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GRAPHICAL ABSTRACT |

INTRODUCTION

Kidney allograft survival is typically between 10 and 15 years,
reflecting an area of unmet need in pediatric kidney
transplantation since these children are destined to require
more than one transplant during their lifetime. The most
common cause of graft failure is induced alloimmune response
and rejection (1). Antibodies formed against polymorphic human
leukocyte antigen (HLA) molecules on the donor endothelium
are central to the pathogenesis of antibody-mediated rejection
(ABMR). In kidney allograft recipients, the presence of donor-
specific antibodies (DSA) both before and after transplantation
correlates with poor graft survival (2-5). DSA that activate the
complement system appear to cause particularly severe injury to
the allograft, and new complement blood tests (C4d, Clq, C3d)
have been developed as tools to stratify the immunologic risk
(6-9). Studies link complement-binding de novo DSA (Clq-
dnDSA) to inferior graft outcomes (3, 4, 10-16). The value of
using complement-activating antibody testing in clinical care is
currently a subject of substantial debate (6, 17-20). In a
multicenter study comprising more than 1,000 DSA-positive
kidney allograft recipients, Loupy et al. (3) reported that 24%
of detected antibodies bound to Clq. More importantly, the
glomerular filtration rate (GFR) was lower at I-year
posttransplant, and 5-years graft survival was significantly
worse among patients whose DSA-bound Clq as compared to
those with DSA that did not demonstrate Clq binding. In a
retrospective cohort study of 193 patients at Lucile Packard
Children’s Hospital (LPCH) who received a kidney transplant
in 2000-2008, a C1q solid-phase assay was employed in parallel
to the standard immunoglobulin G (IgG) assay to identify Clq-
dnDSA (12). Patients with C1q-dnDSA (n = 15) were almost

6 times more likely to suffer graft failure than those without such
antibodies. In fact, 47% of the Clq-dnDSA-positive patients
suffered premature graft failure at a mean of 33.0 + 17 months
posttransplant. A shortcoming of that study was that C1q-dnDSA
were analyzed retrospectively in a small cohort using a single
blood sample from each case.

A recent study of adult kidney allograft recipients with ABMR
showed that persistence of Clq-dnDSA after augmented
immunosuppressive  treatment was an  independent
determinant of allograft loss (21). We wanted to better
characterize the immunologic risk and tailor the treatment to
reduce the risk of allograft complications, such as infection, in our
pediatric kidney transplant population (22). After reporting that
C1q-dnDSA are associated with increased risk of premature graft
failure in this group of patients (12), we implemented a DSA
monitoring and treatment protocol after transplant, using the
DSA characteristics and kinetics as a biomarker in an
individualized risk stratification for graft failure. Intensified
immunosuppressive treatment was guided by the Clq kinetics.
The purpose of this study was to assess the performance of our
individualized risk stratification using systematic DSA
monitoring, including their complement-binding capacity, in
addition to the standard approach. We hypothesized that the
presence, and in particular persistence, of C1q is a key biomarker
for risk stratification.

MATERIALS AND METHODS

Ethical Approval
The present study was approved by the Stanford University
Institutional Review Board (49,338). The clinical and research
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TABLE 1 | Augmented immunosuppressive therapy directed at C1qg-dnDSA.

Complement-Binding DSA for Risk Stratification

® Treatment initiated if complement-binding donor-specific antibodies with MFI >1,000 and/or if positive C4d staining on biopsy
e Concurrent cellular rejection treated with corticosteroid if Banff borderline or 1a. Thymoglobulin considered for Banff 1b or 2

e Management

- Tacrolimus target trough levels increased to 7-10 ng/ml and MMF to 4-6 mcg/ml for 2-3 months
- Intravenous immunoglobulin (IVIG) 2 g/kg, administered initially and then every month for minimum of 3 months. Discontinued when C1g--dnDSA MFI <1,000 (defined as

disappeared)

- DSA levels are obtained prior to IVIG infusion (data used in study) and immediately after infusion is complete

- If C1g-dnDSA persist, can consider continuing IVIG monthly

- If the C1g-dnDSA do not respond to IVIG at all after 8 months, discontinuation of treatment should be considered. If MFI levels are decreasing, treatment is continued until

disappearance
- Rituximab 500 mg/m? administered within 2 weeks of first dose of IVIG.
- Plasmapheresis added if severe graft dysfunction
- Bortezomib if graft dysfunction is resistant to IVIG and/or plasmapheresis

e After C1g-binding dnDSA detection, DSA levels are monitored at a minimum of every 3 months until eliminated. If they do not disappear, DSA levels are followed at least
every 3 months for 12 months. C1g-binding dnDSA then is monitored based on risk, but at least every 12 months

activities reported herein are consistent with the principles of the
Declarations of Helsinki and Istanbul.

Study Population

Pediatric patients who underwent kidney transplantation at
Stanford University’s LPCH from January 1st, 2010 to March
Ist, 2018 were eligible for the study. Patients with less than
12months of follow-up, multiorgan transplants, or
inconclusive DSA data were excluded. If a patient received
more than one transplant during the study period, only data
on the first allograft were used.

Clinical Data

Data were retrospective@ly extracted from the electronic medical
record system, UNOS and the Stanford Histocompatibility,
Immunogenetics, and Disease Profiling Laboratory electronic
database at LPCH. Information on patient characteristics, such
as cause of end-stage kidney disease, donor information, HLA
matching, and age at transplant, immunosuppressive treatment
and allograft function were collected. Induction of
immunosuppression protocol at LPCH included a rabbit
antithymocyte globulin. Maintenance immunosuppression
consisted of tacrolimus and mycophenolate mofetil (MMF) for
all patients, with or without prednisone, based on immunologic
risk. Serum creatinine and urine protein/creatinine ratio were
measured at least every 3 months.

Monitoring, Scoring and Definition of DSA
De novo DSA formation was defined as donor-specific anti-HLA
antibodies that were initially identified after the kidney
transplant. During the study period, all patients in our kidney
transplant program were tested for both standard dnDSA and
Clq-dnDSA at 0 (time of transplant), 1, 2, 3, 6, and 12 months
following transplant surgery, at least annually thereafter, and as
clinically indicated (e.g., in the case of allograft dysfunction).
Information was collected on all dnDSA, including A, B, C, DR,
DQ and DP specificities. At the Stanford HLA laboratory,
commercially available Single Antigen Bead (SAB) assay kits
(LAB Screen; One Lambda, Inc, Canoga Park, CA,
United States) were used for the detection of antibodies.

Standard dnDSA were defined as HLA IgG antibodies
identified by the solid phase assay on a Luminex platform (23).

The presence of Clq-dnDSA was determined using a SAB
assay according to the manufacturer’s protocol (ClgScreen™,
One Lambda Inc.) on a Luminex platform. In brief, patients’ sera
were mixed with polystyrene beads, each uniquely distinguishable
by subtle differences in fluorochromes and each coated with a
different purified, single-cloned HLA class I or class II antigen.
Data were analyzed using the HLA Fusion™ software (One
Lambda Inc), and interpretations were made using
normalized (baseline) mean fluorescence intensity (MFI)
values. Cutoffs for positive reactions were >1,000 MFI. DSA
were considered to have disappeared if such antibodies were
<1,000 MFI at the end of follow-up or at the time of graft failure.
Persistence of DSA was defined as any DSA with MFI >1,000 at
the end of follow-up or at the time of graft failure, even if they had
transiently become negative at any point. Inmunodominant DSA
(iDSA) was defined as the highest MFI value of standard dnDSA.
An important methodological issue is how to analyze and report
the various patterns of antibody response in a heterogeneous
patient group. Some patients may generate an antibody response
to 1 or 2 HLA antigens, but with a very high MFI. Other patients
might generate antibodies to multiple, even dozens of HLA
antigens, but with intermediate or lower MFIL. As an approach
to this issue we used Jordan’s previously published Relative
Intensity Score (RIS) (24-26), in addition to MFI levels. To
calculate RIS, we scored combined MFI of all DSA in the
following manner: Each DSA with MFI <1,000 received 0
points; MFI 1000-5,000 (weak intensity) received 2 points;
MFI 5,000-10,000 (moderate intensity) received 5 points; and
MFI >10,000 (strong intensity) received 10 points. The points
were summed to form the RIS score.

Kidney Allograft Biopsies, Definition of
Antibody-Mediated Rejection and
Immunosuppressive Protocols

During the period of the study, protocol biopsies were performed

at 6, 12, and 24 months after kidney transplantation and as
clinically indicated (i.e., if graft dysfunction and/or dnDSA
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TABLE 2 | Baseline characteristics of pediatric kidney transplant recipients.

N = 233

Age at transplant, years, median [IQR] 12.3 [11.4]
Sex, n (%)

Female 109 (46.8%)

Male 124 (563.2%)
Race/ethnicity, n (%)

Asian/Pacific Islander 34 (14.6%)

Black or African American 6 (2.6%)

Hispanic/Latino 90 (38.6%)

White 86 (36.9%)

Multiracial 6 (2.6%)

Other 11 (4.7%)
HLA match, n (%)

0-1 125 (563.6%)

2-3 93 (39.9%)

4-6 15 (6.4%)
pPRA, median [IQR] 7.0 [33.0]

Donor status, n (%)
Deceased 176 (75.5%)
Living 57 (24.5%)
Cause of ESKD, n (%)

Renal aplasia/hypoplasia/dysplasia 52 (22.3%)
Glomerulonephritis 33 (14.2%)
Congenital obstructive uropathy 26 (11.2%)
Chronic pyelonephritis (reflux nephropathy) 20 (8.6%)
FSGS 14 (6.0%)
Polycystic kidney disease 11 (4.7%)
Medullary cystic kidney disease 9 (3.9%)
Cortical necrosis 8 (8.4%)
Hemolytic uremic syndrome 5 (2.1%)
Cystinosis 4 (1.7%)
Familial nephritis 4 (1.7%)
Congenital nephrotic syndrome 14 (6.0%)
Other 16 (6.9%)
Unknown 17 (7.3%)

ESKD, end-stage kidney disease; FSGS, focal segmental glomerulosclerosis; HLA,
human leukocyte antigen; pPRA, historic peak panel-reactive antibodies; IQR,
interquartile range.

appearance). To ensure consistency, transplant biopsy specimens
were gathered and scored for analysis by an expert in kidney
transplant pathology according to the consensus rules of the most
recent international Banff Classification criteria (27). Baseline
immunosuppression and treatment protocol for ABMR after
detection of Clq-dnDSA, with or without biopsy, remained
unchanged throughout the study period. With the initiation of
standardized DSA monitoring, including complement-biding
capacity, we implemented an augmented immunosuppressive
treatment protocol for all patients with Clq-dnDSA MFI
>1,000 shown in Table 1. This protocol was unchanged
throughout the study period. Patients who formed standard
dnDSA only were not treated.

Definition of Antibody Status, Risk
Factors of C1g--dnDSA Formation and

Outcomes

Donor-specific antibody status was considered as the exposure.
C1q-dnDSA was a time-fixed variable of Clq status, categorized
as negative, eliminated or persistent. If C1q-dnDSA disappeared

Complement-Binding DSA for Risk Stratification

after detection at some point and the MFI was <1,000 for the
remainder of the study, the Clq-dnDSA were considered
“eliminated.” In those who continued to have Clq-dnDSA
throughout the study or at the time of allograft failure, the
C1q-dnDSA were categorized as “persistent.” Standard dnDSA
were either negative, present without ever binding complement or
detected together with Clq-dnDSA. The persistence and
elimination of standard dnDSA was followed in patients with
C1q-dnDSA and defined in the same manner as above.

Decreased immunosuppressive therapy as a risk factor for
dnDSA formation was defined as purposeful reduction of
immunosuppression in response to side effects, malignancy or
infectious concerns. Nonadherence to medical care was defined
when documented in the medical chart, when patients had
undetectable tacrolimus levels, missed clinic visits, missed
blood draws, or by patient report. Allograft failure was defined
as return to dialysis or preemptive re-transplantation. Decreased
GFR was defined as estimated GFR <60 ml/min/1.73 m* that
persisted over at least 3 months. The creatinine-based “Bedside
Schwartz” equation (2009) and/or Chronic Kidney Disease
Epidemiology Collaboration equation were used to calculate
GFR. Proteinuria cutoff was set at urine protein/creatinine
ratio of 0.5 mg/mg that persisted over 3 months. Patients who
did not have adverse graft outcome were censored at their last
follow up. No patient died before the endpoints of interest were
reached.

Statistical Considerations
Baseline demographic and clinical characteristics of the cohort
were summarized descriptively using means (range), medians
(interquartile range, IQR), and counts (percentages) as
appropriate. Median time-to-allograft failure was reported
using Kaplan-Meier estimates. The Kruskal-Wallis, Mann-
Whitney, Chi-squared, and Fisher’s exact tests were used to
compare clinical characteristics of patients with persistent
Clq-dnDSA to those of patients with eliminated C1q-dnDSA
as appropriate based on underlying statistical assumptions. A
conditional inference forest analysis was employed to assess the
hierarchy of the characteristics of de novo anti-HLA DSA based
on their ability to predict adverse graft outcome, defined by
decreased GFR or allograft failure (28). Included in the model
were iDSA MFI, RIS of standard DSA, Clq-binding status, and
standard dnDSA status. The variables included in the random
forest approach were set to zero for patients who did not form
anti-HLA dnDSA. The conditional forest was fit to 1,000 trees.
Given the collinearity among features, conditional variable
importance measures were computed in order to quantify the
contribution of each variable, using the integrated Brier score as a
risk measure (29). Out-of-bag model performance statistics were
expressed for the binary outcome of adverse graft event.
Outcomes of graft failure and proteinuria were analyzed based
on time-varying C1q-dnDSA-binding status. An unadjusted Cox
proportional hazards regression model was fit to time-to-allograft
failure as a function of time-varying Clq binding. The
proportional hazards assumption was assessed for each model
and found to hold in all cases (30). Hazard ratios (HR), 95%
confidence intervals (CI), and model concordance (using the
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233 pediatric kidney transplant recipients
January 2010 to March 2018
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FIGURE 1 | Flow diagram of the study population.
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FIGURE 2 | Variable importance plot for time to adverse graft outcome. Hierarchical order of anti-HLA antibody characteristics based on their ability to classify
patients according to risk of allograft loss using conditional random forest modeling (n = 233).
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C-index) are reported (31). Covariates of interest included sex,
historic peak panel-reactive antibodies (pPRA), age at transplant,
type of donor and HLA match. A p-value <0.05 was considered
statistically significant. All analyses were conducted using R
version 3.5.2.

RESULTS

Patient Characteristics

Out of 288 patients who underwent kidney transplantation at
LPCH, 233 met the inclusion criteria. One patient who
experienced graft failure before 12 months posttransplant due
to BK nephropathy was included. Mean follow-up time was 45
(range, 9-108) months. The median age at transplant was
12.3 years, and the majority of the transplant recipients were
of Hispanic/Latino origin (39%) and male sex (53%) (Table 2). A
little over half (54%) had an HLA match of 0 or 1 out of 6, with
only 6% having an HLA match >3/6. The median pPRA was 7%,
and 76% of donors were deceased. The most common cause of
end-stage kidney disease was renal aplasia/hypoplasia/
dysplasia (22%).

Anti-HLA dnDSA Characteristics

Among the 233 study subjects, 118 formed standard dnDSA and
of those, 52 also had complement-binding activity triggering
interventions at initial detection of Clq-dnDSA. A flowchart
illustrating the study cohort is provided in Figure 1. Clg-
dnDSA-directed treatment was individualized based on MFI
strength, clinical factors, and biopsy results if available,
according to the augmented immunosuppressive therapy
protocol. The iDSA were of HLA class 1 in 19 (16.1%)
patients and HLA class 2 in 99 (83.8%) patients. The median
peak MFI of iDSA in all patients forming anti-HLA dnDSA was
4,072 (IQR, 11,304). The iDSA were of DQ or DR specificity in 94

(79.6%) patients. Sixty-six (28.3%) patients formed standard
dnDSA without Clq binding with a median peak iDSA MFI
of 1755 (IQR, 2052), and 52 (22.3%) patients formed C1q-dnDSA
with the median peak iDSA MFI of 13,665 (IQR, 11,317). The
median peak RIS of standard dnDSA, calculated for patients who
also had C1q-DSA, was 20 (IQR, 22).

All 233 patients were included in the random forest analysis.
The most important characteristic for an adverse graft outcome
(n = 46) was the persistence of C1q binding (Figure 2). Seventeen
out of 21 (80.9%) patients with Clq persistence had an adverse
graft outcome, 14 of whom lost their graft. In patients without
DSA formation, 16 (13.9%) had an adverse graft outcome,
including two who lost their graft. Eight (12.1%) of the
patients with standard dnDSA without complement binding
and 5 (16.1%) of those with standard dnDSA and
disappearance of Clq after treatment experienced an adverse
graft outcome, although none lost their graft. Adverse graft
outcomes were significantly more frequent among patients
with Clq persistence compared to others (p <0.0001), but
were not significantly different between non-DSA formers,
standard dnDSA formers only and Clq-dnDSA eliminated
groups (p = 0.86). The random forest model correctly
classified only 17 of the 46 (37%) patients as having an
adverse graft outcome, while 184 of 187 (98.3%) were
correctly classified as not having an event. Of 14 patients who
lost their graft due to immunological reasons, 13 had HLA class
2 dnDSA. Of those with dnDSA and graft failure12 of 14 had DQ-
or DR-specific iDSA. Maximum iDSA MFI was more useful to
predict graft outcome than maximum RIS. Peak iDSA MFI was
correlated with adverse outcome. Looking at the peak iDSA MFI
among the 118 patients who formed standard dnDSA, patients
with adverse graft outcome had significantly higher peak of
10,861 (IQR, 12,394) compared with 2,987 (IQR, 6,891) in
those without adverse graft outcomes (p = 0.01). If we only
analyze the Clq formers, there was no difference between peak
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TABLE 3 | Clinical and renal histological features of pediatric kidney transplant recipients who formed C1qg-dnDSA.

Clinical characteristics C1q disappeared (n = 31) C1q persistent (n = 21) p-value

Age at first detection, mean (range) 10 (1-22) 16 (1-24) 0.009

Nonadherence, n (%) 18 (68.1) 21 (100) 0.002

Decreased immunosuppressive therapy?, n (%) 12 (38.7) 1°4.7) 0.008

Persistence of standard dnDSA 15 (48.4) 21 (100)

Biopsy at the time of first C1q detection, n (%) 24 (77.4) 20 (95.2)

Graft loss, n (%) 0 (0) 14 (66.7)

Age at graft loss, mean (range) NA 19 (7-24)

Histological findings (Banff scores)
Histological diagnosis of ABMR, n (%) 14 (58.3) 19 (95) 0.006
C4d 0.6 1.9 0.002
Total inflammation (%) 45.2 66.2 ns
Interstitial inflammation 1.5 2.3 0.04
Tubulitis 1.5 21 ns
Interstitial fibrosis 0.9 1.3 ns
Peritubular capillaritis 0.8 1.4 ns
Intimal arteritis 0.2 0.4 ns
Glomerulitis 0.4 0.7 ns
Transplant glomerulopathy 0.21 0.16 ns

ADecreased immunosuppression prescribed by a physician due to side effects, infection or malignancy at the time of C1q detection.
POne patient had both infections and history of medication nonadherence. Scores are presented as means. Banff scores were not significantly different between groups.
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(solid) RIS. An individual patient’s trajectory does not commence until the first C1g-binding dnDSA is detected.
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iDSA MFI levels in patients with or without graft failure, 13,019
(IQR, 13,665) versus 13,569 (IQR, 7,421), respectively (Figure 3).

Formation of C1q-dnDSA and

Antibody-Mediated Rejection

The 52 patients who formed C1q-dnDSA had a median time of
3.8 years (IQR, 1.3) until their first detection. Clq-dnDSA
disappeared in 31 (59.6%) patients and persisted in 21
(40.4%). The time to detection was not different between
patients with persistent C1q-dnDSA and those who eliminated
the antibodies. Forty-four (84.6%) patients had a kidney allograft
biopsy carried out at the time of detection, of those 33 (75%) had
ABMR according to histological findings. Eight patients were not
biopsied, of these four were treated according to protocol without
a biopsy, two had contraindications to biopsy, 1 patient refused to
have the biopsy performed, and 1 patient started dialysis shortly
after detection of C1q. The clinical characteristics and histological
findings of patients who formed Clq-dnDSA are shown in
Table 3. The Clq persistent was more likely to have
histological signs of ABMR on biopsy at the time of detection,
including positive C4d and interstitial inflammation, compared
with the Clq disappearance group. They were also older at kidney
transplantation and more likely to be nonadherent to
immunosuppressive treatment compared with patients who
eliminated Clq. The latter group was younger at
transplantation and at first detection of Clg; they were also
more likely to have purposeful immunosuppressive therapy
reduction as a risk factor for Clq formation. The evolution of
DSA over time in the cohort is shown in Figure 4. Standard
dnDSA RIS and Clq-dnDSA RIS were moderately correlated
(Pearson correlation coefficient of 0.61). Clg-binding status
varied and sometimes reappeared after a period of being
undetectable. In the group where Clq disappeared, five
patients had at least one Clq reappearance, whereas this was

observed for nine patients in the group where Cl1q persisted. Two
patients with Clq-dnDSA persistence were treated with
plasmapheresis. All patients with persistent Clq had
documented medication non-compliance. One patient with
persistent Clq had both infections and history of non-
compliance at the time of Clq detection. Two patients in
whom Clq disappeared did not have an identifiable risk for
Clq binding. Comparing the evolution of Clq-dnDSA and
standard dnDSA, the latter stayed elevated longer and did not
respond to enhanced immunosuppressive treatment in the same
way as Clq-dnDSA. Patients with purposeful reduction of
immunosuppression appeared to have a steeper decrease of
Clq-dnDSA. In the patients with C1q-dnDSA, persistence of
standard dnDSA was not strongly correlated with graft
failure, unlike Clq persistence. Out of 31 patients who
eliminated Clq, 15 (48.4%) had persistent standard-dnDSA
compared with all 21 patients with persistent Clq-dnDSA.
Among patients with persistent C1q-dnDSA, older age at
transplant (HR, 3.69; 95% CI, 1.58-8.63) was significantly
associated with graft failure. Younger age at first detection
of Clq decreased the risk of graft failure (HR, 0.33; 95% CI,
0.15-0.72). Severe complications after treatment of dnDSA, such
as malignancies, infections requiring admission to the intensive
care unit, or hypogammaglobulinemia requiring intravenous
immunoglobulin (IVIG), were not observed.

dnDSA Characteristics, Graft Failure and

Proteinuria

In the entire cohort, graft failure occurred in 16 (6.9%) patients
after a median of 45 months (IQR, 28). Fourteen of these patients
experienced allograft rejection and two had other potential causes
of graft failure; one had BK nephropathy and the other cancer
chemotherapy nephrotoxicity (Figure 5). All patients whose grafts
failed due to immunological causes had persistent C1q-dnDSA in
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FIGURE 6 | Development of proteinuria according to overall C1q status. Kaplan-Meier estimates of time to proteinuria.

spite of augmented immunosuppressive treatment and lost their
graft at a median of 51 months (IQR, 25). Persistent C1q-dnDSA
were significantly associated with higher risk of graft failure
(adjusted HR, 45.46; 95% CI, 11.7 to 177.4). In both the
unadjusted and adjusted analysis, elimination of Clq-dnDSA
was significantly associated with lower risk of graft failure
(adjusted HR, 0.02; 95% CI, 0.01-0.09). Among patients with
persistent C1q-dnDSA, older age at transplant (HR, 3.69; 95%
CI, 1.58-8.63) and younger age at first detection of C1q (HR, 0.33;
95% CI, 0.15-0.72) were significantly associated with graft failure.
No other demographic or clinical features were associated
with graft failure in both groups. There was no correlation
between peak iDSA and graft outcome or Clq persistence. The
frequency of adverse graft outcome was not significantly different
in patients with no dnDSA formation, standard-dnDSA only and
eliminated C1q-dnDSA. The risk of proteinuria was highest in
patients with persistent Clq-dnDSA, intermediate in those
with transient Clg, and lowest in those who never developed
Cl1q-dnDSA (Figure 6).

DISCUSSION

In this retrospective study of 233 pediatric kidney transplant
recipients, we evaluated the value of systematic anti-HLA DSA
screening in predicting risk of adverse graft outcomes and show
that compliment binding capacity improved individual risk
assessment and is potentially a useful guide of ABMR
treatment. Detection of new complement-binding DSA
simultaneously with standard dnDSA triggered intensified
immunosuppression.  Patients forming standard dnDSA
without Clq binding were not treated and had non-inferior
outcomes compared with those who did not form dnDSA.
While higher standard dnDSA strength was associated with
adverse graft outcomes, no patient experienced graft failure

from immunological causes without persistence of Clq-dnDSA
which was the strongest independent predictor of kidney allograft
failure. Furthermore, there was no difference between peak iDSA
MFI levels in patients with complement binding DSA with or
without graft failure.

The appearance of both new standard dnDSA and
complement binding serves as a decision point triggering a
diagnostic kidney biopsy or a change in therapeutic
immunosuppression. The present study shows that Clg-
dnDSA assessment after interventions may reflect treatment
effectiveness and may be a promising approach to guide the
intensity and duration of immunosuppressive treatment. Clq-
dnDSA status after treatment outperformed standard dnDSA as
a predictor of adverse graft outcomes. Post-treatment
assessment of complement binding guides therapy by
informing when to stop interventions in case of Clq-dnDSA
disappearance and justifies continued interventions as long as
the C1q-dnDSA titer is responding. Additionally, the absence of
C1q-dnDSA response is a useful sign that should prompt a
change or discontinuation of therapeutic interventions. The
disappearance of Clq-dnDSA is reassuring in our cohort as
no patient in that group experienced graft failure. This is in
contrast to 66.7% graft failure when Clq-dnDSA persists. Our
study is in agreement with prior studies demonstrating the
association of Clq-dnDSA persistence and allograft survival,
irrespective of enhanced immunosuppressive therapy (3, 4, 12,
21). Our results, demonstrating that C1q-dnDSA response to
treatment (persistence or disappearance) is a better predictor of
outcome than that of standard dnDSA, are similar to those of
Ramon et al. in adults treated for severe ABMR with
plasmapheresis (16). More severe inflammation and C4d
staining at the time of diagnostic biopsy was more common
in patients with C1q-dnDSA persistence. Our findings expand
the results of past research showing that patients with treatment
resistant C1q-dnDSA were more likely to have a histological
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diagnosis of ABMR, C4d deposition in peritubular capillaries
and interstitial inflammation of the allograft (32, 33). Patients
who have resolved their C1q-dnDSA might still be at risk for
premature graft failure and should be monitored closely.
Although this was not apparent in the current study with an
average of 45 months of follow-up, graft injury that occurs
during the presence of Clq-dnDSA may be progressive. The
increased frequency of proteinuria in this group supports this
notion (Figure 6). We hypothesize that there is a cumulative,
dose-dependent effect of nonadherence to immunosuppressive
medications on graft survival. Late detection of C1-dnDSA or
ongoing medication nonadherence after detection may sabotage
even the most effective C1q-dnDSA elimination therapy.

The strength of anti-HLA antibodies measured with the
Luminex technology in the present study correlated moderately
with Clg-binding status like most of studies included in a recent
meta-analysis (13). The analysis had sufficient power to show that
the association of Clq binding and allograft outcomes were
independent of the level of standard anti-HLA DSA MFI (13,
32, 34), and that incorporation of complement-binding capacity
increased the accuracy of risk prediction above that of the standard
anti-HLA DSA MFI levels alone (32). These findings are consistent
with the results of the current study. Observing the evolution of
MFI of standard dnDSA and Clq-dnDSA, we noted that standard
dnDSA MFI tends to stay elevated longer after initiation of therapy.
In nearly half of patients with C1q-dnDSA disappearance, standard
dnDSA were not eliminated with none of the patients losing their
graft. It has been hypothesized that a difference in the
pathogenicity of IgG subclasses may exist in patients with
ABMR, explaining variable outcomes in patients with high MFI
and rejection (35, 36). IgG is thought to follow a sequential subclass
switching after the initial immune response in ABMR (37). The
association of persistently elevated titers of standard dnDSA with
good outcomes in our cohort possibly represent less injurious
subclasses of IgG. Peak iDSA or clearance of standard dnDSA are
not as useful for guiding treatment as Clq-dnDSA and would
possibly lead to longer and more aggressive treatment regimen,
carrying a risk of infection and impacting the cost of therapy.

The study has a several limitations which are largely
inherent in the retrospective design. As such, the study was
not originally designed for the purpose of addressing
biomarker risk prediction or treatment response and
therefore weakens the conclusions that can be drawn. Our
treatment response has to be interpreted with caution since we
did not have a concurrent control group and the two groups
might be inherently different. In addition, follow-up allograft
biopsy was not obtained in most of the patients. An
appropriately powered randomized controlled trial is
needed to confirm our observations. One of the strengths of
this study is that Clq-dnDSA and standard dnDSA were
simultaneously monitored over a long period of time,
allowing us to characterize the kinetics of these antibodies.

In conclusion, this retrospective study of children with a
kidney transplant demonstrates that systematic anti-HLA DSA

Complement-Binding DSA for Risk Stratification

screening together with complement-binding status and allograft
biopsies improves risk stratification at the individual patient level
and may assist the clinician in determining timing and duration
of therapeutic interventions of AMBR. Timely treatment of Clq-
dnDSA associated ABMR or C1q-dnDSA in the absence of kidney
allograft biopsy, with early detection and elimination of Clg-
dnDSA, may be associated with improved outcomes, whereas
inability to clear C1q-dnDSA identifies the subset of patients with
poor graft survival.

DATA AVAILABILITY STATEMENT

The datasets presented in this article are not readily available
because the data cannot be shared due to protection of participant
privacy. Requests to access the datasets should be directed to
vakaks@gmail.com.

ETHICS STATEMENT

The studies involving human participants were reviewed and approved
by The Stanford University Institutional Review Board (49338).
Written informed consent from the participants’ legal guardian/next
of kin was not required to participate in this study in accordance with
the national legislation and the institutional requirements.

AUTHOR CONTRIBUTIONS

Study design: VS, PG. Data collection: VS, LM, VC, NK, KP. Data
analysis: VS, NP, KP. Data verification: VS, KP, NP. Data
interpretation: VS, NP, AC, RP, NK, WC, AG, PG.
Manuscript writing: VS, RP, PG. Writing of the first draft of
the manuscript: VS. Final approval of the version to be published:
VS, NP, AC, RP, NK, VC, KP, LM, WC, AG, PG. The authors
certify that neither this article nor any part of its essential
substance, tables, or figures has been or will be published or
submitted elsewhere.

FUNDING

VS was a Tashia and John Morgridge Endowed Postdoctoral
Fellow of the Stanford Maternal and Child Health Research
Institute. VS also received Young Scientist Award at
Landspitali-The National University Hospital.

CONFLICT OF INTEREST

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.

Transplant International | Published by Frontiers

March 2022 | Volume 35 | Article 10158


mailto:vakaks@gmail.com

Sigurjonsdottir et al.

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

. Dharnidharka VR, Fiorina P, Harmon WE. Kidney Transplantation in

Children. N Engl ] Med (2014). 371(6):549-58. doi:10.1056/nejmral314376

. Wiebe C, Gibson IW, Blydt-Hansen TD, Karpinski M, Ho J, Storsley L], et al.

Evolution and Clinical Pathologic Correlations of De Novo Donor-specific
HLA Antibody post Kidney Transplant. Am ] Transplant (2012). 12(5):
1157-67. doi:10.1111/j.1600-6143.2012.04013.x

. Loupy A, Lefaucheur C, Vernerey D, Prugger C, van Huyen J-PD, Mooney N,

et al. Complement-binding Anti-HLA Antibodies and Kidney-Allograft
Survival. N Engl ] Med (2013). 369(13):1215-26. doi:10.1056/nejmoal302506

. Bailly E, Anglicheau D, Blancho G, Gatault P, Vuiblet V, Chatelet V, et al.

Prognostic Value of the Persistence of Clq-Binding Anti-HLA Antibodies
in Acute Antibody-Mediated Rejection in Kidney Transplantation.
Transplantation (2018). 102(4):688-98. doi:10.1097/tp.0000000000002002

. Aubert O, Loupy A, Hidalgo L, Duong van Huyen J-P, Higgins S, Viglietti D,

et al. Antibody-Mediated Rejection Due to Preexisting versusDe NovoDonor-
specific Antibodies in Kidney Allograft Recipients. ] Am Soc Nephrol (2017).
28(6):1912-23. doi:10.1681/asn.2016070797

. Lan JH, Tinckam K. Clinical Utility of Complement Dependent Assays in Kidney

Transplantation. Transplantation (2018). 102:S14. doi:10.1097/TP.0000000000001819

. Stites E, Le Quintrec M, Thurman JM. The Complement System and

Antibody-Mediated Transplant Rejection. J Immunol (2015). 195(12):
5525-31. doi:10.4049/jimmunol.1501686

. Sicard A, Ducreux S, Rabeyrin M, Couzi L, McGregor B, Badet L, et al.

Detection of C3d-Binding Donor-specific Anti-HLA Antibodies at Diagnosis
of Humoral Rejection Predicts Renal Graft Loss. ] Am Soc Nephrol (2015).
26(2):457-67. doi:10.1681/asn.2013101144

. Wahrmann M, Exner M, Haidbauer B, Schillinger M, Regele H, Kérmoczi G,

et al. [C4d]FlowPRA Screening-A Specific Assay for Selective Detection of
Complement-Activating Anti-HLA Alloantibodies. Hum Immunol (2005).
66(5):526-34. doi:10.1016/j.humimm.2004.12.007

Fichtner A, Siisal C, Hcker B, Rieger S, Waldherr R, Westhoff JH, et al. Association
of Clq-Fixing DSA with Late Graft Failure in Pediatric Renal Transplant Recipients.
Pediatr Nephrol (2016). 31(7):1157-66. doi:10.1007/s00467-016-3322-8

Freitas MCS, Rebellato LM, Ozawa M, Nguyen A, Sasaki N, Everly M, et al. The
Role of Immunoglobulin-G Subclasses and C1q in De Novo HLA-DQ Donor-
specific Antibody Kidney Transplantation Outcomes. Transplantation (2013).
95(9):1113-9. doi:10.1097/tp.0b013e3182888db6

Sutherland SM, Chen G, Sequeira FA, Lou CD, Alexander SR, Tyan DB.
Complement-fixing Donor-specific Antibodies Identified by a Novel Clq
Assay Are Associated with Allograft Loss. Pediatr Transplant (2012). 16(1):
12-7. doi:10.1111/j.1399-3046.2011.01599.x

Bouquegneau A, Loheac C, Aubert O, Bouatou Y, Viglietti D, Empana JP, et al.
Complement-activating Donor-specific Anti-HLA Antibodies and Solid
Organ Transplant Survival: A Systematic Review and Meta-Analysis. PLOS
Med (2018). 15(5):e1002572. doi:10.1371/journal.pmed.1002572

Guidicelli G, Guerville F, Lepreux S, Wiebe C, Thaunat O, Dubois V, et al.
Non-Complement-Binding De Novo Donor-specific Anti-HLA Antibodies
and Kidney Allograft Survival. ] Am Soc Nephrol (2016). 27(2):615-25.
doi:10.1681/asn.2014040326

Comoli P, Cioni M, Tagliamacco A, Quartuccio G, Innocente A, Fontana I,
et al. Acquisition of C3d-Binding Activity by De Novo Donor-specific HLA
Antibodies Correlates with Graft Loss in Nonsensitized Pediatric Kidney
Recipients. Am J Transplant (2016). 16(7):2106-16. doi:10.1111/ajt.13700
Ramon DS, Huang Y, Zhao L, Rendulic T, Park JM, Sung RS, et al. Use of
Complement Binding Assays to Assess the Efficacy of Antibody Mediated
Rejection Therapy and Prediction of Graft Survival in Kidney Transplantation.
Hum Immunol (2017). 78(2):57-63. doi:10.1016/j.humimm.2016.11.009
Zhang R. Donor-Specific Antibodies in Kidney Transplant Recipients. Clin J
Am Soc Nephrol (2018). 13(1):182-92. doi:10.2215/cjn.00700117

Gebel HM, Bray RA. A Diagnostic ’C’ Saw: the Ups and downs of Clq
Testing. Curr Opin Organ Transplant (2019). 24(4):402-10. doi:10.1097/
mot.0000000000000659

Biglarnia A-R, Huber-Lang M, Mohlin C, Ekdahl KN, Nilsson B. The
Multifaceted Role of Complement in Kidney Transplantation. Nat Rev
Nephrol (2018). 14(12):767-81. doi:10.1038/s41581-018-0071-x

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Complement-Binding DSA for Risk Stratification

Velidedeoglu E, Cavaillé-Coll MW, Bala S, Belen OA, Wang Y, Albrecht R.
Summary of 2017 FDA Public Workshop. Transplantation (2018). 102(6):
€257-e264. doi:10.1097/tp.0000000000002141

Viglietti D, Bouatou Y, Kheav VD, Aubert O, Suberbielle-Boissel C, Glotz D,
et al. Complement-binding Anti-HLA Antibodies Are Independent Predictors
of Response to Treatment in Kidney Recipients with Antibody-Mediated
Rejection. Kidney Int (2018). 94(4):773-87. doi:10.1016/j.kint.2018.03.015
Wagner M, Balk EM, Kent DM, Kasiske BL, Ekberg H. Subgroup Analyses in
Randomized Controlled Trials: the Need for Risk Stratification in Kidney
Transplantation. Am ] Transplant (2009). 9(10):2217-22. doi:10.1111/.1600-
6143.2009.02802.x

Tait BD, Siisal C, Gebel HM, Nickerson PW, Zachary AA, Claas FHJ, et al.
Consensus Guidelines on the Testing and Clinical Management Issues
Associated with  HLA and Non-HLA Antibodies in Transplantation.
Transplantation (2013). 95(1):19-47. doi:10.1097/tp.0b013e31827al19¢cc

Vo AA, Sinha A, Haas M, Choi J, Mirocha J, Kahwaji J, et al. Factors Predicting
Risk for Antibody-Mediated Rejection and Graft Loss in Highly Human
Leukocyte Antigen Sensitized Patients Transplanted after Desensitization.
Transplantation (2015). 99(7):1423-30. doi:10.1097/tp.0000000000000525
Haas M, Mirocha ], Reinsmoen NL, Vo AA, Choi J, Kahwaji M, et al.
Differences in Pathologic Features and Graft Outcomes in Antibody-
Mediated Rejection of Renal Allografts Due to Persistent/recurrent versus
De Novo Donor-specific Antibodies. Kidney Int (2017). 91(3):729-37.
doi:10.1016/j.kint.2016.10.040

Sethi S, Choi J, Toyoda M, Vo A, Peng A, Jordan SC. Desensitization:
Overcoming the Immunologic Barriers to Transplantation. J Immunol Res
(2017). 2017:6804678. doi:10.1155/2017/6804678

Roufosse C, Simmonds N, Clahsen-van Groningen M, Haas M, Henriksen KJ,
Horsfield C, et al. A 2018 Reference Guide to the Banff Classification of Renal
Allograft Pathology. Transplantation (2018). 102(11):1795-814. doi:10.1097/
tp.0000000000002366

Hothorn T, Bithimann P, Dudoit S, Molinaro A, van der Laan M]J. Survival
Ensembles. Biostatistics (2006). 7(3):355-73. doi:10.1093/biostatistics/kxj011
Breiman L. Random Forests. Mach Learn (2001). 45:5-32. doi:10.1023/A:
1010933404324

Hess KR. Graphical Methods for Assessing Violations of the Proportional
Hazards assumption in Cox Regression. Stat Med (1995). 14(15):1707-23.
doi:10.1002/sim.4780141510

Pencina MJ, D’Agostino RB. OverallC as a Measure of Discrimination in
Survival Analysis: Model Specific Population Value and Confidence Interval
Estimation. Stat Med (2004). 23(13):2109-23. doi:10.1002/sim.1802

Viglietti D, Loupy A, Vernerey D, Bentlejewski C, Gosset C, Aubert O, et al.
Value of Donor-specific Anti-HLA  Antibody Monitoring  and
Characterization for Risk Stratification of Kidney Allograft Loss. ] Am Soc
Nephrol (2017). 28(2):702-15. doi:10.1681/asn.2016030368

Papadimitriou JC, Drachenberg CB, Ramos E, Kukuruga D, Klassen DK,
Ugarte R, et al. Antibody-Mediated Allograft Rejection. Transplantation
(2013). 95(1):128-36. doi:10.1097/tp.0b013e3182777£28

Allison SJ. Transplantation: Risk of Graft Loss in Adolescent Kidney Allograft
Recipients. Nat Rev Nephrol (2013). 9(10):556. doi:10.1038/nrneph.2013.166
Djamali A, Kaufman DB, Ellis TM, Zhong W, Matas A, Samaniego M. Diagnosis
and Management of Antibody-Mediated Rejection: Current Status and Novel
Approaches. Am ] Transplant (2014). 14(2):255-71. doi:10.1111/ajt.12589
Lefaucheur C, Viglietti D, Bentlejewski C, Duong van Huyen J-P, Vernerey D,
Aubert O, et al. IgG Donor-specific Anti-human HLA Antibody Subclasses
and Kidney Allograft Antibody-Mediated Injury. J] Am Soc Nephrol (2016).
27(1):293-304. doi:10.1681/asn.2014111120

Collins AM, Jackson KJ. A Temporal Model of Human IgE and IgG Antibody
Function. Front Immunol (2013). 4:235. d0i:10.3389/fimmu.2013.00235

Copyright © 2022 Sigurjonsdottir, Purington, Chaudhuri, Zhang, Fernandez-Vina,
Palsson, Kambham, Charu, Piburn, Maestretti, Shah, Gallo, Concepcion and
Grimm. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Transplant International | Published by Frontiers

March 2022 | Volume 35 | Article 10158


https://doi.org/10.1056/nejmra1314376
https://doi.org/10.1111/j.1600-6143.2012.04013.x
https://doi.org/10.1056/nejmoa1302506
https://doi.org/10.1097/tp.0000000000002002
https://doi.org/10.1681/asn.2016070797
https://doi.org/10.1097/TP.0000000000001819
https://doi.org/10.4049/jimmunol.1501686
https://doi.org/10.1681/asn.2013101144
https://doi.org/10.1016/j.humimm.2004.12.007
https://doi.org/10.1007/s00467-016-3322-8
https://doi.org/10.1097/tp.0b013e3182888db6
https://doi.org/10.1111/j.1399-3046.2011.01599.x
https://doi.org/10.1371/journal.pmed.1002572
https://doi.org/10.1681/asn.2014040326
https://doi.org/10.1111/ajt.13700
https://doi.org/10.1016/j.humimm.2016.11.009
https://doi.org/10.2215/cjn.00700117
https://doi.org/10.1097/mot.0000000000000659
https://doi.org/10.1097/mot.0000000000000659
https://doi.org/10.1038/s41581-018-0071-x
https://doi.org/10.1097/tp.0000000000002141
https://doi.org/10.1016/j.kint.2018.03.015
https://doi.org/10.1111/j.1600-6143.2009.02802.x
https://doi.org/10.1111/j.1600-6143.2009.02802.x
https://doi.org/10.1097/tp.0b013e31827a19cc
https://doi.org/10.1097/tp.0000000000000525
https://doi.org/10.1016/j.kint.2016.10.040
https://doi.org/10.1155/2017/6804678
https://doi.org/10.1097/tp.0000000000002366
https://doi.org/10.1097/tp.0000000000002366
https://doi.org/10.1093/biostatistics/kxj011
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.1002/sim.4780141510
https://doi.org/10.1002/sim.1802
https://doi.org/10.1681/asn.2016030368
https://doi.org/10.1097/tp.0b013e3182777f28
https://doi.org/10.1038/nrneph.2013.166
https://doi.org/10.1111/ajt.12589
https://doi.org/10.1681/asn.2014111120
https://doi.org/10.3389/fimmu.2013.00235
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Complement-Binding Donor-Specific Anti-HLA Antibodies: Biomarker for Immunologic Risk Stratification in Pediatric Kidney Tr ...
	Introduction
	Materials and Methods
	Ethical Approval
	Study Population
	Clinical Data
	Monitoring, Scoring and Definition of DSA
	Kidney Allograft Biopsies, Definition of Antibody-Mediated Rejection and Immunosuppressive Protocols
	Definition of Antibody Status, Risk Factors of C1q--dnDSA Formation and Outcomes
	Statistical Considerations

	Results
	Patient Characteristics
	Anti-HLA dnDSA Characteristics
	Formation of C1q-dnDSA and Antibody-Mediated Rejection
	dnDSA Characteristics, Graft Failure and Proteinuria

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Conflict of Interest
	References


