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Introduction: Immunity to Human leukocyte antigen (HLA) cannot explain

all cases of ABMR, nor the differences observed in the outcome of kidney

recipients with circulating DSAs endowed with similar biologic characteristics.

Thus, increasing attention has recently been focused on the role of immunity

to non-HLA antigenic targets.

Methods: We analyzed humoral auto- and alloimmune responses to the

non-HLA antigen glutathione S-transferase theta 1 (GSTT1), along with

development of de novo (dn)HLA-DSAs, in a cohort of 146 pediatric non-

sensitized recipients of first kidney allograft, to analyze its role in ABMR and

graft loss. A multiplex bead assay was employed to assess GSTT1 antibodies

(Abs).

Results: We observed development of GSTT1 Abs in 71 recipients after

transplantation, 16 with MFI > 8031 (4th quartile: Q4 group). In univariate

analyses, we found an association between Q4-GSTT1Abs and ABMR and graft

loss, suggesting a potential role in inducing graft damage, as GSTT1 Abs were

identified within ABMR biopsies of patients with graft function deterioration

in the absence of concomitant intragraft HLA-DSAs. HLA-DSAs and GSTT1

Abs were independent predictors of graft loss in our cohort. As GSTT1 Ab

development preceded or coincided with the appearance of dnHLA-DSAs, we

tested and found that a model with the two combined parameters proved

more fit to classify patients at risk of graft loss.
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Discussion: Our observations on the harmful effects of GSTT1Abs, alone or in

combination with HLA-DSAs, add to the evidence pointing to a negative role

of allo- and auto-non-HLA Abs on kidney graft outcome.

KEYWORDS

kidney transplantation, non-HLA antigens, autoantibodies, alloantibodies, antibody
mediated rejection, allograft loss

Introduction

Humoral alloimmunity mediated by donor-specific Human
leukocyte antigen (HLA) antibodies (DSAs) is the principal
cause of acute and chronic antibody mediated rejection (ABMR)
leading to kidney graft damage and having a major impact on
graft survival (1–4).

Despite a clear association of DSAs with ABMR and
poor long term graft outcome, recipients of renal transplants
from HLA-identical siblings have been reported to develop
accelerated ABMR (5), and immunological graft loss has been
observed in DSA-negative patients (6, 7). Recent data that
provide deeper insight into ABMR physiopathology suggest
that adsorption of DSAs within the allograft cannot entirely
explain the occurrence of ABMR in circulating DSA-negative
patients (8, 9). Moreover, in DSA-positive kidney recipients with
ABMR, there is great heterogeneity in the kinetics of progression
to graft loss even in the presence of DSAs displaying similar
biological properties (10). This mounting evidence points to a
direct or synergistic role for allo- or autoantibodies directed
against non-HLA antigens in inducing or worsening humoral
damage leading to graft loss (11–14).

In addition to cell surface antigens, non-HLA antibodies
may recognize cryptic antigens that become exposed after tissue
damage prompted by ischemia-reperfusion, alloimmunity,
and/or chronic inflammation. A model of intracellular antigen
possibly targeted by non-HLA antibodies is the glutathione
S-transferase theta 1 (GSTT1) protein, a member of an enzyme
superfamily, involved in cellular detoxification pathways, that
represents a barrier against the damaging effects of oxidative
stress (15, 16). This cytosolic protein, expressed in liver, kidney,
pancreas, red blood cells, and other tissues, is encoded by
a single polymorphic gene that has two alleles, GSTT1∗A
(positive) and GSTT1∗0 (null). A complete lack of protein
expression due to gene deletion occurs in 20% of the Caucasian
population, with an ethnic deletion distribution ranging from 11
to 58% worldwide. As a consequence of the genetic distribution,
GSTT1-specific antibodies may be the result of an alloimmune
reaction in GSTT1-null recipients receiving a positive graft (15,
16). Alternatively, autoantibodies directed to GSTT1 may be
formed in GSTT1-positive patients upon antigen exposure from
a positive damaged graft.

As for other recently described donor-recipient gene
polymorphism mismatches, such as the collision genotype at the
LIMS1 locus (17), it has been shown that both in kidney and
liver transplantation, the GSTT1 protein may function as minor
histocompatibility antigen and be responsible for antibody
induction leading to ABMR and poor graft function in the
absence of DSAs (15, 16, 18). However, GSTT1 autoantibodies
have never been described as effectors of ABMR and graft loss in
the absence of DSAs, and no evidence is available supporting a
synergistic damaging activity of GSTT1 antibodies when present
in association with DSAs.

In the present study, we retrospectively evaluated
donor/recipient GSTT1 genetic profile and the kinetics of
GSTT1 antibodies in a population of pediatric, non-sensitized
kidney recipients systematically monitored for HLA antibodies
throughout the post-transplant period, with the aim of
analyzing their role in kidney graft outcome.

Patients and methods

Patients

One hundred and forty-six pediatric patients, referred
between May 2003 and May 2018 to the Genoa Pediatric Kidney
Transplant Program for first allografting, were considered for
this study. Details on patient selection and characteristics of the
cohort are described in Figure 1 and Table 1. Pre-transplant
patients sera were screened 3-monthly for the presence of
panel reactive anti-HLA antibodies (PRA) by complement
dependent cytotoxicity (CDC) technique, and yearly on a
Luminex platform by both screening and class I and class
II single antigen bead (SAB) assays. Grafts were performed
after a negative T cell cross-match with the standard CDC
method.

Our standard of care for low immunological risk kidney
transplant patients consisted of induction with basiliximab,
and a triple drug immunosuppressive regimen including a
calcineurin inhibitor, mycophenolate mofetil and prednisone.

Graft biopsies were performed for clinical indication
(graft function decline and/or proteinuria); from 2010,
DSA positivity was included among indications. Rejection
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FIGURE 1

Details on the selection of patients for the study cohort. The
flow-chart describes inclusion and exclusion criteria for the
study cohort. *Early graft loss causes included recurrence of
focal segmental glomerulosclerosis (FSGS) in 2 cases and
diagnosis of amyloidosis in the grafted kidney. Abs, antibodies;
KTx, kidney transplant; LT, liver transplant.

was histologically graded following Banff 97 criteria with
updates. Banff 09 and Banff 13 criteria were employed for
classifying C4d positive and negative ABMR (19, 20). All
biopsies performed before 2014 were re-graded according
to the Banff 2013 criteria. C4d staining was performed on
frozen sections by indirect immunofluorescence. Biopsy-proven
T-cell mediated rejection (TCMR) was treated with pulse
intravenous methylprednisolone. ABMR was treated with a
combination of plasmapheresis, i.v. human Ig and anti CD20
monoclonal antibody.

This study was approved by the Institutional Review
Board (nr.867/2014).

Study design

Patients were included in this study if recipients of a
first kidney graft, and with a non-sensitized status (absence
of any HLA Abs in pre-transplant sera by SAB, assay on a
Luminex platform).

Sera for HLA antibody monitoring were collected before
transplantation, 3-monthly in the first post-transplant year, and
annually thereafter. A total of 1,600 samples were analyzed.
Samples obtained until 01/2010 belonged to a unique source
of sera analyzed retrospectively for HLA Ab (21), while all
samples onward from 02/2010 were collected and analyzed
prospectively for HLA antibodies. GSTT1 antibodies were
analyzed retrospectively on all sera.

Detection and characterization of HLA
antibodies

HLA class I and class II typing was performed as previously
described (22).

Anti-HLA class I and class II IgG antibodies were tested
with a bead-based detection assay. We used the LABScreen
Mixed kit (One Lambda Inc., Canoga Park, CA, USA), which
simultaneously detects class I and class II antibodies and the
SAB assays (Single Antigen kit, One Lambda) to identify HLA
class I and class II specificities (22). Before testing, all sera were
pre-treated with disodium EDTA (final concentration 10 mM,
pH 7.4) (Sigma-Aldrich, Milan, Italy), in order to rule out
underestimation of antibody MFI strength due to the prozone
phenomenon. Screening assay results above a cut-off value of
3.0 ratio between sample and negative control were considered
positive. Single antigen results above a MFI cut-off value of 1,000
were considered positive.

C1qScreenTM (One Lambda) was employed for
identification of complement binding antibodies (22). Serum
samples were analyzed in a blinded fashion for the presence
of C3d-binding DSA with the Lifecodes C3d Detection kit
according to the manufacturer’s protocol (Immucor Inc.,
Norcross, GA, USA) (22).

Detection and characterization of
glutathione S-transferase theta 1
antibodies

Glutathione S-transferase theta 1 antibodies were measured
by a non-HLA multiplex bead panel (Immucor Inc., Norcross,
GA, USA), that includes non-HLA antigens conjugated to
polystyrene beads. Forty µL of antigen-coated beads were
incubated with 10 µL of serum for 30 min. After washing,
beads were stained with 50 µL of phycoerythrin (PE) conjugated
goat anti-human IgG diluted 1:10 in buffer and incubated in
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the dark on a shaking platform for 30 min. Antibody binding
was reported as the median fluorescence intensity (MFI) of IgG
binding on the Luminex 100 (Luminex, Austin, TX, USA).

To define the positive threshold, pre-transplant sera from
our cohort and from 29 healthy age-matched individuals were
analyzed. Sera from healthy donors yielded median MFI levels
of 164 (range 50–1,235). However, to ensure confidence and
fewer false positives, a positive threshold of MFI ≥1,031 was
chosen for analyses; this corresponded to the level observed for
the lower 75 percentile of the pre-transplant baseline sera from
our patient series. This level is comparable to that indicated in
a recent study related to the association of non-HLA antibodies
and cardiac allograft rejection (23).

Glutathione S-transferase theta 1
genetic analysis

DNA was extracted from blood samples using the QIAamp
DNA mini kit (Qiagen, Germantown, MD, USA). Donor
samples were obtained from the interregional organ allocation
reference center repository [Nord Italian Transplant Program
(NITp)]. Genotyping was carried out using a multiplex PCR
protocol for the detection of GSTT1 null genotypes and an
internal amplification control (Albumin gene ALB). Details
of the PCR amplification and primer have been previously
described (24). Briefly, the PCR products were electrophoresed
in a 2% agarose gel. DNA from samples positive for GSTT1
genotypes yielded a 480 bp band, while the internal positive
control Albumin product corresponded to 350 bp. GSTT1
genotypes were classified as null (homozygous deletion–no PCR
product) or positive (homozygous + heterozygous insertion-
visible PCR product) genotype.

HLA antibody elution from kidney graft
biopsies

Remnant fragments of frozen kidney graft biopsies were
thawed at room temperature and processed for antibody acid
elution as previously described (8, 9). Briefly, cell pellets
obtained after biopsy mincing were washed four times with
1.5 mL of phosphate buffered saline (pH 7.2), in order to remove
any recipient blood and extracellular fluid contamination.
Cell pellets were resuspended in 0.1 mL acid elution buffer
(glycine solution at pH: 2.1), incubated for 10 min at room
temperature and centrifuged at 6,000 rpm for 2 min. The eluates
were recovered and neutralized to pH: 6.5 using 0.1 mL of
buffering solution [tris(hydroxymethyl)aminomethane solution
at pH: 8.5] and stored at −80◦C until antibody analysis.
Graft biopsy eluates were tested for class I and class II
HLA and GSTT1 antibodies by specific SAB analysis; the last
washing supernatants of all processed biopsies and a mix of

the acid + neutralizing buffer solutions utilized in the elution
procedure were employed as internal negative controls (9). In
the case of GSTT1, eluates from kidney allograft biopsies of
patients negative for GSTT1 circulating antibodies were used as
an additional negative control. Antibodies with an MFI value
higher than five standard deviations of the respective mean
negative controls were considered positive. The MFI cut off
resulted to be 90 for DSAs and 98 for GSTT1 Abs.

Statistical analysis

Data were described as the mean and standard deviation
(sd) or median and interquartile range (IQR) if continuous and
as count and percent if categorical. To determine differences
among patient groups, categorical variables were compared
by chi-squared analysis, continuous variables with t-tests,
and, if skewed, with non-parametric tests (Mann–Whitney
U-test). p-values < 0.05 were considered statistically significant.
Skewness was tested graphically by plotting quantiles of the
variables against quantiles of normal distribution, using q norm
in Stata 13 (Stata Corporation, College Station, TX, USA).

Event-free survival was estimated with the Kaplan-Meier
method and was compared between risk groups with the logrank
test. For graft failure, censoring events included death with
functioning graft or graft failure due to non-immunological
causes (two patients with graft loss due to focal segmental
glomerulosclerosis recurrence). For ABMR, the censoring event
was graft failure. Patients who did not experience graft failure or
ABMR were censored at the end of follow-up.

Hazard ratios (HR) and 95% CI were estimated with a
Cox model. Positive antibody results occurring during follow-
up were treated as time-dependent variables. Given the low
number of events, only bivariate analyses between Q4-GSTT1
(patient group with GSTT1 Ab MFI in the 4th quartile) and the
other parameters found significantly associated with graft loss
were performed. A DSA and GSTT1 joint effect was assessed
by considering the following categories: dnDSA+ GSTT1−;
dnDSA− GSTT1+; dnDSA+ GSTT1+. The Akaike Information
criterion (AIC) was computed to informally compare models
(the optimal fitted model is identified by the lower AIC value).
No additional multivariable model was fitted. Stata 13 or NCSS
System (NCSS, Cary, NC, USA) were used for computation.

Results

HLA and glutathione S-transferase
theta 1 antibody monitoring

Our series included 146 non-sensitized patients with an
observation time ranging between 28 and 220 months, with
a median time of 123 months. Fifty patients (34%) developed
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TABLE 1 Demographics of the patients analyzed in the study.

Total pts n = 146 % within categorical variables

Recipient

Age (years, median and range) 14 (2–28)

Male, no 89 61

Female, no 57 39

Kidney donor

Age (years, median and range) 13 (1–60)

Male, no 91 62

Female, no 55 38

Living, no 17 12

HLA-A, B, DRB1, DQB1 mismatches (mean ± sd) 4.1 ± 1.5

Baseline immunosuppression

Anti-CD25 mAb, no 146 100

CsA, no 55 38

Tac, no 91 62

Post-transplant events

Delayed Graft Function, no (%) 16 11

T-cell mediated rejection (TCMR)*, no (%) 16 11

Antibody mediated rejection (ABMR), no (%) 31 21

ABMR without combined features of TCMR, no 23 74

ABMR with combined features of TCMR**, no 8 26

no, total number; CsA, cyclosporine A; Tac, tacrolimus.
*Type 1A + borderline changes (bc).
**In all cases, borderline changes.

de novo HLA-DSAs (dnHLA-DSAs), with or without HLA non-
DSAs, at a median of 32 months post-transplant (IQR 12–
73 months) (Figures 2, 3). DSA-positive patients developed
anti-class I, anti-class II, or both anti-class I and II DSAs in
12, 26, and 12 cases, respectively. Among anti-HLA DSAs,
antibodies to DQ specificities were the most represented (38,
vs. 20 to HLA-A, 18 to -B, 5 to -C, 8 to -DR, and 4 to -DP
antigens) and those with a higher median peak MFI (12,700,
IQR 3,800–21,746 vs. anti-HLA class I: 2,537, IQR 1,623–
8,196; p < 0.0001). Most dnDSA+ patients showed prolonged
positivity, that persisted throughout the follow-up. Considering
DSA ability to bind complement, 36 dnHLA-DSAs were C1q+
and 25 were C3d+ at peak MFI. All patients with C3d+
dnHLA-DSAs were also found to be positive for C1q-binding
dnHLA-DSAs.

Seventy-one of the 146 KTx recipients (49%) were found
positive for anti-GSTT1 antibodies at post-transplant follow-up
(Figure 2). Thirty-four of 146 patients had antibody levels above
the cut-off at pre-transplant evaluation (median 1,894, IQR
1,223–3,005), 8 of whom decreased and maintained antibody
levels below the threshold after transplantation, and were thus
considered negative. Accordingly, 45 patients developed de novo
(dn)GSTT1 antibodies. The median time for the first detection
of antibodies was 2.7 years (range 0.14–9.5) for HLA-DSAs
and 1.2 years (range 0.1–9.6) for anti-GSTT1 (Figure 2). In
the 23 patients with both dnHLA-DSAs and dnGSTT1 Abs, the
appearance of anti-GSTT1 Abs preceded HLA-DSAs in 12 cases,

while it was coincident or subsequent in six and five patients,
respectively. The median peak MFI of anti-GSTT1 Abs was
2,804 (IQR 1,603–6,538).

We evaluated the GSTT1 genetic profile of recipients
and donors, in order to classify anti-GSTT1 Abs as allo- or
autoreactive. We found that 32 out of the 146 KTx recipients
had a null phenotype; only in one case did we observe a null/null
recipient/donor genotype. Among the 31 patients at risk of
developing anti-GSTT1 alloantibodies, 21 resulted positive at
a median time of 1.1 years (IQR range 0.2–3.0). Of these, 10
had a peak MFI level ≥8,031 (75% percentile, 4th quartile,
Q4): only 2 of these 10 patients had baseline anti-GSTT1 Abs
above the cut-off value (Figure 3). Fifty GSTT1 genotype-
positive KTx recipients developed anti-GSTT1 autoantibodies,
six displaying MFI levels ≥75% percentile. Five of these six
patients had baseline anti-GSTT1 Abs above the cut-off value
(Figure 3). Overall, 64.5% of the patients at risk developed
de novo allo-antibodies, and 22% of patients developed de
novo auto-antibodies. Median time to appearance of anti-
GSTT1 allo-antibodies was earlier than anti-GSTT1 auto-
antibodies (1.1 years, IQR 0.2–3.0 vs. 2.1 years, range 0.8–4.5;
p = 0.14). MFI peak of the anti-GSTT1 allo-antibodies was 6,142
(IQR range 2,089–13,898) while the peak of the anti-GSTT1
auto-antibodies was lower, at 1,952 (IQR range 1,392–2,874)
(p = 0.0005).

All GSTT1 alloantibody-positive patients with Q4 MFI had
prolonged positivity, that persisted throughout the follow-up.
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FIGURE 2

Cumulative incidence of de novoGSTT1 Abs and de novoHLA-DSAs in pediatric recipients of kidney transplantation. Cumulative incidence at
10 years is reported.

FIGURE 3

Distribution of GSTT1 genotype and development of GSTT1 allo and auto antibodies in the studied cohort. Abs, antibodies; Q4, GSTT1 Abs with
MFI levels in the 4th quartile.

Conversely, three of six patients with Q4 GSTT1 autoantibodies
showed a decrease or clearance at follow-up.

Correlation of HLA donor-specific HLA
antibodies and glutathione
S-transferase theta 1 antibodies with
antibody mediated rejection

In the entire cohort, 73 kidney recipients received graft
biopsy for cause. ABMR was diagnosed in 31 patients at a
median follow-up of 5.0 years. Twenty-nine of the 31 patients

had circulating dnHLA-DSAs, while two dnDSA-negative
recipients tested positive for circulating anti-GSTT1 Abs.

We analyzed the clinical and biological factors associated
with ABMR development. Among the parameters included
in the univariable analysis, no correlations were found with
recipient sex and age, donor type and age, delayed graft
function, TCMR and post-Tx development of polyomavirus
BK (BKPyV) DNAemia. The presence of dnHLA-DSAs and
their complement-binding activity, as well as the presence of
high-level GSTT1 antibodies or GSTT1 null genotype, were
the main factors positively associated with ABMR, together
with the number of HLA-mismatches and the use of CsA
in the maintenance immunosuppressive regimen (Table 2).
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TABLE 2 Link between clinical parameters and risk of developing ABMR (univariable analysis).

Variables Patients (n) Events (n) HR 95% CI P-value

Clinicobiological factors

Recipient age*

≤Median 74 16

>Median 72 15 1.01 0.50–2.05 0.96

Recipient sex

Male 86 22

Female 60 9 0.60 0.28–1.31 0.20

Donor type

Living 17 1

Deceased 129 30 5.21 0.71–38.23 0.07

Donor age*

≤Median 74 20

>Median 72 11 0.49 0.23–1.02 0.06

No of mismatches A/B/DR/DQ*

≤4 80 13

>4 66 18 2.04 1.0–4.16 0.05

Delayed graft function

No 130 29

Yes 16 2 0.43 0.10–1.79 0.24

CNI use (CsA vs. Tac)

No 91 6

Yes 55 25 5.21 2.12–12.82 <0.001

Acute cellular rejection**

No 130 25

Yes 16 6 1.75 0.72–4.27 0.21

BKPyV DNAemia

No 114 23

Yes 32 8 0.92 0.41–2.08 0.84

Immunological factors

dnDSA

No 96 2

Yes 50 29 31.95 7.62–133.98 <0.001

C3d-binding dnDSA

No 123 12

Yes 23 19 11.43 5.54–23.59 <0.001

GSTT genetics recipient (positive vs. null)

No 114 20

Yes 32 11 2.32 1.11–4.86 <0.05

Anti-GSTT Ab (Quartile 4)

No 130 20

Yes 16 11 7.13 3.38–15.04 <0.001

*These variables were also analyzed as continuous variables, and results are reported here: recipient age: HR 0.98 (95% CI 0.92–1.04), p = 0.48; donor age: HR 0.64 (95% CI 0.38–1.07),
p = 0.09; HLA Ag mismatch: HR 1.32 (95% CI 1.01–1.72), p = 0.04. **Type 1A + borderline changes (bc). CsA, cyclosporine A; Tac, tacrolimus. Bold values represent the statistically
significant p-values.

Multivariable models that included HLA-DSAs, C3d-binding
HLA-DSAs, and either anti-GSTT1 Q4 antibodies or GSTT1
null genotype were analyzed, and showed that all immunological
variables except GSTT1 null genotype were independent
predictors of ABMR (Table 3).

The observation that GSTT1 antibodies were associated with
ABMR risk prompted us to assess the graft homing capability,
and, consequently, the potential pathogenicity, of these non-
HLA antibodies, as previously shown for dnHLA-DSAs (9).
For 58 out of the 73 patients with biopsies, we had tissue
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remnants suitable for elution and intragraft Ab detection. We
found intragraft GSTT1 antibodies (gGSTT1 Abs) in 8 of
24 available biopsies with a diagnosis of ABMR (33 vs. 6%
gGSTT1 in 34 ABMR-negative biopsies, p < 0.01). The median
MFI of gGSTT1 Abs in the ABMR-negative biopsies was 33
(IQR: 27–42) vs. 110 (IQR: 39–226) in the ABMR-positive
biopsies (p < 0.01). The median MFI observed in the eight
ABMR biopsies positive for gGSTT1 Abs was 226 (IQR 125–
346), comparable to the median intragraft dnHLA-DSA values
previously described in a series of pediatric ABMR biopsies
(9). In the same biopsies, we detected gHLA-DSAs in 14 of
the 24 ABMR biopsies (58 vs. 41% gHLA-DSAs in ABMR-
negative biopsies, p = 0.45). In detail, none of the biopsies
from patients negative for circulating HLA or non-HLA Abs
displayed intragraft Abs. Of the 22 ABMR patients with serum
dnHLA-DSAs, 14 were HLA-DSA positive in the graft (64%),
in four cases associated with gGSTT1 Abs. Among the 15
biopsies from kidney recipients with circulating anti-GSTT1,
eight had gGSTT1 Abs (53%, six allo- and two auto-Abs), in
four cases, as mentioned above, associated with gHLA-DSAs. In
one of the remaining four biopsies, allo gGSTT1 Abs were likely
responsible for ABMR lesions, as it was the only Ab type present
both in serum and graft. In the other three cases, found to be
double positive for serum GSTT1Ab and dnHLA-DSAs, only
GSTT1 Abs were found in the graft, thus suggesting a potential
central role in ABMR pathogenesis. Interestingly, in two of these
three patients anti-GSTT1 were auto Abs.

When looking at the severity of histological lesions
according to the distribution of Ab positivity within the
graft, we observed worse, although not statistically significant,
histological phenotype in the biopsies with double gHLA-DSA
and gGSTT1 (g + ptc score ≥2: negative intragraft Ab biopsies:
50% vs. 78% and 100% in single and double gAb positivity,
respectively; median score: negative intragraft Ab biopsies: 1.5
vs. 2 and 3 in single and double gAb positivity, respectively).

Factors influencing clinical outcome

Seventeen patients lost their graft at a median time of
6.7 years (IQR range 4.9–13.1), due to ABMR (n = 15) or focal
segmental glomerulosclerosis recurrence (n = 2).

The clinical outcome endpoint for the purpose of this
study was graft loss (i.e., start of renal replacement therapy).
The Cox regression proportional hazard model was used to
analyze factors influencing outcome in our cohort. Among the
parameters included in the univariable model, the presence
of dnHLA-DSAs and their complement-binding activity, and
the presence of high-level GSTT1 antibodies or GSTT1 null
genotype, together with the use of CsA in the maintenance
immunosuppressive regimen, the occurrence of TCMR, and
younger recipient age were the factors associated with graft
loss (Table 4 and Figure 4). Due to the relatively low number

TABLE 3 Risk of developing ABMR: multivariable analysis with
immunological factors.

Variables HR 95% CI P-value

Model 1

dnHLA-DSAs

No

Yes 14.26 3.09–65.89 0.001

C3d-binding dnHLA-DSAs

No

Yes 3.21 1.47–6.99 <0.005

Anti-GSTT Abs (Quartile 4)

No

Yes 4.31 1.95–9.52 <0.001

Model 2

C3d-binding dnHLA-DSAs

No

Yes 10.49 4.99–22.03 <0.001

Anti-GSTT Abs (Quartile 4)

No

Yes 4.96 2.11–11.64 <0.001

GSTT null genotype

No

Yes 1.54 0.69–3.42 0.29

Bold values represent the statistically significant p-values.

of events in our pediatric population, we could not perform
a multivariable analysis to dissect the independent role of the
different risk factors. Thus, we elected to perform bivariable
analyses including Q4-GSTT1 Abs with the other statistically
significant or trending parameters. We found that Q4-GSTT1
Abs remained an independent risk factor for graft loss (Table 5),
similarly to that observed for GSTT1 null phenotype (Table 6).
When assessing the two GSTT1 parameters in a bivariate
analysis, only Q4-GSTT1 Abs resulted independently correlated
with graft loss (Table 5). As the development of GSTT1 Abs
preceded or coincided with appearance of dnHLA-DSAs, we
tested whether a model with the two combined parameters
proved more fit to classify patients at risk of graft loss than
each single factor in a time-dependent Cox model. The informal
comparison with AIC confirmed our hypothesis, as a lower AIC
for the combined model was observed (99.54 vs. 111.17 for
dnHLA-DSAs and 108.06 for GSTT1 Abs) (Table 7). Of note,
the graft survival was worst when both Q4 anti-GSTT and anti-
HLA DSA antibodies were present (cumulative incidence: 44 vs.
75% in Q4-GSTTAb+DSA−, 94% in Q4-GSTTAb−DSA+, and
100% in Q4-GSTTAb−DSA− pts) (Figure 5).

When looking only at patients with ABMR, the factors
that influenced outcome in the univariable model were ABMR
histology features (a cg score >0 and the presence of
concomitant features of TCMR), and the presence of Q4-
GSTTAb (Table 8).
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TABLE 4 Link between clinical parameters and risk of developing graft loss (univariable analysis).

Variables Patients (n) Events (n) HR 95% CI P-value

Clinicobiological factors

Recipient age

≤Median 74 11

>Median 72 4 0.35 0.11–1.10 0.06

Recipient age (continuous) 0.88 0.79–0.97 <0.05

Recipient sex

Male 86 11

Female 60 4 0.63 0.20–1.98 0.43

Donor type

Living 17 1

Deceased 129 14 2.17 0.28–16.58 0.45

Donor age*

≤Median 74 10

>Median 72 5 0.43 0.15–1.25 0.11

No of mismatches A/B/DR/DQ*

≤4 80 10

>4 66 5 0.60 0.20–1.76 0.34

Delayed graft function

No 130 14

Yes 16 1 0.49 0.06–3.75 0.49

CNI use (CsA vs. Tac)

No 91 2

Yes 55 13 4.81 1.04–22.33 <0.05

Acute cellular rejection**

No 130 9

Yes 16 6 4.80 1.70–13.50 <0.01

BKPyV DNAemia

No 114 8

Yes 32 7 2.27 0.81–6.31 0.12

Immunological factors

dnDSA

No 96 1

Yes 50 14 20.10 2.64–153.20 <0.0001

C3d-binding dnDSA

No 123 5

Yes 23 10 9.00 3.06–26.41 <0.0001

GSTT genetics recipient (positive vs. null)

No 114 7

Yes 32 8 5.20 1.86–14.59 <0.005

Anti-GSTT Ab (Quartile 4)

No 130 7

Yes 16 8 14.36 5.10–40.48 <0.0001

*These variables were also analyzed as continuous variables, and results are reported here: donor age: HR 0.59 (95% CI 0.28–1.26), p = 0.17; HLA Ag mismatch: HR 0.97 (95% CI 0.66–1.41),
p = 0.86. **Type 1A + borderline changes (bc). CsA, cyclosporine A; Tac, tacrolimus. Bold values represent the statistically significant p-values.

Discussion

Among non-HLA antigens reported to be involved in Tx
damage (11, 13, 16, 23, 25–27), GSTT1 represents an interesting
model, as it may function as both an allo- and autoantigen.

In our study, we investigated the dynamics and impact of
antibodies to the GSTT1 protein in a cohort of HLA non-
immunized pediatric kidney recipients. In accordance with
previous studies carried out in the setting of alloimmunity
to GSTT1 in liver and kidney transplantation (15, 16, 18),
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FIGURE 4

Q4-GSTT1, GSTT1 genetics and risk of developing graft loss in
the analyzed cohort. (A) Allograft survival in the analyzed cohort;
(B) allograft survival in patients with or without Q4-GSTT1 Abs.
(C) Allograft survival in kidney graft recipients stratified by
presence or absence of GSTT1 null genotype. The statistical
difference between Kaplan-Meier survival curves was evaluated
by log-rank test and differences with p-values < 0.05 were
considered statistically significant.

we found an association between GSTT1 Abs and ABMR. As
a further step, we obtained evidence suggesting a potential
causal relationship with graft damage, as GSTT1 Abs were
identified within ABMR biopsies of patients with graft function
deterioration in the absence of concomitant intragraft HLA-
DSAs. Relevantly, in a GSTT1-null genotype patient with absent
serum and intragraft HLA antibodies, ABMR progressing to
graft loss was observed following the development of circulating
GSTT1Abs and their homing in the graft. In the light of these
data, GSTT1 could be numbered among other polymorphic
antigens, such as major-histocompatibility-complex class I

chain-related gene A (MICA) (28) or polymorphic endothelial
cell surface antigens (13), able to elicit Abs endowed with
pathogenetic potential to kidney allograft.

In addition to non-HLA Abs induced by an alloimmune
mechanism, Abs directed to self-antigens, such as angiotensin
II type 1 receptor (AT1R), perlecan, endothelin type A
receptor (ETAR), vimentin, or Rho GDP-dissociation inhibitor
2 (ARHGDIB), have been found to be associated with inferior
graft outcome, although their causal role in the pathogenesis of
damage is unclear (29, 30). Differently from previous studies
on GSTT1Ab analysis by indirect immunofluorescence and
ELISA methods, that were only able to detect GSTT1Abs
in the context of genotype mismatch (16, 18), we observed
about 50% post-Tx auto-GSTT1 Abs in the de novo GSTT1
Ab pool. Interestingly, auto Abs to GSTT1 were also able
to home in the graft and likely contribute to ABMR
and kidney dysfunction in the absence of intragraft HLA-
DSAs.

As GSTT1 protein is not expressed on the cell surface,
recognition likely takes place in the extracellular compartment
after cell apoptosis induced by ischemia-reperfusion or other
tissue damaging noxae, such as calcineurin inhibitor toxicity
or an inflammatory process. Organ damage may ensue as
a consequence of immunocomplex formation and either
complement activation or FCγ receptor binding pathways (31).

Our bivariable analysis data showed that HLA-DSAs
and GSTT1 Abs are independent predictors of graft loss,
supporting the concept of their full harming potential.
Nonetheless, GSTT1 Abs may be observed in association with
HLA-DSAs, and, in this case, their relative contribution to
tissue injury is difficult to dissect. It may be hypothesized
that graft damage due to HLA-DSAs exposes intracellular
antigens, such as GSTT1, stimulating a specific antibody
response. However, when looking at the kinetics of HLA-
and non-HLA-antibody appearance, GSTT1Ab onset was
observed within the first post-transplant year, and often
preceded HLA-DSAs, likely as a consequence of cryptic
antigen release secondary to ischemia reperfusion and/or
inflammatory injury. In this case, GSTT1 Ab-mediated graft
damage may facilitate the development of HLA-DSAs that
can act in synergy to promote ABMR and allograft loss.
Indeed, we observed a higher degree of histological severity,
in terms of microvascular inflammation, in biopsies positive
for both Ab types.

The phenomenon of GSTT1 sensitization and specific Ab
formation in kidney Tx is consistent, as half of the patients
analyzed longitudinally develop or increase GSTT1 Abs post-
transplant, with patients belonging to the Q4 group exhibiting
MFI levels higher than 8,000. Although both allo- and auto-
GSTT1Abs may be associated with graft injury, allo-GSTT1
Abs more frequently reach fourth quartile MFI values, and
maintain them over time. The numerical relevance of allo-
GSTT1 Abs suggests the expediency of stratifying patients
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TABLE 5 Risk of kidney graft loss: bivariable analysis with anti-GSTT Q4.

Variables Patients (n) Events (n) HR 95% CI P-value

Anti-GSTT Ab (Quartile 4)

No 130 7

Yes 16 8 20.96 6.59–66.61 <0.001

Recipient age*

≤Median 74 11

>Median 72 4 0.22 0.06–0.76 <0.05

Anti-GSTT Ab (Quartile 4)

No 130 7

Yes 16 8 20.29 6.37–64.67 <0.001

Recipient sex

Male 86 11

Female 60 4 0.34 0.10–1.17 0.09

Anti-GSTT Ab (Quartile 4)

No 130 7

Yes 16 8 12.52 4.33–36.23 <0.001

CNI use (Tac vs. CsA)

No 91 2

Yes 55 13 3.21 0.69–14.84 0.14

Anti-GSTT Ab (Quartile 4)

No 130 7

Yes 16 8 13.20 4.52–38.53 <0.001

Acute cellular rejection**

No 130 9

Yes 16 6 3.86 1.33–11.22 <0.05

Anti-GSTT Ab (Quartile 4)

No 130 7

Yes 16 8 15.38 5.34–44.26 0.001

BKPyV DNAemia

No 114 8

Yes 32 7 2.53 0.9–7.10 0.08

Anti-GSTT Ab (Quartile 4)

No 130 7

Yes 16 8 7.85 2.75–22.42 <0.001

dnDSA

No 96 1

Yes 50 14 12.40 1.57–97.78 <0.05

Anti-GSTT Ab (Quartile 4)

No 130 7

Yes 16 8 14.57 4.58–46.31 <0.001

C3d-binding dnDSA

No 123 5

Yes 23 10 7.97 2.66–23.85 <0.001

Anti-GSTT Ab (Quartile 4)

No 130 7

Yes 16 8 10.58 2.82–39.65 <0.001

GSTT genetics recipient (positive vs. null)

No 114 7

Yes 32 8 1.61 0.44–5.97 0.47

*A bivariable analysis was also analyzed with recipient age as continuous variable, and results are reported here: Anti-GSTT Ab (Quartile 4): HR 12.53 (95% CI 4.31–36.39), p < 0.001;
Recipient: HR 0.90 (95% CI 0.82–1.00), p < 0.05. **Type 1A + borderline changes (bc). Tac, tacrolimus; CsA, cyclosporine A. Bold values represent the statistically significant p-values.
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TABLE 6 Risk of kidney graft loss: bivariable analysis with GSTT genetics.

Variables Patients (n) Events (n) HR 95% CI P-value

GSTT genetics recipient (positive vs. null)

No 114 7

Yes 32 8 4.97 1.78–13.86 <0.005

Recipient age*

≤Median 74 11

>Median 72 4 0.37 0.12–1.17 0.09

GSTT genetics recipient (positive vs. null)

No 114 7

Yes 32 8 5.90 2.08–16.75 0.001

Donor age

≤Median 74 10

>Median 72 5 0.36 0.12–1.06 0.06

GSTT genetics recipient (positive vs. null)

No 114 7

Yes 32 8 6.39 2.25–18.14 <0.001

CNI use (Tac vs. CsA)

No 91 2

Yes 55 13 6.00 1.31–27.60 <0.05

GSTT genetics recipient (positive vs. null)

No 114 7

Yes 32 8 5.91 2.03–17.19 0.001

Acute cellular rejection**

No 130 9

Yes 16 6 5.45 1.90–15.63 <0.005

GSTT genetics recipient (positive vs. null)

No 114 7

Yes 32 8 6.23 2.14–18.11 0.001

BKPyV DNAemia

No 114 8

Yes 32 7 2.93 1.03–8.33 <0.05

GSTT genetics recipient (positive vs. null)

No 114 7

Yes 32 8 4.04 1.45–11.26 <0.01

dnDSA

No 96 1

Yes 50 14 17.46 2.28–133.78 <0.01

GSTT genetics recipient (positive vs. null)

No 114 7

Yes 32 8 4.02 1.42–11.35 <0.01

C3d-binding dnDSA

No 123 5

Yes 23 10 7.59 2.56–22.50 <0.001

*A bivariable analysis was also analyzed with recipient age as continuous variable, and results are reported here: GSTT genetics recipient: HR 4.21 (95% CI 1.51–11.77), p< 0.01; Recipient
age: HR 0.90 (95% CI 0.81–0.99), p < 0.05. **Type 1A + bc. Tac, tacrolimus; CsA, cyclosporine A. Bold values represent the statistically significant p-values.

at risk through characterization of GSTT1 polymorphism.
A simple genetic test performed on the recipient may represent
an important tool to identify kidney transplant candidates
at risk of developing specific Abs when receiving the graft
from the largely represented GSTT1-positive donor pool. This

cohort should be monitored for both circulating GSTT1Ab
and HLA-DSAs and, given the relationship between the two
antibody families, considered for anti-humoral treatment, in
order to successfully prevent and/or delay chronic graft damage.
Moreover, taking advantage of GSTT1 Ab early appearance,
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TABLE 7 Graft loss development according to occurrence and characteristics of antibodies.

Evaluated patients (n = 146) Number of patients (total) Number of patients with graft loss AIC* P-value

Model with dnHLA-DSAs 50 14 111.17 <0.001

Model with Q4-GSTTAbs 16 8 108.06 <0.001

Model with dnHLA-DSA+ Q4-GSTTAbs+ 11 7 99.54 <0.001

Cox models performance using AIC with each candidate predictor, separately, and combined in a bivariable analysis. *The Akaike Information criterion (AIC) was computed in a
combined model. The p-value of Cox proportional-hazard model is reported. Q4-GSTTAbs, GSTTAbs with MFI levels in the 4th quartile.

FIGURE 5

Kaplan-Meier curves for kidney graft survival according to circulating Q4-GSTT1 Ab and DSA status. The probability of graft survival is shown for
Ab-negative (GSTT–DSA–) vs. Q4-GSTT1 Ab-positive DSA-negative (GSTT+DSA–) vs. Q4-GSTT1 Ab-negative DSA-positive (GSTT–DSA+) vs.
Q4-GSTT1 Ab-positive DSA-positive (GSTT+DSA+) patients. p-values were determined using the log-rank test.

TABLE 8 Link between clinical parameters and risk of developing graft loss (univariable analysis) in patients with ABMR (n = 31).

Variables Patients (n) HR 95% CI P-value

C3d-binding dnDSA

No 12

Yes 19 1.50 0.51–4.43 0.45

GSTT genetics recipient (positive vs. null)

No 20

Yes 11 2.17 0.78–6.01 0.13

Anti-GSTT Ab (Quartile 4)

No 20

Yes 11 4.59 1.48–14.27 <0.005

ABMR histology + TCMR features*

No 25

Yes 6 4.30 1.46–12.67 <0.01

ABMR histology cg > 0

No 18

Yes 13 5.75 1.54–21.44 <0.01

TCMR, T-cell mediated rejection; ABMR, antibody-mediated rejection. *In all cases, borderline changes. Bold values represent the statistically significant p-values.
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institutions that implement protocol biopsy programs could
gain clinical advantage by analyzing intragraft GSTT1 Abs.
Indeed, despite the limitation of a relatively small number of
patients under investigation, that did not allow for multivariable
analysis of parameters associated with graft outcome, our study
was able to expand existing knowledge on the clinical role
of GSTT1 Abs through a longitudinal evaluation of serum
antibody dynamics, coupled with a parallel investigation at
intragraft level. These data will need to be confirmed in
a larger cohort.

Our and others’ observations on the harmful effects of
GSTT1Abs add to the notable body of evidence showing the
negative role of allo- and auto-non-HLA Abs on kidney graft
outcome. From a clinical point of view, monitoring a single
non-HLA Ab in addition to HLA-DSAs may not be considered
cost-effective, and it is likely inappropriate, as it will likely fail to
detect all patients at risk of ABMR and graft loss. Accordingly,
a multiarray approach testing Abs directed to a wide number
of potential non-HLA antigens will improve the diagnostic
potential for ABMR and graft loss risk stratification (23, 27),
particularly if carried out at both serum and intragraft level,
as suggested by our preliminary study. In addition to their
diagnostic potential, these tools may also help gain insight into
the hypothesis of an Ab burden effect on graft damage (32).
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