the patients with ETAR-Ab
post-transplant with pretransplant samples available,
an approximately equal number of patients had the
antibody before transplant, whereas the others devel-
oped it presumably de novo. A larger cohort is neces-
sary to further subanalyze potential differences
between these populations, and comparable data in
solid-organ transplantation are not available. In terms
of risk factors for developing both ETAR-Ab and
AT1R-Ab, there was an interesting trend toward an
association with non-Hispanic ethnicity, steroid-free
immunosuppression at hospital discharge, and antith-
ymocyte globulin induction. These relationships
require further investigation with larger sample sizes.

Our analysis strategy of comparing patients who
were negative for both antibodies versus patients with
AT1R-Ab only and both ETAR-Ab and AT1R-Ab was
1932
designed to try to distinguish whether these patterns
were associated with differing clinical findings. We
found that both groups of non‒HLA-antibody-positive
patients (AT1R-Ab only and both AT1R-Ab and ETAR-
Ab) had more dramatic declines in renal function
compared with patients who were antibody negative.
The significance in the regression model of having both
antibodies above AT1R-Ab alone suggests a potential
synergistic interaction. It should be noted, however,
that AT1R-Ab alone had borderline significance in
these models. It is possible that, with a larger sample
size, effects would have been seen in both groups
(AT1R-Ab only and both AT1R-Ab and ETAR-Ab) and
the power to detect synergistic effects would be
enhanced. These results are consistent with an earlier
study on ETAR-Ab in adult kidney transplant
recipients.21

We have previously shown that AT1R-Ab was
associated with glomerulitis or arteritis on kidney bi-
opsy.33 With this study, we are able to further
distinguish that all patients with arteritis had both
AT1R-Ab and ETAR-Ab. By contrast, glomerulitis
occurred in patients with AT1R-Ab alone and with
both AT1R-Ab and ETAR-Ab. This suggests the pos-
sibility of differing pathophysiologic patterns associ-
ated with different antibody combinations, which may
be related to receptor expression. Our association of
ETAR-Ab with arteritis is consistent with the findings
of Banasik et al. in adult kidney transplant recipients.21

Unfortunately, the rarity of these events in our popu-
lation limited our ability to further analyze this rela-
tionship. We did not find any association between
having both AT1R-Ab and ETAR-Ab and HLA DSA,
rejection, or allograft loss. Although some studies have
supported an association between AT1R-Ab and the
development of HLA DSA,8,17,20,34 others have not.18,33

The relationship between HLA DSA and the develop-
ment of ETAR-Ab has not been described previously in
Kidney International Reports (2020) 5, 1925–1936



MH Pearl et al.: ETAR-Ab in Pediatric Transplantation CLINICAL RESEARCH
kidney transplantation; however, pretransplant ETAR-
Ab has been associated with the development of HLA
DSA in lung transplantation.30 Elevations in AT1R-Ab
and ETAR-Ab have been associated with rejection,
microvasculopathy, and allograft loss in heart trans-
plantation,29 and with rejection in lung,30 liver,32 and
multivisceral31 transplantation. Interestingly, despite
the association with arteritis, ETAR-Ab was not asso-
ciated with rejection in adult kidney transplant re-
cipients, which is in agreement with our findings.21 It
is also notable that more severe forms of T-cell‒medi-
ated rejection (over borderline) were more common in
patients with ETAR-Ab and AT1R-Ab in our cohort.
Although this relationship did not attain statistical
significance, it would be of interest to investigate in a
larger cohort. In adult kidney transplantation, allograft
loss has been associated with AT1R-Ab and/or ETAR-
Ab when assessed cross-sectionally at time of bi-
opsy,54 but not on pretransplant testing.21 Overall, our
results are consistent with clinical associations in adult
kidney transplant recipients, with the limitations in
comparing results using different cutoffs, as noted
previously.

In addition, in this study we found that patients
with both AT1R-Ab and ETAR-Ab had elevations in
median IL-8 levels compared with patients with
AT1R-Ab alone or negative for both antibodies
(Tables 2 and 3). In the sample-level analysis, blood
samples with AT1R-Ab alone and both AT1R-Ab and
ETAR-Ab had elevations in TNF-a, IFN-g, IL-1b, IL-6,
and IL-8 (Supplementary Tables S4 and S5). The trend
was similar for IL-17 but did not attain statistical sig-
nificance. We have previously shown AT1R-Ab to be
associated with elevations in IL-8, TNF-a, IL-1b, IFN-g,
IL-17, and IL-6 in patient blood samples.33,37 The
findings in this analysis are consistent with our pre-
vious data, but provide additional insight into the
potential role of ETAR-Ab in enhancing these re-
lationships. For all cytokines, the addition of ETAR-Ab
increased the magnitude of the association between
AT1R-Ab and elevations in each cytokine. Notably, the
increase in magnitude with the addition of ETAR-Ab
was higher for IL-8 compared with the other cyto-
kines. This likely accounts for why it was only IL-8
that was significant in the patient-level analysis,
which had a much smaller sample size (n ¼ 64 vs 260)
when controlling for AT1R-Ab alone. It also highlights
IL-8 as perhaps the cytokine of most interest in eval-
uating potential synergistic interactions between
AT1R-Ab and ETAR-Ab. Possible synergy between
AT1R-Ab and ETAR-Ab has been described in other
disease states24,25 in which elevated IL-8 was rele-
vant.46,49,50,55 IL-8 can be secreted by endothelial cells
in the context of antibody activation and promotes
Kidney International Reports (2020) 5, 1925–1936
leukocyte recruitment.56‒58 In kidney transplantation,
elevated urinary IL-8 has been associated with early
and long-term allograft dysfunction.59 This relation-
ship and its significance in autoantibody pathogenesis
in transplantation requires further investigation.

Although we found that ETAR-Ab along with
AT1R-Ab may be clinically relevant, there are limita-
tions to our study. Our data support associations be-
tween ETAR-Ab, AT1R-Ab, and vascular inflammation
and allograft dysfunction; however, additional work is
needed to comment on the mechanisms of these re-
lationships. Antibody cross-linking of the 2 receptors24

and enhanced IL-8 production may contribute to the
findings we observed. As was the case in our study and
in others, not all patients with these antibodies have
allograft dysfunction. Studies to assess the role of re-
ceptor expression, epitope specificity, antibody ki-
netics, and antibody subclass in differentiating among
phenotypes of transplant patients with ETAR-Ab and
AT1R-Ab may be informative. It is noteworthy that
our previous work showed elevations in cytokines
associated with AT1R-Ab,33,37 and this analysis has
added that IL-8, in particular, may increase above the
level of AT1R-Ab alone in patients who also develop
ETAR-Ab. Based on this and the timing of antibody
development, we hypothesize that the development of
ETAR-Ab may be a form of progression that occurs in
some kidney transplant patients with AT1R-Ab. This
intermolecular epitope spreading may be one factor
contributing to the varying phenotypes we observed.
However, our data still suggest that other factors are
likely impacting injury patterns in the context of
autoantibody formation post-transplantation. Notably,
patients with AT1R-Ab alone in our cohort still had
detrimental clinical outcomes. Importantly, our limited
sample size did not allow for extensive subanalyses or
the inclusion of additional factors in multivariable an-
alyses. Samples were tested retrospectively, and
therefore we are unable to meaningfully evaluate the
impact of treatment on antibody levels.

Overall, our study suggests that AT1R-Ab and
ETAR-Ab may be associated with vascular injury and
functional decline in kidney transplantation that may
not present with frank rejection or be associated with
HLA DSA. There are some reports of success in both
preventing and treating AT1R-Ab‒associated rejection
with antithymocyte globulin, i.v. Ig, plasmapheresis,
and angiotensin receptor blockade.7,60,61 However, the
role of ETAR blockade in transplantation has not yet
been explored. The successful use of ETAR blockers to
treat complications associated with ETAR-Ab has been
reported in scleroderma.26,62 Furthermore, the avail-
ability of new agents that block both AT1R and ETAR
and have been shown to be safe in patients with other
1933
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forms of chronic kidney disease are of significant in-
terest in this context.63 In our cohort, there were pa-
tients with both AT1R-Ab and ETAR-Ab, and others
with AT1R-Ab alone. This may have implications for
monitoring of AT1R-Ab and ETAR-Ab in addition to
HLA DSA to allow for targeted therapeutics, particu-
larly given the availability of multiple angiotensin re-
ceptor blockade agents and, more recently, dual AT1R
and ETAR blockers. The benefits of this approach
require prospective investigation.

In conclusion, our study has demonstrated that, in
pediatric kidney transplant patients, ETAR-Ab is
highly associated with AT1R-Ab, but there exists a
subset of patients with AT1R-Ab alone. Having both
antibodies is significantly associated with arteritis,
elevated IL-8, and decline in renal function. Our results
suggest interaction effects between ETAR-Ab and
AT1R-Ab that require further investigation. Better
understanding this interaction and the role of these
antibodies, may be informative in developing protocols
for testing, tailored treatment, and prevention of allo-
graft injury.
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Table S1. Immunomodulatory therapies by ETAR-Ab and

AT1R-Ab status. Patients with AT1R-Ab alone or both

AT1R-Ab and ETAR-Ab had higher median number of

treatment days and more plasmapheresis than patients

negative for both antibodies.

Table S2. Biopsy characteristics by ETAR-Ab and AT1R-Ab

status. Acute and chronic Banff scores are shown. The
1934
highest value in each score over the follow-up period was

used to represent each patient. All patients with arteritis

were positive for both ETAR-Ab and AT1R-Ab. Three pa-

tients were excluded because of missing data.

Table S3. Cytokine levels in patients by ETAR-Ab and

AT1R-Ab status. ETAR-Ab and AT1R-Ab positivity was

associated with elevations in median patient IL-8 level. The

median for each patient was taken as represented. Cyto-

kine levels were compared across groups by Kruskal-

Wallis test.

Table S4. Cytokine levels in blood samples by ETAR-Ab

and AT1R-Ab status (n ¼ 260). When blood samples

were compared across 3 groups by antibody status, there

were differences noted in all cytokines except IL-17. Cyto-

kines levels were compared by Kruskal-Wallis test. Two

samples from 1 patient were removed that had ETAR-Ab

alone for this comparison.

Table S5. Cytokine levels in blood samples by ETAR-Ab and

AT1R-Ab status (n ¼ 260). AT1R-Ab alone and having both

ETAR-Ab and AT1R-Ab positivity were associated with ele-

vations in TNF-a, IFN-g, IL-1b, IL-6, and IL-8 levels in indi-

vidual patient blood samples on linear regression analysis.

The magnitude of the association appeared higher in sam-

ples with both ETAR-Ab and AT1R-Ab. This relationship

remained true when adjusted for additional clinical factors.

Both models were adjusted for patient-level random effect.

Cytokines were log transformed for analysis. The percent

increases in each cytokine above having neither antibody

on the linear scale with 95% confidence interval are shown.

There was a consistent increase in cytokine level in samples

with both antibodies above AT1R-Ab alone, the magnitude

of which was largest for IL-8.
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