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Abstract
Background—Chronic humoral rejection (CHR) is a major complication after kidney
transplantation. The cause of CHR is currently unknown. Autoantibodies have often been reported
in kidney transplant recipients alongside anti-donor human leukocyte antigen antibodies. Yet, the
lack of comprehensive studies has limited our understanding of this autoimmune component in the
pathophysiology of CHR.

Methods—By using a series of ELISA and immunocytochemistry assays, we assessed the
development of autoantibodies in 25 kidney transplant recipients with CHR and 25 patients with
stable graft function. We also compared the reactivity of five CHR and five non-CHR patient sera
with 8027 recombinant human proteins using protein microarrays.

Results—We observed that a majority of CHR patients, but not non-CHR control patients, had
developed antibody responses to one or several autoantigens at the time of rejection. Protein
microarray assays revealed a burst of autoimmunity at the time of CHR. Remarkably, microarray
analysis showed minimal overlap between profiles, indicating that each CHR patient had
developed autoantibodies to a unique set of antigenic targets.

Conclusion—The breadth of autoantibody responses, together with the absence of consensual
targets, suggests that these antibody responses result from systemic B-cell deregulation.
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Chronic humoral rejection (CHR) is currently recognized as one of the most serious
complications after kidney transplantation. The reason why some transplant recipients
develop CHR and others do not is still unknown. CHR is primarily characterized by the
development of de novo donor-specific antibodies (DSA). These alloantibodies have been
directly associated with late graft failure (1–4). In 2005, a series of criteria were adopted to
define CHR beyond the development of DSA (5). Because this classification was accepted, a
growing number of cases have been diagnosed in different institutions, revealing a higher
incidence of CHR than initially presumed. Retrospective studies looking at the deposition of
the complement molecule C4d and the development of DSA as markers of antibody-
mediated rejection estimated that up to 61% of all chronic rejection cases involved a
humoral component (3, 6, 7). In addition, Lee et al. (8) demonstrated that virtually all cases
of late graft loss were accompanied by some levels of antibody responses to the allografts.
Collectively, these findings suggest that CHR is responsible for a majority of late graft loss
cases.

In addition to DSA, a number of studies have demonstrated the development of de novo
autoantibodies after organ transplantation. Anti-endothelial cell antibodies (AECAs) have
been observed for a number of years (9, 10). Their detection in the serum or directly in the
graft of kidney transplant recipients has been associated with tissue damage and subsequent
graft rejection (11). Although recognized targets of AECAs are often alloantigens, it has
been shown that these antibodies can also react to self-proteins (12). Additional studies have
reported the development of antibodies to specific self-antigens after transplantation.
Autoantigenic targets include angiotensin II type 1 receptor (13), agrin (14), tubulin-α, heat
shock protein 60 (15), vimentin (15, 16), cardiac myosin (17), cardiolipin (18), and
ribosomal protein L7 (19). The detection of these antibodies was associated with graft
rejection episodes or hypertension. Increased serum reactivity to nonprotein structures such
as phospholipids and oxidized low-density lipoprotein have also been observed in kidney
transplant recipients (20–23). These antibodies were associated with atherosclerosis, a
common feature among late transplant recipients and patients with CHR.

Overall, these studies demonstrated the presence of various types of autoantibodies in
transplant recipients. We hypothesized that such autoantibodies develop more frequently
after organ transplantation than initial studies indicated. We also surmised that this humoral
autoimmunity could reveal an underlying context of immunologic imbalance that may also
have facilitated the generation of DSA. The aim of the present study was to investigate the
development and specificity of autoantibody responses in patients with biopsy-proven CHR.

MATERIALS AND METHODS
Sample Collection

Serial serum samples were collected from kidney transplant recipients as a part of their
standard clinical care. The use of those samples in our study was approved by the
Massachusetts General Hospital internal review board. The CHR group consisted of 25
kidney transplant recipients whose serum was taken before transplantation, after
transplantation, and at the time of a graft biopsy documenting CHR. CHR was diagnosed
histologically by the presence of at least two of the following features in the graft tissue:
arterial intimal fibrosis, duplication of glomerular basement membrane, multilaminated
peritubular capillary basement membrane, and interstitial fibrosis (4). Along with these
pathologic findings, evidence of C4d deposition in the tissues and the presence of antidonor
antibodies in the serum contributed to the final diagnosis of CHR (4). According to these
criteria, all 25 CHR patients in our study had intragraft deposition of C4d, circulating DSA
(see Table, Supplemental Digital Content 8, http://links.lww.com/TP/A186), and two of the
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aforementioned histologic features of CHR. The non-CHR control group consisted of 25
kidney transplant recipients with stable allograft function at the time of sample collection.
Biopsies are not performed on transplant recipients with stable graft function at our
institution. Therefore, we do not know whether some “non-CHR” patients had renal lesions
at the time of serum sampling. Only patients who received single organ primary transplants
were included in this study. None of the 50 patients included in the study had autoimmune
disease before transplant. A summary of patient characteristics is provided in Table 1.

ELISA
Concentration of total serum IgG was measured using an IgG ELISA quantification kit
(Bethyl Laboratories, Montgomery, TX) according to the manufacturer’s instructions.
Serum samples were diluted 1:200,000 in phosphate-buffered saline (PBS).

Antinuclear antibodies (ANA) and antibodies to cardiolipin were quantified using ANA
screen IgG ELISA II and cardiolipin IgG ELISA II kits, respectively (Wampole
Laboratories, Princeton, NJ). Assays were carried out according to the manufacturer’s
instructions.

ELISA for the detection of antibodies to double-stranded DNA (dsDNA) and insulin were
performed as described previously (24). Briefly, maxisorp plates (Nunc, Thermo Fisher
Scientific, Rochester, NY) were coated over-night at 4°C with 10 µg/mL dsDNA or
recombinant human insulin (Sigma-Aldrich, St. Louis, MO). After five washes in PBS with
0.05% Tween 20, serum samples diluted at 1:50 in PBS were added and incubated for 3 hr at
room temperature. Plates were then washed in PBS with 0.05% tween 20, incubated for 1 hr
with alkaline phosphatase (AP)–conjugated goat antihuman IgG (Jackson ImmunoResearch
Laboratories Inc., West Grove, PA), washed again, and developed using AP substrate
colorimetric reagents (Sigma-Aldrich). Optical density was read at 405 nm. For the
detection of dsDNA- and Insulin-reactive IgG subclasses, ELISA was carried out using
horseradish peroxidase (HRP)- conjugated anti-IgG1, IgG2, IgG4 (Invitrogen, Carlsbad,
CA), and AP-conjugated IgG3 (Invitrogen) secondary antibodies. ELISA revealed with
HRP-conjugated secondary antibodies were developed using 3, 3′, 5, 5′-
tetramethylbenzidine (Sigma-Aldrich). Optical density was read at 450 nm for IgG1, IgG2,
IgG4 (HRP) and at 405 nm for IgG3 (AP).

ELISA to whole protein extract from human embryonic kidney cell line (HEK-293) was
adapted from a previously described protocol (25). Briefly, proteins were extracted in
radioimmunoprecipitation assay buffer (Boston Bioproducts Inc, Worcester, MA)
supplemented with protease inhibitor (Roche Diagnostics, Indianapolis, IN) and
phenylmethanesulfonyl fluoride (Sigma-Aldrich). The protein extract was used to coat
maxisorp microplates (Nunc, Thermo Fisher Scientific) at the equivalent of 10,000 cells per
well. The rest of the procedure is identical to the one described for dsDNA and insulin. Sera
were diluted 1:50 in PBS.

ELISA protocol for the detection of total lipid rat brain extract was adapted from Pierangeli
and Harris (26). Ninety-six flat bottom culture plates (BD Biosciences, San Jose, CA) were
coated with 30 µl of total brain extract (Avanti Polar Lipids Inc., Alabaster, AL) at a
concentration of 50 µg/mL in ethanol, incubated overnight at 4°C, and uncovered to allow
ethanol evaporation. After three washes, plates were blocked in PBS supplemented with
10% fetal calf serum for 1 hr at room temperature. The rest of the protocol is identical to the
one described for dsDNA and insulin. Sera were diluted 1:50 in PBS.
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Immunofluorescence Assays
Hep-2 cell-coated slides (Bion Enterprises Ltd, Des Plaines, IL) were incubated at room
temperature with diluted serum samples (1:50 in PBS) for 30 min, washed in PBS, stained
with fluorescein isothiocyanate-conjugated anti-human IgG (Invitrogen), washed with PBS,
and visualized by fluorescence microscopy.

Immunoprofiling Using Protein Microarrays
Antibody profiling of selected serum samples was performed using high-density protein
microarrays. We used V4.0 protoarrays (Invitrogen), consisting of 8027 recombinant
proteins spotted in duplicate on a glass slide. All proteins were produced in insect cells
through a baculovirus expression system. Arrays were first saturated in blocking buffer (50
mM HEPES, pH 7.5; 200mMNaCl; 0.08% Triton X-100; 25% glycerol; 20mMreduced
glutathione; 1 mM dithiothreitol (DTT); 4 mM NaOH; 1% bovine serum albumin) for 1 hr at
4°C on an orbital shaker (50 rpm). Arrays were then probed with serum diluted 1:500 in
probing buffer (PBS,1%bovine serum albumin, 0.1% Tween 20) for 90 min at 4°C, 50 rpm.
After five washes in probing buffer, arrays were incubated (90 min, 4°C, 50rpm) with 1 µg/
mL of secondary antibody (goat anti-human IgG Alexa fluor 647 [molecular probes,
Carlsbad, CA]) diluted in probing buffer. Arrays were then washed five times, dried, and
scanned on a GenePix 4000B scanner (Molecular Devices, Union City, CA). Fluorescence
was measured with the GenePix Pro version 3.0 software (Molecular Devices) and
quantified with the Prospector version 4 software (Invitrogen) using the protein-protein
interaction algorithm. Signal intensity obtained for each protein reflected the concentration
of antibody specific to that protein in the serum sample. All signals were first normalized
based on the IgG concentration in each sample to ensure that the difference in signal
intensity to array proteins was not because of the IgG level in the serum. Signals obtained
with serum samples collected at two different time points posttransplant were then compared
with one another to examine the changes in IgG reactivity. Similar two-dimensional
scatterplot analysis using Invitrogen protoarrays have already been reported (27). Variations
in protein signals were then evaluated by calculating the ratio between signals obtained
before and at the time of DSA. Because ratio can be artificially increased with values close
to background level, we only considered values more than 50 arbitrary units. The
reproducibility of the Invitrogen protoarray platform was tested by comparing signals
obtained from two arrays probed with the same serum sample collected from a kidney
transplant recipient experiencing rejection. Results are presented in Supplemental Figure
(see Supplemental Digital Content 1, http://links.lww.com/TP/A179). In addition, to further
minimize the variability, we compared only arrays from the same lot that were probed and
scanned in the same experiment, that is, the same day.

Statistical Methods
Comparisons between the CHR and non-CHR groups were based on Fisher’s exact test for
categorical variables, whereas Wilcoxon rank-sum test was applied to continuous data. One-
sided P values are reported for comparing serum reactivity to autoantigens as the alternative
hypothesis is defined intrinsically by an increased concentration, whereas other P values are
based on a two-sided hypothesis. General data analysis was conducted using SAS version
9.1 (SAS Institute, Cary, NC). The overall change in serum reactivity between pretransplant
and posttransplant samples was analyzed using a permutation test of Hotelling’s T2 statistic
(28). The computation was based on 10,000 random resamplings using the ICSNP package
(29) in R version 2.5.1 (www.R-project.org).

Multivariate analysis of covariance was used to compare the overall change in serum
reactivity between pretransplant and posttransplant samples between the patient groups
while adjusting for IgG increase, sampling time, and use of tacrolimus- or sirolimus-based
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immunosuppression. As the CHR group was younger on average, age was initially included
as a covariate but was excluded in the final model because of a lack of significance.

RESULTS
Increased Concentration of Autoreactive IgG in CHR Patients’ Sera at Time of Diagnosis

A retrospective cross-sectional study was conducted to examine the presence of autoreactive
IgG in sera collected from 25 CHR patients at the time of diagnosis and sera from 25 non-
CHR control kidney transplant recipients with stable graft function. Patients were chosen
based on sample availability. The median time between transplantation and sampling was
significantly shorter for the non-CHR group compared with the CHR group (2.7 and 6.3
years, respectively, P=0.001). All transplant recipients received a comparable number of
immunosuppressive drugs. However, CHR patients were more likely to have received
cyclosporine A or azathioprine whereas patients without this complication were more likely
to have received tacrolimus or sirolimus (Table 1). Allegedly, the choice of
immunosuppressive agents reflects a shift toward tacrolimus and sirolimus in more recent
years.

Indirect immunofluorescence staining of the standard carcinoma cell line Hep-2 revealed
weak reactivity for 8 and strong reactivity for 9 of the 25 CHR patients. In comparison, only
3 of the 25 stable patients displayed a weak signal (Fig. 1A). The reactivity patterns of
positive CHR patient sera indicated the presence of ANA and anti-cytoplasmic antibodies.

The reactivity of the same serum samples to a panel of classical self-antigens was then
assessed by ELISA. Antigenic targets included nucleic acids (dsDNA), individual protein
(insulin), protein bulk (nuclear antigens, kidney cell line HEK293 lysate), and lipids (rat
brain lipid extract, cardio-lipin). These assays revealed a higher concentration of auto-
reactive IgG in sera from CHR patients compared with sera of control non-CHR transplant
recipients for all six autoantigenic structures (Fig. 1B). The difference in serum reactivity for
the two patient groups was statistically significant for five of six antigens (P<0.05). A
substantially more spread-out distribution was also noticeable for the CHR group with some
individual patients displaying a strong autoreactivity. These high responders were different
patients in each assay.

Autoantibodies Develop Posttransplant in CHR Patients
To determine whether these autoantibodies had developed after transplantation or existed at
the same level before transplantation, we compared pretransplant and posttransplant serum
reactivity with the same autoantigens for our series of patients. Results were expressed as
percentage increase between signals obtained with pretransplant and posttransplant samples.
The data are summarized in Figure 2(A) and show that the sera of the CHR patients had
significant increases in reactivity to self-antigens when compared with those of non-CHR
patients (P=0.006). Remarkably, profiles seemed unique for each patient. Moreover, serum
reactivity increase did not seem to correlate with time post-transplant (see Figure,
Supplemental Digital Content 2, http://links.lww.com/TP/A180). An increase in serum IgG
levels was also observed in significantly more CHR patients than patients without this
complication (Fig. 2A, left column; P=0.045). This increase in IgG levels may account for
some of the observed reactivity to the series of autoantigens tested. Yet, several patients
showed increased reactivity to some autoantigens without increased IgG levels and vice
versa. A multivariate analysis showed that post-transplant increase in serum reactivity to
various autoantigens among the CHR group is still significant (P=0.056) after adjusting for
the differences in total serum IgG levels, sampling time, or immunosuppressive therapies.
To determine whether this increase of reactivity corresponded to a particular IgG subclass,
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we carried out dsDNA and insulin ELISA using anti-IgG1, IgG2, IgG3, or IgG4 secondary
antibody. Sera from 10 patients showing increase in reactivity toward dsDNA or insulin
were tested for each IgG subclass. As depicted in Figure 2(B), no preferential IgG subclass
seemed to be responsible for the increased autoreactivity at time of CHR.

Development of Autoantibodies to a Broad Range of Proteins at Time of CHR
By using a protein microarray platform, we assessed the development of antibodies to 8027
proteins posttransplant for five non-CHR patients with stable allograft function and five
patients with CHR. These 10 patients (marked with an asterisk in Fig. 2A) were selected
solely based on sample availability. All IgG containing human sera display some level of
reactivity to many self-proteins with a great degree of individual variability. For this reason,
we decided to focus on variations in serum reactivity between two time points for the same
patients rather than to compare absolute reactivity with array proteins between subjects. We
compared signals obtained from two identical arrays probed with serum samples collected
months before and at the time of rejection for each CHR patient. Similar samples from two
different time points posttransplant were selected from control non-CHR patients to match
those of the CHR patients. The timetable for sample collections is summarized in
supplemental Table 1 (see Supplemental Digital Content 3, http://links.lww.com/TP/A181).
Importantly, time intervals between the two time points were matched for CHR and non-
CHR patients. Array results were first normalized based on the IgG concentration in each
sample to exclude any difference in signal intensity to array proteins because of the IgG
level in the serum. The ratio of signals obtained between the two time points was then
calculated for each protein on the arrays to evaluate the global responses in CHR and non-
CHR transplant recipients. Figure 3(A) shows an example of the array results for a non-CHR
and a CHR patient. A linear regression analysis performed with values obtained for internal
control proteins in the two arrays was used to establish a “trend line” shown in the figure.
Signal values falling within range of this trend line correspond to proteins for which serum
reactivity did not change between the two time points. Conversely, signal values distant
from this line correspond to proteins for which serum reactivity increased or decreased.
Additional dot plots depicting variations in serum reactivity for the four CHR and four non-
CHR remaining patients are shown in Supplemental Figure 2 (see Supplemental Digital
Content 4, http://links.lww.com/TP/A182).

Figure 3(B) presents the number of target antigens toward which the serum reactivity
increased more than three-fold. As shown in this figure, CHR patients developed auto-
antibodies to a wide range of proteins (47–219), whereas an increase in serum reactivity to
only a few targets (0 –19) was detected in patients with stable graft function. A Wilcoxon
rank-sum test was carried out on the number of proteins toward which serum reactivity
increased more than threefold. The number of targeted proteins was significantly higher
among the CHR group compared with the patients with stable graft function (P=0.004).

CHR Patients Develop Unique Antibody Signatures
To further examine whether some autoantibody specificities were shared among CHR
patients, we compared the panels of target proteins (signal fold increase ≥3) obtained for
each individual serum. As showed in Table 2, only 34 proteins were shared among the CHR
patient antibody signatures. None of these 34 antigens were recognized by more than two
sera (Table 3). The identity of these 34 shared proteins is displayed in Supplemental Table 2
(see Supplemental Digital Content 5, http://links.lww.com/TP/A183).

To validate the protein microarrays, we selected three proteins toward which the serum
reactivity increased more than threefold between the two time points. These target proteins
were selected based on the high level of increase in serum reactivity between the two time
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points (Cytokeratin 8) or because they were targeted by two patients (Fragile X Mental
Retardation 1 [FMR1] and Phosphoribosyl Pyrophosphate Synthetase 1[PRPS1]). ELISA
confirmed a substantial increase in serum reactivity for all three proteins (see Figure,
Supplemental Digital Content 6, http://links.lww.com/TP/A184).

DISCUSSION
This study provides an in-depth analysis of the nature and specificities of arising
autoantibodies in kidney transplant recipients with antibody-mediated chronic rejection. Our
data showed the development of IgG reactive to a set of self-antigens including nucleic
acids, proteins, and lipids in a series of 25 CHR patients who also had circulating DSA. In
contrast, control non-CHR transplant recipients with stable allograft function demonstrated
minimal IgG reactivity to autoantigens. To widen our screening strategy, we also used a
recently developed protein microarray platform and assessed IgG specificity to 8027 human
recombinant proteins. A similar approach was recently undertaken in pediatric kidney
transplant recipients using a previous version of the same technology (ProtoArray V3.0)
(30). Both this study and our own study examined the variations in serum reactivity to array
proteins between samples collected at two different time points. Although Li et al. (30)
measured serologic changes between pretransplant and posttransplant samples, we assessed
changes between two posttransplant samples, that is, before and at the time of CHR. We
reasoned that the induction therapy and other immunomodulating intervention at the time of
transplant may have substantially modified the patients’ serologic profiles. Assessing two
posttransplant samples collected within months of each other would, therefore, more likely
reflect antibody variations associated with this complication.

Several observations can be made from our set of data. (1) All but 2 of the 25 CHR patients
demonstrated some increase in IgG levels to one or multiple autoantigens in ELISA or
Hep-2 assay. This consistency underscores the homogeneity among CHR patients who were
characterized following the criteria defined at the BANFF ’05 workshop (5). (2) A
significant proportion of the non-CHR control patients also had circulating autoantibodies.
Biopsies are not performed on transplant recipients with stable graft function at our
institution. Therefore, it is possible that some of these non-CHR patients had renal lesions
and were at an early stage of developing CHR at the time of sampling. In that respect, it is
noteworthy that samples from non-CHR patients were collected on average at an earlier time
point posttransplant than those from CHR patients. In our limited series of patients,
however, we did not find any significant correlation between autoantibody generation and
time posttransplant (see Figures, Supplemental Digital Content 2, http://links.lww.com/TP/
A180 and Supplemental Digital Content 7, http://links.lww.com/TP/A185). Further
longitudinal studies on a larger group of patients matched for sampling time posttransplant
will be required to corroborate our findings. (3) Recognition patterns of serum reactivity to
self-antigens are exquisitely specific to each CHR patient. Our array analyses indicate that
none of the 8027 protein tested seems to be recognized by more than two patients. Such
specificity does not support the view that serologic responses from CHR patients are
directed toward a restricted set of autoantigens. (4) Autoantibody responses did not seem to
be associated with any preferential IgG subtype in CHR patients. Such absence of distinctive
pattern further supports the hypothesis of immune deregulation rather than the development
of conventional antigen driven responses.

The prevalence of self-reactive IgG in patients experiencing CHR raises two important
questions. First, are some of these antibodies pathogenic, that is, are they involved in
allograft tissue destruction alongside with DSA? All CHR patients in our study had biopsy-
documented staining for C4d in the graft at time of diagnosis, implicating the binding of
immunoglobulins. However, we cannot establish whether C4d molecules were deposited in
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the kidney as the result of alloautoantibodies or autoantibodies. A number of studies have
previously associated the presence of autoantibodies with graft rejection (reviewed in Ref.
31–33). Yet, the formal demonstration that autoreactive IgG are involved in the
pathophysiology of rejection is lacking. A single study by Dragun et al. (13) attests to the
role of antiangiotensin II type 1 receptor IgG in symptoms of hypertension in kidney graft
recipients. Our analysis on CHR autoantibody specificities revealed that a noticeable
proportion of self-reactive IgG were directed at membrane-bound proteins (see Table,
Supplemental Digital Content 5, http://links.lww.com/TP/A183). Binding of these
antibodies directly to the graft tissue could result in complement-mediated cytotoxicity. Sera
from CHR patients also contained IgG specific to cytosolic proteins. These latter antibodies
could form immune complexes with cytosolic antigens released during tissue damage and
activate additional components of the immune system.

Conversely, it is also possible that these autoantibodies do not have any definite role in the
pathogenicity of CHR. Remarkably, we could not associate the presence of autoreactive IgG
in our patient cohort with any clinical manifestations of autoimmunity. The fact that
autoantibody profiles were unique for each CHR patient does not suggest a common
function. Further studies are now warranted to investigate the contribution of these
autoantibodies to the deteriorating graft function during CHR.

The second key question relates to the cause of such broad humoral autoimmunity. Self-
reactive antibodies could result from inflammation processes associated with tissue
destruction during graft rejection. This possibility, however, suggests that autoantibodies
would react primarily to common renal antigens exposed locally. This prospect is difficult to
reconcile with the frequency and wide specificity of auto-antibodies in CHR patients, which
resemble those of systemic autoimmune diseases. As an alternate hypothesis, we propose
that the development of broadly specific, yet unique, autoantibody signatures for each
patient is a hallmark of a wide B-cell deregulation. B-cell deregulation and autoantibody
production have been observed in situations of regulatory T-cell (Treg) insufficiency (34,
35). It is conceivable that kidney transplant recipients may also experience reduced Treg
functions because of long-term immunosuppressive therapy. In that regard, increase of total
serum IgG levels in CHR patients could reflect Treg dysfunction as this has been observed
in animals and humans (34, 35). In support of this view, Louis et al. (36) observed a
decrease in both CD4+CD25+ T-cell numbers and FOXP3 expression in patients with
chronic rejection compared with kidney transplant recipients with stable allograft function.
Remarkably, CHR and non-CHR patients had received significantly different
immunosuppressive medication in our study (Table 1). These various treatments may have
had different impact on the Treg function and the global regulation of the immune system.
Likewise, differences in the treatments may have contributed to the generation of
autoantibodies and alloantibodies and the development of CHR. Studies on a larger number
of patients are warranted to single out the exact influence of each type of
immunosuppressive maintenance therapy on this complication. Overall, we believe that our
study contributes to elucidating the complexity of humoral immunity in kidney transplant
recipients developing CHR.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Serum reactivity to autoantigens. (A) Serum reactivity to Hep-2 cells. Staining of Hep-2
cells was carried out with serum samples collected from 25 chronic humoral rejection
(CHR) patients at the time of rejection and from 25 non-CHR control patients. Staining was
revealed using an anti-IgG secondary antibody conjugated to fluorescein isothiocyanate.
Patients’ serum reactivity was assessed at 1:50. All pictures were acquired using the same
settings for consistency. (B) Serum reactivity to protein antigens, whole-cell extract, and
lipids. Samples collected from 25 CHR patients at the time of rejection and from 25 non-
CHR patients were tested for IgG reactivity to double-stranded DNA, insulin, antinuclear
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antigens, HEK-293 cell line whole protein extract, cardiolipin, and whole rat brain extract
by ELISA.
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FIGURE 2.
Development of autoantibodies between pre-transplant and posttransplant. (A) “Heat map”
recapitulating increases in patient serum reactivity to a broad range of autoantigens and
increases in total serum IgG concentrations (left column) between samples collected before
transplant and at the time of chronic humoral rejection (CHR). Samples collected
pretransplant and posttransplant from kidney transplant recipients with stable allograft
function were used as controls. Each color code corresponds to a level of increase. Patients
marked with an asterisk were selected for protein microarray analysis. (B) “Heat map”
recapitulating IgG1, IgG2, IgG3, and IgG4 increases in CHR patient serum reactivity to
double-stranded DNA (dsDNA) and insulin. Sera were selected for each autoantigen based
on their total IgG reactivity to dsDNA and insulin (A). Each color code corresponds to a
level of increase.
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FIGURE 3.
Protein array profiling of auto-antibody responses. (A) Two-dimensional scatterplot of IgG
binding values obtained for all 8027 proteins on the array using serum samples collected at
two different time points posttransplant for a kidney transplant recipient with stable graft
function (left) and a chronic humoral rejection (CHR) patient (right). The second time point
(31 months posttransplant) for the CHR patient is the time of CHR diagnosis. All proteins
are spotted in duplicate. Signals are expressed as arbitrary units (AU). The depicted line was
established using values obtained for array internal control proteins. Scale was arbitrarily set
at 12,000. (B) Protein array signal fold increase between the two time points for five non-
CHR and five CHR patients. The patient numbers correspond to Figure 2. Only duplicate
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signals above a cutoff of threefold increase are depicted. The number of proteins for which
the signal increased more than threefold is reported for each patient. Tx, transplant.
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TABLE 1

Summary of patient characteristics

Non-CHR CHR P

N 25 25

Median age in yr (range) 44 (23–82) 37 (15–65) 0.050

Female, n (%) 6 (24) 7 (28) 0.808

DSA, n (%)a 1 (4) 25 (100) <0.001

  Class I 1 (4) 17 (68)

  Class II 1 (4) 22 (88)

Donation, n (%)

  Deceased 13 (52) 12 (48)

  Living related 8 (32) 6 (24) 0.658

  Living unrelated 4 (16) 7 (28)

Median sampling time (years posttransplantation) 2.7 6.3 0.001

Induction therapy, n (%) 13 (52) 12 (48) 1

  Antithymocyte globulin 13 (100) 9 (75)

  Other 0 (0) 3 (25)

Immunosuppression regimen, n (%)

  Four-drug regimen 0 (0) 2 (8)

  Three-drug regimen 15 (60) 15 (60) 0.447

  Two-drug regimen 10 (40) 8 (32)

  Tacrolimus or sirolimus 24 15 0.005

  Cyclosporine A or azathioprine 2 13 0.001

a
Detailed patient DSA data shown in Supplemental Table 3 (see Supplemental Digital Content 8, http://links.lww.com/TP/A186).

CHR, chronic humoral rejection; DSA, donor specific antibodies.
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TABLE 3

Overlap between serologic response profiles

No. autoantigens shared

2 CHR patients 34

3 CHR patients 0

4 CHR patients 0

5 CHR patients 0

CHR, chronic humoral rejection.
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