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Summary

Organ transplantation is the treatment of choice for patients with end-stage organ dysfunction. In
spite of advances in understanding of donor and recipient physiology, organ preservation,
operative techniques, and immunosuppression long term graft survival still remains a major
problem primarily due to chronic rejection. Alloimmune responses to mismatched major
histocompatibility antigens have been implicated as an important factor leading to rejection.
However, there is increasing evidence pointing towards cross talk between the alloimmune and
autoimmune responses creating alocal inflammatory milieu which eventually leads to fibrosis and
occlusion of the lumen in the transplanted organ i.e., chronic rejection. In this review, we will
discuss recent studies and emerging concepts for the interdependence of alloimmune and
autoimmune responses in the immunopathogenesis of chronic alograft rejection. The role of
autoimmunity in the development of chronic rejection is an intriguing and exciting area of
research in the field of solid-organ transplantation with significant potential to develop novel
therapeutic strategies towards preventing chronic allograft rejection.
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Introduction

Solid organ transplantation remains the treatment option of end stage organ dysfunction.
Enhanced understanding of post-operative care, prevention of ischemia-reperfusion injury,
reduction in surgical complications, advances in immunosuppressive therapy are all critical
factors in achieving marked success following organ transplantation with significant
decrease in acute rejection episodes (Fishman, 2007;Hauptman and O'Connor, 1997).
However, recent studies have shown that despite a reduction in acute rejection episodes, the
long-term graft survival remains relatively unchanged during the last decade (Meier-
Kriesche, et a., 2004). For example, the 5-year survival of lung allograft is just 30-50% and
this further reaches a nadir of 10% by 9 years following lung transplant (L Tx) (Hachem,
2009). Although dlightly better, the rates for other organs including heart (Hornick and
Rose, 2006), islets (Robertson, 2004), and kidney (El-Zoghby, et a., 2009), remain
unsatisfactory (Ojo, et a., 2003). Chronic allograft rejection continues to be the most
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important cause of long-term graft failure and current immunosuppressive regimens have
not significantly reduced its incidence.

Chronic rejection is characterized by decreased physiological function of the organ and
histologically characterized by fibrosis primarily affecting the blood vessels and tubular
structures in the allograft. This manifests as chronic alograft nephropathy in kidney, cardiac
allograft vasculopathy in heart and bronchiolitis abliterans syndrome (BOS) in lung
allografts. Both immune (antigen-dependent) and non-immune (antigen-independent) factors
lead to fibroproliferative changes that cause occlusion of tubular structuresin the allograft
(Mertens, et al., 2010;Millington and Madsen, 2010;Paraskeva, et al., 2011;Tiriveedhi, et al.,
2010). Recent studies have shown that allorecognition of mismatched donor HLA isa
critical event that initiates chronic rejection. Donor antigen recognition can occur either by
direct or indirect or both pathways (Game and Lechler, 2002) and recent evidences have
shown that indirect antigen presentation as the major player involved in the pathogenesis of
chronic rejection (Benichou, et al., 1999;Heeger, 2003). The indirect pathway involves
presentation of processed donor antigens by recipient APCsto recipient T-cellstriggering an
alloimmune response including activation of B cells to produce donor specific antibodies
(Abs) (Heeger, 2003). Further, experimental models have suggested that the alloimmune
response, in particular the isotype switch from IgM to IgG, is dependent on theCD4+ T
helper mediated indirect recognition pathway, which istightly regulated by both T-cell
costimulatory signals and recognition of cognate antigen (Bestard, et al., 2008;Lietz, et al.,
2005;Steele, et al., 1996). In this review, we will discuss the role of alloimmune responses
that facilitate the development of alocal inflammatory milieu resulting in the devel opment
of immune response to self-antigens which we believe plays an important role in the
development of fibrotic changes and thus ultimately leading to chronic allograft rejection.

Role of alloimmune responses in chronic rejection

Severa reports have demonstrated that devel opment of Abs to mismatched HLA class| and
Il is associated with the development of chronic rejection, clinically diagnosed as BOS after
human LTx (Girnita, et a., 2007;Jaramillo, et al., 1999;Palmer, et a., 2002;Reznik, et al.,
2001;Rizzo, et a., 1997;Rose and Smith, 2009). Based on this body of evidenceit is
reasonable to postulate that the presence of ‘shed’ donor HLA antigensin the
bronchoalveolar lavage fluids following LTx, are processed and presented to T helper cells.
Such T helper cells, engaged in indirect recognition pathway, can produce lymphokines
required for the growth and maturation of antigen specific B cells resulting in Absto
mismatched HLA antigens. Furthermore, it has been demonstrated that anti-HLA can
activate human airway epithelial cells (AEC) resulting in the production of several growth
factors including fibrinogenic growth factors. (Jaramillo, et al., 1999;Reznik, et al.,

2001;Y amakuchi, et al., 2007). The CD4+T-helper cells recognize processed forms of
soluble HLA in the context of self-major histocompatibility antigens (MHC) and these T-
cellsarelikely involved in development of humoral immune responses to donor HLA. The
presence of circulating cytotoxic anti-HLA have been strongly associated with chronic
allograft rejection of heart (Ciancio, et a., 2005;Jindra, et a., 2008;Nakajima, et al., 1999)
and rena transplants (Morris, et al., 2010). Therefore, it is reasonable to propose that
development of Absto mismatched HLA during the post-transplant period may indeed be
involved in the pathogenesis of chronic rejection.

Chronic rejection of cardiac alograftsis manifested by cardiac allograft vascul opathy
(CAV), characterized by occlusion of coronary vessels. The 5-year incidence of CAV is 30—
40% and, the development of donor-specific HLA Abs has been correlated with chronic
rejection (Kaczmarek, et al., 2008). Chronic rejection termed chronic all ograft nephropathy
(CAN) istheleading cause of renal function deterioration and accounts for nearly 40% of
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the graft loss at 10 years (Hertig, et al., 2008). Increased levels of pre-transplant anti-HLA
and de novo post-transplant donor specific Abs, aswell as CD4+ alloreactive T-cells
responding to donor derived peptides have all been correlated with CAN (Birnbaum, et al.,
2009). However, the de novo development of Abs directed to donor HLA are not always
detectable in the circulation of patients undergoing chronic rejection. Though, this
challenges the unequivocal role of alloimmunity in the pathogenesis of chronic rejection, it
islikely that monitoring for the Abs done at certain intervals may have missed transient
development of Abswhich activated the immune processes culminating in chronic rejection.

Role of immune responses to self-antigens in chronic rejection

Severa recent studies suggested an important role for autoimmunity in the pathogenesis of
allograft rejection (Burke, et al., 2011;Kalache, et a., 2011;Shilling and Wilkes, 2009).
Studies from our laboratories in human L Tx recipients have shown a strong correlation
between the development of Absto aself protein, K-a 1 tubulin (KAT), and development of
BOS following human L Tx (Goers, et a., 2008). Reports by Wilkes and Burlingham have
also provided compelling evidence for autoimmunity to Collagen V (ColV), a sequestrated
yet immunologic self protein present in the lung tissue, for the devel opment of chronic lung
allograft rejection (Benichou, et a., 1999;Burlingham, et al., 2007;Haque, et a., 2002;Iwata,
et a., 2008;Mizobuchi, et al., 2003; Sumpter and Wilkes, 2004;Y oshida, et a., 2006). Tissue
remodeling following transplantation can expose cryptic self-antigens or antigenic
determinants that can trigger Th-cellular immune response (Tiriveedhi, et a., 2012). Further,
lung alografts are uniquely susceptible to injuries from avariety of both endogenous and
exogenous agents due to their direct communication with the environment resulting in
increased inflammation and tissue repair. Therefore, the findings by Wilkes and Burlingham
that autoimmunity to ColV plays an important role in the pathogenesis of chronic lung
allograft rejection is significant (Haque, et al., 2002;Y oshida, et al., 2006). Studies have also
shown ColV reactive T-cellsin rat lung allograft undergoing rejection (Hague, et al., 2002).
More important is that ColV specific T-cells derived from rat lung allografts can cause
rejection of isografts when adoptively transferred without affecting native lung (Hague, et
al., 2002). Our studies have shown high frequency of ColV reactive T-cellsin human lung
allograft recipients (Bharat, et al., 2006) and BOS was associated with expansion of IFN-y
producing ColV and KAT specific Th-1 cells with a concomitant reduction in IL-10
secreting T-cells (Bharat, et a., 2006;Saini, et a., 2011).

Though thereis a compelling role for alloimmune responses in the pathogenesis of chronic
rejection, a proportion of the transplant recipients undergoing chronic rejection may not
have any detectable HLA Abs (Grossman and Shilling, 2009;Hachem, 2009). In many such
cases, Abs against non-HLA antigens has been implicated in the development of chronic
rejection. Studies with serafrom L Tx recipients with BOS where there were no
demonstrable Abs to donor HLA lead usto identify Abs against self-antigens, KAT, an
airway epithelial surface antigen (Goers, et al., 2008). In addition Absto ColV, an
extracellular matrix protein have also been demonstrated (Iwata, et a., 2008;Saini, et a.,
2011). Also significant is our finding that about 50% of BOS+ patients with detectabl e anti-
HLA aso developed Abs against KAT (Saini, et a., 2011). The development of Absto both
donor HLA aswell asto KAT preceded the clinical diagnosis of BOS (Saini, et ., 2011).

Recently, we demonstrated that binding of anti-KAT to AEC activates a PKC-driven
calcium maintenance pathway that is regulated by heat shock proteins (HSP) 27 and 90,
culminating in increased growth factor production, cellular mitosis and proliferation (Goers,
et al., 2008). Exposure of AECsto serafrom BOS+ L Tx recipients also resulted in an lipid
raft mediated up-regulation in pro-fibrotic growth factors HB-EGF, TGF-B, and VEGF
(Tiriveedhi, et al., 2010). Furthermore, using AECs in culture /n vitro under normoxic
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conditions following ligation of cell surface tubulins by its specific Abs caused upregulation
of the transcription factor hypoxiainducible factor (HIF-1a) aknown mediator of fibrotic
cascade (Tiriveedhi et al Cell Immunol 2011-1n press). Collectively, these results strongly
suggest that binding of anti-KAT to AECs results in up-regulation of proinflammatory
response genes and activation of fibro proliferation cascades.

Higher frequency of T-cells specific for KAT aswell as ColV have been noted in LTx
undergoing chronic rejection (Fukami, et al., 2009;Hachem, 2009). Longitudinal study in
LTx patients also demonstrated an association between ColV specific IL-17 responses with
onset of BOS (Burlingham, et al., 2007). ColV-specific responses in BOS patients were
found to be dependent on both CD4* T-cells and monocytes and required IL-17, TNF-a and
IL-1B. Further, adoptive transfer of lymph node cells expressing high levels of IL-17 and
IL-23 gene transcripts from ColV sensitized mice have been shown to induce obliterative
lesions in the lung isograft (Burlingham, et al., 2007). These results demonstrate that cell
mediated immunity to self-antigens can also lead to chronic rejection.

Experiments using syngenic heart transplants provided initial evidence that chronic rejection
can be induced even in the absence of an alloimmune response (Atz and Reed, 2008;Jindra,
et a., 2008). T cell mediated autoreactivity against cardiac myosin have been shown to
develop and persist in the absence of an alloimmune responses, indicating that response to
cardiac myosin, a self-antigen, is associated with the pathogenesis of CAV (Kaczmarek, et
al., 2008;Rose and Smith, 2009). Additionally, pre-transplant sensitization against cardiac
myosin can result in accelerated rejection of both allo and syngenic cardiac grafts (Rose and
Smith, 2009). Studies have also indicated that Abs against vimentin, a cytoskeleton protein,
is an independent risk factor for coronary atherosclerosis following cardiac transplantation
and may contribute to the accel erated onset of transplant associated CAV (Leong, et al.,
2008;Rose and Smith, 2009). Previous studies from our laboratory, demonstrated that CAV
patients developed Abs to self-antigens including myosin, vimentin, ColV and KAT (Nath,
et a., 2010;Nath, et a., 2011). Furthermore, increased frequency of IL-17 secreting CD4+
T-cells and decreased frequency of 1L-10 secreting CD4+ T-cells specific to self-antigens
were noted (Nath, et al., 2010). Thus, arole for Th17 mediated immune responses to self-
antigens resulting in the breakdown of peripheral tolerance play a central rolein the
development of CAV following heart transplantation.

Similarly, in kidney alografts, transplant glomerulopathy has an incidence of 20% by 5
years post-transplant (Fotheringham, et al., 2009). A recent multi-center trial involving
refractory vascular alograft rejection in the absence of detectable anti-HLA demonstrated
the presence of Abs directed at two epitopes of the second extracellular loop of the
angiotensin Il type 1 (AT1) receptor. Further, it has been suggested that detection of anti-
AT1 receptor might be useful to identify those at risk for refractory allograft rejection
(Fotheringham, et al., 2009;Li and Y ang, 2009). Other Ab targets for kidney allograft
rejection in animal and human studies have demonstrated mesangial cell and glomerular
basement membrane specific self proteins, Decorin, Agrin, type IV Col and Vimentin in the
development of chronic allograft nephropathy (Fotheringham, et al., 2009;Joosten, et a.,
2005;Li and Y ang, 2009;Paul, et a., 1998).

Do alloimmune responses lead to de novo autoimmune responses?

As discussed above, there is convincing evidence for both alloimmunity aswell as
autoimmunity to self-antigensin the development of chronic rejection. We will now discuss
the possible role of an alloimmunity in the development and perpetuation of autoimmune
responses post-transplant which we propose to be an important mediator of chronic rejection
of the alograft.
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When AECs were stimulated with anti-MHC class |, they underwent proliferation with the
secretion of pro-fibrogenic growth factors (Jaramillo, et al., 2003). In addition, we also
demonstrated that administration of anti-MHC class | in amurine model of heterotopic
tracheal transplantation in immune deficient RAG knockout mice, there was increasesin
growth factors and pro-apoptotic genes as well as pro-inflammatory cytokines resulting in
OAD (Maruyama, et al., 2005). This led to the hypothesis that such a pro-inflammatory
cytokine milieu may facilitate the development of immune responses to self-antigens by
exposure of cryptic antigens or their determinants as well as lowering the threshold for the
activation of T-cells by modulating T regulatory cell populations resulting in the
proliferation of self-reactive T-cells.

Using the murine model of anti-MHC class | induced OAD, we were able to establish the
role of alloimmunity in the development of autoimmunity (Fukami, et al., 2009). In this
model, following administration of anti-MHC class |, there was devel opment of
autoimmunity that lead to cellular infiltration, epithelial hyperplasia as well deposition of
collagen and fibro-proliferation in the bronchioles and vessels. The mice that were given
isotype control Abs, non-specific MHC Abs or anti-keratin did not demonstrate any lesions.
More importantly, anti-MHC induced the development of Absto ColV and KAT. These
humoral responses were concomitant with a cellular response to ColV and KAT that
secreted IFN-vy, IL4 and IL-17. A critical role of IL-17 in this autoimmune response was
also evident since administration of neutralizing Absto IL-17 not only abrogated obstructive
airway lesions, but also significantly reduced both the humoral aswell as cellular immune
responses to self-antigens.

In amore recent study, we analyzed LTx recipients and monitored them for the development
of donor specific antibodies (DSA), Absto self-antigens (ColV, KAT) and the devel opment
of BOS (Saini, et al., 2011). It was demonstrated that in patients who develop BOS, DSA
was detectable on an average 3 months following transplantation, which was followed by
the development of Absto self-antigens (about 60 days) (Saini, et a., 2011). It was also
demonstrated that Abs to self-antigens continued to persist even when DSA was
undetectable in the circulation.

Fedoseyeva et a have also provided evidence for alloimmunity being essential to the
development of autoimmunity in amurine heart transplant model (Benichou and
Fedoseyeva, 1996). They found that mice that received an allograft across MHC barrier
developed T cell responses to cardiac myosin, however, mice that received a syngeneic
cardiac graft or those that were recipients of an allogeneic skin graft, did not demonstrate
such an immune response to myosin. In this model, sensitization to myosin also leads to the
rejection of cardiac alografts. In arecent study on heart transplant recipients we
demonstrated that DSA developed within 2.8 months of cardiac transplantation which was
followed by the development of Absto myosin and vimentin at 4-6 months post-transplant
(Nath, et a., 2010). These immune responses preceded the diagnosis of chronic rejection
suggesting that the immune responses to self-antigens may be pathogenic towards
development of chronic rejection.

All of these reports strongly support that alloimmune responses precede autoimmune
responses which leads to the pathogenesis of chronic rejection. They also suggest that
monitoring for the development of DSA aswell asimmunity to self-antigens can be
important biomarkers to predict the development of chronic rejection following
transplantation. Preemptive treatment of patients who developed DSA with IVIG and
rituximab have shown lower incidence of BOS (Hachem, et a., 2010). Furthermore, we
found that those who cleared DSA as well as Absto self-antigens following Ab directed
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treatment with rituximab and intravenous immunoglobulin demonstrated greater freedom
from development of BOS as compared to those that did not clear Abs (unpublished results).

Reciprocal role of CD4+ regulatory T-cells (Treg) and Th17 in the
autoimmunity

Regulatory T-cells characterized by CD4+ CD25+Foxp3+ expression have been shown to
play an important role in maintaining tolerance toward self-antigens, and it has been
suggested that a reduction in either their number or function can potentiate autoimmune
responses (Sakaguchi and Sakaguchi, 2005). Several reports including from our laboratory
have shown that loss of Tregs is associated with the development of chronic rejection
(Bharat, et a., 2010;Bhorade, et al., 2011;Cypedl, et al., 2009). These Tregs have also been
shown to promote the devel opment of IL-10 secreting T-cells that were protective against
both devel opment of autoimmunity as well as the development of chronic rejection (Bharat,
et a., 2006;Bharat, et a., 2006).

In the post-transplant period, immunosuppression can significantly affect T-cell kinetics.
Current immunosuppressive drugs such as cyclosporine and tacrolimus can have profound
effect in T-regulatory cell population by its effect on IL2 synthesis and secretion. This
although is beneficial in preventing acute rejection can result in the decrease in Treg and its
functions (Sakaguchi and Sakaguchi, 2005). Thus, these immunosuppressive drugs albeit
prevent acute rejection, may potentially lead to devel opment of autoimmunity due to
suppression of Tregs which will lead to chronic rejection.

Vira infections represent another major risk factor for the development of chronic rejection
following organ transplantation (Bharat, et a., 2010;Li and Y ang, 2009;Potena and
Vaantine, 2007). We demonstrated that respiratory viral infections following LTx were a
significant risk factor for a decline in Treg numbers in the post-transplant period (Bharat, et
al., 2010). Thisvira induced declinein Tregs resulted in an increased prevalence of Absto
CoalV (7% vs. 0%) and KAT (31% vs. 12%) when compared to those without viral infection
and Treg decline (Bharat, et a., 2010). In amurine model, we demonstrated that murine
respiratory virus (Sendai virus) infected AECs had increased expression of Fas-ligand
(FasL) (Bharat, et al., 2010). Co-culturing Tregs with these FasL + epithelial cellsresulted in
increased apoptosis of T-cells compared to those co-cultured with normal epithelial cells,
thus demonstrating that viral infection can lead to apoptosis of Tregs. These results strongly
suggest that a decrease in Tregs brought about by immunosuppression and/or viral infections
in the post-transplant period may result in the development of an autoimmune response due
to the loss of peripheral tolerance to self-antigens.

As discussed above, cellular immune responses to self-antigens are key playersin the
development of BOS. These responses are predominantly mediated by IL-17 secreting Th17
cells (Burlingham, et a., 2007). Th17 cellsthat are involved in mucosal immunity contribute
to the development of autoimmunity in both animal models and humans. IL-17 isapro-
inflammatory and pro-fibrotic cytokine and thus can facilitate the process of chronic
rejection. Experiments discussed above demonstrated that anti-MHC administration lead to
immune responses to self-antigens and neutralization of 1L-17 can abrogate the devel opment
of obliterative airway disease (OAD) (Fukami, et a., 2009). Furthermore, depletion of Treg
in this model using FoxP3/DTR transgenic mice can also lead to accentuated OAD lesions
and immune responses to self-antigens (Tiriveedhi et a unpublished data). Therefore, Treg
mediated suppression of IL17 may play an important role in controlling immune responses
to self-antigens and breakdown of this balance can result in the development of immune
responses to self-antigens leading to chronic rejection.
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Cytokines that have been postulated to influence the differentiation of T-cellsinto Th17
cellsinclude IL-1p, IL-6, IL-23, TGF-p and IL-21. These cytokines, especialy IL-1pB, IL-6
and TGF-B, have been shown to be increased in LTx recipients. IL-6 in particular can also
direct Tregsto express IL-17 in an antigen specific manner, thus linking the adaptive and the
innate immune response to self-antigens. Thus, neutralization of 1L-17 aswell asIL-6isan
important direction towards future therapy in the prevention of chronic rejection.

Conclusions and future implications

Evidence presented above offer important insights toward development of newer therapeutic
strategies to prevent and/or treat chronic rejection which isamajor clinical problem
following solid organ transplantation. The role for alo- and auto-Abs has been strongly
suggested since depletion of these Abs by plasmapheresis both pre- and post-transplant have
been shown to significantly decrease the incidence of chronic rejection. Similarly,
administration of 1VIG that has been successfully used in treating various autoimmune
diseases has been shown to decrease the incidence of Ab mediated rejection and may have
an effect in reducing the incidence of chronic rejection. Viral infections represent the most
preventable risk factor for reducing the incidence of chronic rejection. Therefore, aggressive
surveillance for infection along with prophylactic medication in the post-transplant period
may help to prevent Treg suppression by viruses that can lead to chronic rejection. Besides
this, Treg sparing immunosuppressive agents such as Rapamycin may also be of valuein
preventing the development of immune responses to self-antigens and thus preventing
chronic rejection. Furthermore, agents which will suppress IL-17 and pro-fibrogenic HIF-1a
specific chemical inhibitors including Y C-1 (3-(5"-Hydroxymethyl-2”-furyl)-1-benzyl
indazole) (Yasui, et al., 2008;Y eo, et al., 2003) which is already in anti-cancer therapy,
should be tested to determine their value in attenuating autoimmune responses and reducing
chronic rejection.

With significant improvementsin the survival of alografts, chronic rejection isincreasingly
recognized as the problem in organ transplantation. Alloimmunity and resulting immune
responses to self-antigens during the post-transplant period is emerging to be one of the
most important risk factor for the development of chronic allograft rejection. Both these
immune responses seem to perpetuate each other with alloimmune responses triggering
autoimmune responses which further enhance alloimmune responses, resulting in tissue
inflammation and repair processes that eventually resultsin a pro-inflammatory and pro-
fibrogenic state with deposition of fibrous tissue that is hallmark of the chronic rejection.
Besides this there is emerging evidence for the role of Th17 cellsthat contributesto allo and
autoimmunity as well asfibrosis. Understanding the role of Tregsin the development of de
novo autoimmunity and chronic rejection may also assist in developing new strategies to
prevent Treg decline, thereby preserving their function in order to prevent devel opment of
immune responses to self-antigens and chronic rejection.
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