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Ischemic, immunologic or pharmacological stressors can induce vascular injury and endothelial apoptosis in
organ donors, in transplant candidates due to the impact of end stage organ failure on the vasculature, and in
association with peri-transplantation events. Vascular injury may shape innate and adaptive immune responses,
leading to dysregulation in the balance between tolerance and immunoreactivity to vascular-derived antigens.
Mounting evidence shows that the early stages of apoptosis, characterized by the absence of membrane per-
meabilization, are prone to trigger various modes of intercellular communication allowing neoantigen pro-

duction, exposure, or both. In this review, we present the evidence for the release of LG3, an immunogenic
fragment of perlecan, as a consequence of caspase-3 dependent vascular apoptosis leading to the genesis of anti-
LG3 autoantibodies and the consequences of these autoantibodies in native and transplanted kidneys.

1. Endothelial apoptosis leads to the release of LG3, an
immunogenic fragment of perlecan

During the perioperative period, solid organ transplants can be ex-
posed to various types of cellular stresses that compromise tissue via-
bility. Ischemic, immunologic or pharmacological stressors can induce
endothelial apoptosis in the allograft, which may shape the innate and
adaptive immune response, leading to dysregulation in the balance
between tolerance and immune reactivity to vascular derived antigens.

Apoptosis is classically considered an anti-inflammatory and tol-
erogenic type of cell death [1]. However, autoantibodies reactive to
components of apoptotic cells are known to be present in the circulation
of transplant candidates and recipients, and their presence is associated
with adverse outcomes after transplantation [2,3-6]. This association
points to a potential role for apoptosis as a potential trigger for auto-
antibody production that in turn can increase tissue damage. The early
stages of apoptosis, characterized by the absence of membrane per-
meabilization, are prone to trigger various modes of intercellular
communication of importance on local homeostasis and tissue re-
modeling. The classical dichotomy between “tolerogenic” apoptosis and

“inflammatory” necrosis therefore needs to be revisited.

1.1. Paracrine pathways leading to the release of LG3 by apoptotic
endothelial cells

An important aspect of the paracrine endothelial apoptotic legacy is
the release of proteolytic enzymes that occurs in a highly regulated
fashion in the absence of unspecific cell leakage. Cathepsin-L, tissue
Plasminogen Activator and ADAMs (metalloendopeptidases) are ex-
ported extracellularly during apoptosis through caspase-dependent
pathways [7]. Caspase-3 activation is central to the activity of Cathe-
psin-L on perlecan, generating a truncated C terminal fragment har-
bouring a laminin G motif (referred to as LG3). The release of LG3
fragment was first characterized using pure endothelial apoptotic cul-
ture models in conjunction with multifaceted proteomic strategies
[7,8]. Infiltrating leukocytes and aggregating platelets, present at sites
of vascular damage and/or inflammation can also contribute to per-
lecan proteolysis and LG3 release through myeloperoxidase and
thrombin production [9-11].

Serum cathepsin-L and LG3 were found to be significantly elevated
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in kidney transplant recipients with Banff grade 2 and 3 acute vascular
rejection (AVR) in comparison to controls with acute tubulointerstitial
rejection (ATIR) or stable graft function [12]. Elevations in urinary
levels of LG3 have also been observed in kidney transplant recipients
with chronic rejection [13,14] and in patients with severe IgA ne-
phropathy [15]. Furthermore, proteomic approaches have revealed that
in patients undergoing cardiac surgery, circulating LG3 increased early
in the post-operative period and was a predictor of major adverse renal
events [16]. Taken together, these data suggest that LG3 is associated
with vascular injury both in transplanted and native kidneys. Whether
LG3 is only a biomarker of vascular injury or whether it is actively
involved in its pathogenesis is not yet fully resolved. We observed that
the LG3 fragment promoted obliterative vascular remodelling and in-
flammation in a murine model of vascular rejection based on orthotopic
transplantation of a fully mismatched aortic graft in absence of im-
munosuppression [2], which suggests an active role for this fragment in
enhancing vascular injury.

1.2. The importance of apoptotic membrane vesicles in the release of LG3

The classical notion that apoptosis is a non-immunogenic, if not
tolerogenic, type of regulated cell death has recently been revisited
with the discovery of a novel type of membrane vesicle called the
apoptotic exosome-like vesicle (ApoExo). ApoExo, like classical apop-
totic bodies, are released through a caspase-3—dependent pathway.
However, their size, ultrastructure, enzymatic activity and functions are
strikingly different from those of apoptotic bodies [17]. Using unbiased
comparative proteomic analysis, we established that different and al-
most mutually exclusive sets of proteins are present in apoptotic bodies
and ApoExo, suggesting that their generation depends on distinct pro-
tein- sorting pathways and that their biogenesis is likely different. De-
tailed proteomic analyses identified perlecan as one of the basement
membrane proteins present in apoptotic exosome-like vesicles with
specific sequence coverage of the LG3 fragment of perlecan [17].
Western blot analyses confirmed that LG3 fragment of perlecan is en-
riched in ApoExo [17]. The simultaneous presence of LG3 and an active
proteasome 20S core complex was found as a distinctive feature of
ApoExo. Proteasome degradation is essential for many cellular pro-
cesses, including antigen processing. In humans, extracellular protea-
somes have been found circulating in the plasma of patients suffering
from a variety of inflammatory, autoimmune and neoplastic diseases
[18-23]. The concentration of circulating proteasomes correlates with
disease activity in certain clinical conditions such as systemic lupus
erythematosus, rheumatoid arthritis and hematologic malignancies
[24].

1.3. Apoptotic membrane vesicles containing LG3 are immunogenic and fuel
anti-LG3 production

In a murine model of mismatched aortic transplantation, we showed
that the transfer of ApoExo, but not of apoptotic bodies, triggered the
production of anti-LG3 IgG antibodies and heightened the severity of
allograft inflammation and vascular rejection [17]. When proteasome
activity was blocked in ApoExo prior to their injection in allografted
mice, an important reduction in the production anti-LG3 was observed
[17]. Inhibiting proteasome activity in parent apoptotic endothelial
cells to generate ApoExo without proteasome activity did not modulate
the rate or mechanism of endothelial cell death nor the number of re-
leased ApoExo, but completely abrogated all proteasome activity in
released ApoExo [17]. The presence of LG3 within ApoExo was not
reduced by proteasome inhibition and on the contrary tended to be
higher, as assessed by mass spectrometry. Despite higher LG3 levels
within ApoExo, proteasome activity inhibition abrogated ApoExo’s ca-
pacity to trigger anti-LG3 production [17]. Taken together, these data
suggest that the proteasome activity of ApoExo is a key determinant of
their immunogenicity.
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These observations provide novel insights into the mechanisms
controlling the generation of the LG3 fragment and the production of
anti-LG3 autoantibodies. They suggest that vascular and tissue injury
prompts the production of ApoExo that can, in turn, foster the pro-
duction of anti-LG3 autoantibodies. In kidney transplant candidates,
vascular injury can occur as a result of uremia, which is known to
promote endothelial dysfunction and apoptosis [25]. This could in turn
foster the production of anti-LG3 antibodies in susceptible patients
awaiting a kidney transplantation. Although definite cut-offs for anti-
LG3 positivity are yet to be defined, we found an association between
pre-transplant anti-LG3 levels in the upper decile of the distribution and
delayed graft function [26]. The renal allograft may also suffer vascular
damage in the perioperative period due to ischemia-reperfusion injury
and after transplantation as a result of cell- or antibody-mediated al-
loimmune injury as well as calcineurin inhibitor use, potentially con-
tributing to the release of ApoExo that can in turn enhance anti-LG3
production. We showed that ischemia-reperfusion injury in mice, either
induced by renal artery clamping or femoral artery ligation, favour the
release of ApoExo in the circulation and trigger the production of anti-
LG3 antibodies [17]. Hence, LG3 and anti-LG3 can represent bio-
markers of vascular injury in kidney transplant patients and, as will be
discussed in the following sections, can also enhance vascular damage.

2. The genesis of anti-LG3 autoimmunity

Classically, the appearance of autoantibodies in the post-transplant
context was thought to follow episodes of acute rejection leading to the
release or increased immunogenicity/exposure of neoepitopes, in-
cluding danger-associated molecular patterns (DAMPs), that would in
turn favor autoantibody production. Recent data suggest that extra-
cellular matrix components can behave as neoantigens, fuelling hu-
moral responses in association with acute and chronic rejection
[27-30]. We first described increases in anti-LG3 levels measured at the
time of acute vascular rejection in kidney transplant recipients [2]. We
noted correlations between circulating LG3 and anti-LG3 antibody le-
vels in the post-transplant setting. However, anti-LG3 antibodies were
of the IgG subclass and the rejection episodes we observed occurred in
the early post-transplant period, at a median of 9 days post transplant
[2]. This raised the possibility that post-transplant anti-LG3 titers were
reflecting a memory response, and not a primary immune response. We
then examined pre-transplant anti-LG3 levels in our study cohort. We
found an association between increased pre-transplant levels of anti-
LG3 and the risk of subsequent rejection involving the graft vasculature
(Banff grade = 2) [2]. Anti-LG3 antibodies were not associated with the
presence of autoimmune disease prior to transplantation.

We went on to investigate how anti-LG3 developed in various
models. LG3 immunization in wild type mice showed concomitant in-
creases in anti-LG3 IgM and IgG antibodies, suggesting that the normal
immune repertoire is composed of memory B cells specific to LG3.
Then, we confirmed the presence of immune memory specific to LG3 by
detecting memory B1 cells specific to LG3 in the peritoneal cavity of
non-immunized WT mice [31]. Mouse B1 cells are the predominant
constituents of peritoneal B cells and are also found in the pleural
cavity, the spleen and the bone marrow [32-35]. In contrast to B2 cells,
B1 cell development occurs primarily during fetal and peri-natal life. B1
cells are effectors of the innate immune system and the main producers
of polyreactive antibodies that bind to both microbial antigens and self-
antigens, including neo-self epitopes expressed by apoptotic cells such
as annexin IV and phosphorylcholine [36-38]. It has been suggested
that natural autoantibodies produced by B1 cells favor the clearance of
senescent and apoptotic cells and therefore have protective effector
functions [34,39]. As previously mentioned, LG3 is released by apop-
totic endothelial cells downstream of caspase-3 activation specifically
in ApoExo [7,17,40]. The presence of a predominant B1 cell memory-
response to LG3 in naive mice suggests that memory to LG3 is likely a
normal and innate response to components of membrane vesicles
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released by apoptotic cells. Interactions between anti-LG3 antibodies
and LG3 present on apoptotic membrane vesicles could potentially help
the organism clear remnants of apoptotic cells. In consecutive kidney
transplant recipients, we also observed that anti-LG3 levels tended to
decrease following transplantation, which could be due the initiation of
immunosuppression targeting T cells, as our animal studies show that
the production of anti-LG3 antibodies requires T cell help [31].

Zorn and colleagues showed that memory B cells producing natural
antibodies with reactivity to multiple HLA alleles, DNA and self-anti-
genic structure were found in the blood of patients with antibody-
mediated kidney graft rejection [41]. These autoantibodies were poly-
reactive to antigens on apoptotic cells, but not on viable cells [5,41]. A
subsequent study showed that these polyreactive natural antibodies
(Nabs) could be detected prior to transplantation and that their pre-
transplant levels were associated with reduced long-term graft survival
in kidney transplant patients [5,42,43]. As we found a high frequency
of memory B1 cells specific to LG3 in the peritoneal cavity of naive
mice, the possibility that antibodies with reactivity to LG3 also react to
a broad range of other antigens cannot be excluded and further studies
are under way to evaluate the potential role of polyreactivity in the
response to LG3.

In kidney transplant patients, LG3 IgG autoantibodies are almost
exclusively with complement fixing and activating properties (IgG1 and
IgG3) [2]. Although we had insufficient power to draw a firm conclu-
sion on this topic, anti-LG3 levels were numerically higher in C4d po-
sitive patients [2]. In murine models, we showed that LG3 immuniza-
tion with Freund’s adjuvant, which induces a pronounced inflammatory
response, leads to the production of high titers of anti-LG3 of comple-
ment fixing IgG subtypes whereas the same antigen in a neutral milieu
(i.e. injected in absence of Freund’s adjuvant) triggers the production of
non-complement fixing anti-LG3 IgG isotypes [44]. These observations
raise the possibility that pro-inflammatory conditions prevalent in pa-
tients with end-stage-renal disease leading to a chronic inflammatory
response [45-47] could foster immunoglobulin class switching for anti-
LG3 antibodies toward complement-fixing isotypes of greater negative
impact at the time of transplantation.

Although associations between antibodies to the angiotensin II type
1 receptor (anti-AT;R) and classical autoimmune diseases have been
reported [48], anti-AT;R as well as polyreactive anti-apoptotic cell
Nabs, anti-LG3 antibodies, and anti-vimentin antibodies were also re-
ported in patients awaiting a renal transplantation in the absence of
auto-immune diseases [2,5,49,50]. There are no increases in anti-LG3
levels nor in anti-AT; R in normal pregnancy [51]. This suggests that the
conditions associated with the production of anti-LG3 and anti-AT;R
are likely different from allosensitization. Although it is possible that B
cell dysregulation gives rise to autoantibody production, the lack of
association between anti-LG3, anti-AT;R and anti-vimentin antibodies
[51] suggests that various pathways may be involved in the production
of autoantibodies of importance in transplantation.

3. Anti-LG3 antibodies are biomarkers and effectors of immune-
mediated kidney vascular damage

In kidney transplant patients, vascular damage caused by rejection
is associated with features of complement deposition, lack of response
to corticosteroids, and shorter graft survival [52-54]. Although donor-
specific anti-HLA antibodies (DSA) are known to attack the transplant
macro- and microvasculature, it is increasingly recognized that anti-
bodies directed towards non-HLA epitopes also contribute to acute or
chronic allograft rejection in kidney, heart and lung transplant re-
cipients [5,27,55-63]. Antibodies targeting vascular basement mem-
brane components have previously been linked with adverse transplant
outcomes. For instance, the presence of anti-agrin antibodies is asso-
ciated with chronic transplant glomerulopathy and a higher number of
prior acute rejection episodes in kidney transplant recipients [27].

In turn, acute vascular rejection leads to severe macro and often
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microvascular injury and enhanced endothelial apoptosis of potential
importance in the production or modification of antigenic targets
[64,65]. As discussed in section 1, endothelial apoptosis triggers the
release of and secretion of ApoExo containing LG3 and proteasome
activity, which triggers the production of anti-LG3 antibodies. For this
reason, we measured anti-LG3 levels in renal transplant patients with
AVR and compared them to levels observed in subjects with Banff grade
I rejection or normal allografts. We found elevated post-transplant anti-
LG3 levels in kidney transplant recipients with Banff grade =2 rejec-
tion compared to patients with normal allograft function and those who
developed Banff grade I rejection. Higher anti-LG3 IgG levels in AVR
patients was found not only at the time of rejection, but also prior to
transplantation. At both time points, anti-LG3 antibodies were pre-
dominantly of the complement-activating IgG1l and IgG3 subclasses.
Although this suggested that anti-LG3 could contribute to the patho-
genesis of AVR by activating complement, pre-transplant anti-LG3 le-
vels could also reflect the recipient’s non-specific propensity to mount
an immune response.

To address the possibility that anti-LG3 antibodies could accelerate
alloimmune vascular injury, we transferred anti-LG3 IgG in a murine
model of vascular rejection based on orthotopic transplantation of an
aortic segment between fully-MHC incompatible mice. We exposed the
aortic allograft to ischemia before transplantation to reproduce condi-
tions that are similar to clinical transplantation in humans and since, in
a non-damaged endothelium, LG3 is embedded within the extracellular
matrix and theoretically not readily available for antigenic recognition
by circulating antibodies. Passive transfer of anti-LG3 IgGs in ischemic
allografts induced striking NK cell infiltration, C4d deposition and ob-
literative vascular remodelling. These results identified anti-LG3 anti-
bodies as accelerators of inflammation and remodelling in an ischemic
vascular allograft [2]. This is especially relevant given the increasing
number of organs harvested from extended criteria donors and donors
after cardiac arrest having suffered ischemic injury prior to transplan-
tation. Another group has recently reported elevated anti-LG3 levels in
hypersensitized patients with no DSA, with 4/11 patients developing
early onset antibody-mediated rejection associated with anti-LG3 an-
tibodies [66].

4. Anti-LG3 enhance the risk and severity of ischemia-reperfusion
injury in native and transplanted kidneys

Ischemia-reperfusion is an integral component of renal transplan-
tation. As our previous animal studies revealed that anti-LG3 were ac-
celerating immune-mediated damage in ischemic allografts but had no
significant effect when the allograft had not suffered from ischemia [2],
we evaluated whether anti-LG3 could also enhance ischemia-reperfu-
sion mediated renal damage in absence of rejection. We performed a
single center, retrospective cohort study in which we showed that pre-
transplant anti-LG3 antibodies titers were associated with an increased
risk of delayed graft function (DGF), in the immediate post-transplant
period [26]. Also, in patients with DGF but not in those with immediate
graft function, anti-LG3 antibodies titers assessed immediately before
transplantation predicted lower graft function 1-year after transplan-
tation. This association was also found in patients who did not ex-
perience rejection, suggesting that the impact of anti-LG3 antibodies on
subsequent renal function in patients with DGF could not be attributed
to a concomitant acceleration of rejection [26]. In contrast, anti-AT;R
and anti-vimentin were not associated with DGF or graft function 1-
year post-transplant in this cohort [26]. These results suggested that, in
addition to their function as accelerators of rejection, anti-LG3 anti-
bodies can also impair renal function through rejection-independent
pathways, while anti-AT;R and anti-vimentin did not.

To investigate how anti-LG3 antibodies aggravate renal dysfunction
after ischemia-reperfusion injury, we tested the impact of anti-LG3 in-
fusion on the severity of acute kidney injury (AKI) in a murine model of
renal ischemia-reperfusion injury. We chose renal artery clamping of a



M. Dieudé, et al.

native kidney with contralateral nephrectomy as our AKI model to
ensure the absence of alloimmune contribution to renal injury. When
present in high titers at the time of ischemia-reperfusion, anti-LG3
antibodies enhanced renal dysfunction and prompted activation of the
classical complement pathway within peritubular capillaries [26]. We
also observed reduced CD31 staining and increased indices of both
microvascular and tubular damage in mice transferred with anti-LG3.
This was associated, on the long term, with enhanced microvascular
dropout and heightened renal fibrosis in mice injected with anti-LG3
antibodies [26]. Taken together, these results suggest that ischemia-
reperfusion creates a permissive milieu for intra-renal activation of
complement by anti-LG3 antibodies, leading to enhanced microvascular
injury and involution and fibrosis. This could explain the increased risk
of long-term renal dysfunction we observed in kidney transplant re-
cipients who had elevated anti-LG3 levels and DGF.

5. Potential therapeutic avenues to mitigate anti-LG3
autoimmunity in transplantation

Cyclosporin and tacrolimus have been the mainstay of im-
munosuppression in solid organ transplantation for many decades. Both
types of calcineurin inhibitors (CNI) are potent inhibitors of T cell ac-
tivation [67]. In addition, CNI are known to dampen humoral immunity
by inhibiting the differentiation of naive CD4* T cells into T follicular
helper cells and by suppressing naive B cells [68]. Mycophenolic acid is
the adjuvant immunosuppressant most commonly used in kidney
transplant patients [69]. Mycophenolic acid is a recognized treatment
for autoimmune diseases such as lupus nephritis and can suppress au-
toantibody production through early inhibition of B-cell proliferation
and differentiation [70]. We assessed how anti-LG3 antibodies behaved
in consecutive, unselected patients after kidney transplantation with
the onset of immunosuppression. We found that initiation of CNI and
mycophenolate-based immunosuppression was associated with de-
creasing anti-LG3 IgG one month post-transplant [44]. In further sup-
port for a role of helper T cells in controlling the production of anti-LG3
antibodies, we also showed that mice depleted in CD4 T cells lose their
capacity to produce anti-LG3 antibodies after antigen stimulation [44].
These results suggest that T cell targeting immunosuppression, such as
maintenance immunosuppression of common use in clinical trans-
plantation, can dampen humoral immunity specific to LG3. Whether
immunosuppressive regimens targeting T cell function could be used
prior to transplantation in patients with high anti-LG3 levels as a means
of decreasing anti-LG3 levels and potentially preventing the increased
risk of DGF, acute rejection and adverse subsequent impact on graft
function associated with high pre-transplant anti-LG3 levels remains to
be tested [2,26].

Bortezomib is currently being used in the treatment of refractory
antibody-mediated rejection as a B cell-depleting agent based on its pro-
apoptotic activity on plasma cells and B cells [71,72]. By inhibiting the
proteasome activity of ApoExo and therefore lowering their im-
munogenicity, bortezomib could prevent the formation of anti-LG3
autoantibodies. The use of perfusion machine for administering treat-
ment to the organ prior to transplantation could represent a unique
opportunity to treat the allograft through perfusion with pharmacolo-
gical agents such as bortezomib during the cold ischemic period. Future
studies will be needed to assess the impact of such strategies on both
early and long-term renal function.

The use of hypothermic machine perfusion has been shown to re-
duce the risk of DGF, especially when extended criteria donors are used
[73,74]. Whether the use of hypothermic machine perfusion could
protect the allograft endothelium from apoptosis, thereby diminishing
its propensity to release LG3 is presently unknown. If so, the use of
hypothermic machine perfusion may be most useful in patients with
elevated anti-LG3, preventing anti-LG3-related acceleration of vascular
damage in kidney transplant patients.

Last, plasma exchange can remove circulating antibodies and has
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been used in desentitization protocols and in the treatment of antibody-
mediated rejection in kidney transplant patients. Pre-transplant plasma
exchange in combination with thymoglobulin and angiotensin-II
blockade has resulted in a lower rate of rejection in an Australian co-
hort with high anti-AT;R levels when compared to historical controls
[75]. Whether plasma exchange could decrease the risk of DGF and/or
rejection in transplant candidates with high pre-transplant anti-LG3
remains to be determined.

6. Concluding remarks

Autoantibodies are emerging as important contributors of acute and
long-term allograft dysfunction after renal transplantation. Anti-LG3/
perlecan antibodies likely represent a type of natural antibodies that
target components of dying cells and vascular basement membrane to
facilitate clearance of debris at sites of tissue injury. In renal transplant
patients however, their presence enhances renal vascular injury, ag-
gravating the risk and negative impact of both DGF and rejection. A
better understanding of the mechanisms of production and action of
anti-LG3 is instrumental for developing new strategies aimed at
blocking their deleterious action on susceptible renal transplants.
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