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Abstract
After many years of debate, there is now general agreement that B cells can participate in the
immune response to cardiac transplants. Acute antibody-mediated rejection (AMR) is the best
defined manifestation of B cell responses, but diagnostic and mechanistic questions still surround
AMR. Many complement dependent mechanisms of antibody-mediated injury have been
elucidated. C5 has become a therapeutic target that may not just truncate complement activation,
but also may tip the balance away from inflammation by altering macrophage function. More
complement independent effects have been identified. These may escape diagnosis and progress to
chronic graft injury.

The function of B cell infiltrates in cardiac transplants is even more enigmatic. Nodular
endocardial infiltrates that contain B cells and plasma cells have been described in protocol
biopsies of cardiac transplants for decades, but an understanding of their significance is still
evolving based on more critical morphological and molecular evaluation of these infiltrates. A
range of infiltrates containing B cells has also been described in the epicardial fat in transplants
with advanced chronic rejection. B cells have been observed in endocardial and epicardial tertiary
lymphoid nodules, but their impact on antigen presentation or antibody production remains to be
determined. Experimental models in small and large animals suggest that B cells could be
essential for the formation of lymphoid nodules through cytokine production. Similarly, the role of
proinflammatory adipokines in the formation or function of epicardial lymphoid nodules has not
been studied.

These clinical observations provide critical questions to be addressed in experimental models.
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1. Introduction
The potential effects of antibodies and B cell infiltrates on cardiac transplants have been the
source of controversy for decades. Antibody-mediated rejection (AMR) was not accepted in
the standardized grading system of the International Society for Heart and Lung
Transplantation until 2004 (1). Although many questions are not resolved, antibodies are
now widely considered to cause injury and even rejection of some heart transplants (2, 3).
Diagnosis of AMR is based on a triad of serological, histological and functional findings.
The most generally recognized findings include donor specific antibody in the circulation,
deposits of complement split products (C4d and/or C3d) in the capillaries of the biopsy and
signs of cardiac dysfunction. Based on these criteria, AMR is diagnosed in about 1–10% of
biopsies (2–4). The debate now concerns whether AMR is more pervasive than is currently
diagnosed. Arguments and mechanisms have been advanced for antibodies causing or at
least contributing to rejection in the absence of one or more of the recognized criteria for
AMR. For example, complement independent mechanisms of graft injury have been invoked
in cases of graft dysfunction associated with circulating donor specific antibodies in the
absence of C4d or C3d deposits (5). Advances in knowledge about the effector mechanisms
of antibodies are providing new insights to improve diagnosis and treatment of AMR.
Therefore, one focus of this review will be effector mechanisms elicited by antibodies in
transplants.

Similarly, nodular endocardial infiltrates containing B cells and plasma cells have been
described in protocol biopsies of cardiac transplants since 1981 (6), but an understanding of
their significance is still evolving based on more critical morphological and molecular
evaluations of these infiltrates. A range of infiltrates containing B cells has also been
described in the epicardial fat in transplants with advanced chronic rejection (7, 8). The
potential importance of these endocardial and epicardial infiltrates will be a second focus of
this review.

The final focus of this review will be on experimental approaches to address evolving
clinical questions about B cells in cardiac transplants.

2. New Insights into Antibody Mediated Rejection (AMR)
Cardiac transplants are closely monitored by protocol biopsies of the endocardium. The
frequent biopsies provide an opportunity for assessing the occurrence of B cells and
antibodies in symptomatic and asymptomatic cardiac transplants. However, diagnosis of
AMR has been challenging because of the functional properties of antibodies. Although
antibodies need to bind target antigens to initiate rejection, the antibodies only need to bind
transiently in order to initiate a wide variety of inflammatory functions. The transient
binding of antibodies makes them an elusive marker for AMR, and this was the basis for
much of the controversy over early reports of AMR. However, the effects initiated by
antibodies are more reliably assessed and more relevant to rejection. The most direct effects
result from IgG or IgM antibodies cross-linking antigens on tissues. In addition, antibodies
can activate the complement system and leukocytes. Whether one or more of these
mechanisms is activated depends on many variables including the isotype, concentration,
avidity and specificity of the antibodies. With increasing sophistication of serological tests,
more data are available about these variables for circulating antibodies. However, it is not
clear whether antibodies in the circulation accurately represent antibodies that are bound to
the graft.

Increasingly detailed phenotypic and molecular studies of biopsies are providing greater
insights about different effects of antibodies relative to activation of complement, leukocytes
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and endothelial cells. We will discuss each of these actions of antibodies in the following
sections.

2.1 Complement activation
Activation of complement is the most extensively studied and diagnostically best
characterized function of antibodies. In humans, IgG1 and 3 and to a lesser degree IgG2 can
activate complement through C1 and Mannose Binding Lectin (MBL). The relative binding
of C1 and MBL depends upon the structure of the carbohydrate side chains on the Fc of IgG
antibodies (9). The glycosylation of antibodies is not invariable. Variations in the
carbohydrate structure of IgG autoantibodies have been recognized for many years.
Autoantibodies that lack the terminal sialic acid and galactose (referred to as G0 antibodies)
expose terminal N-acetylglucosamine (GlcNAc) residues. Mannose binding lectin binds
avidly to GlcNAc. As a result, G0 autoantibodies activate complement through the lectin
pathway in both humans and mice (9, 10). The dynamics of glycosylation of antibodies
requires further investigation, but it has been reported to be influenced by pregnancy and
treatment with infliximab and possibly mycophenolate mofetil (11).

Detection of C1 or MBL has not been a sensitive or reliable indicator of AMR in biopsies.
This is consistent with the facts that C1 and MBL are bound in lower concentrations than
antibody (one C1 or MBL binds to 2 or more IgG molecules) and they are transiently bound
to tissues through antibodies.

Both C1 and MBL enzymatically cleave numerous molecules of C4, and the C4 split
product C4b can covalently bind to tissues. The biological importance of C4b is two fold.
First, C4b is one of the ligands for complement receptor 1 (CR1; CD 35), which is expressed
on circulating leukocytes. Second, C4b complexes with the split product of C2 to form the
classical convertase that cleaves C3. C4b is important diagnostically because during
regulation of the complement cascade, C4b is cleaved to an inactive split product C4d that
remains covalently linked to the tissue. Moreover, the cleavage process reveals a cryptic
epitope on C4d. As a result, monoclonal and polyclonal reagents to this cryptic epitope
produce sensitive and specific immunohistological stains for complement activation (Fig 1).
However, the weak inflammatory properties of C4b and biological inactivity of C4d mean
that positive stains for C4d do not necessarily correlate with rejection. In fact, C4 can
moderate immune responses as evidenced by the fact that deficiencies in C4 are associated
with increased autoimmune diseases. In transplantation, C4d deposits in the absence of
accompanying inflammatory infiltrates are not associated with graft dysfunction, but with a
state that has been termed accommodation. Accommodation has been most frequently
observed in ABO blood group incompatible renal transplants. These transplants are feasible
with living donors because they require extensive scheduled treatments of the recipient to
decrease antibody titers before transplantation. ABO incompatible heart transplants are not
intentionally performed with the notable exception of neonatal recipients. West and
colleagues have successfully transplanted ABO incompatible hearts to infants before the age
when they develop “natural” antibodies to A and B presumably in response to bacterial
colonization of their gut. These transplants induce tolerance to the donor blood group (12).
The donor antigens remain expressed on the graft endothelium, but recipient B cells do not
produce antibodies to donor or recipient blood group antigens.

Whether accommodation occurs in cardiac transplants remains to be determined, but Tan
and colleagues have reported a cohort of adult recipients of ABO compatible cardiac
transplants, whose endocardial biopsies have strong linear deposits of C4d in the absence of
apparent graft dysfunction. Only a third of these patients had detectable circulating donor
specific antibodies, and therefore, may represent a clinical situation in which low levels of
antibodies activate complement at a gradual pace or in limited amounts that allow C4 to be
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continually inactivated before significant amounts of C3 are cleaved. In fact, many of these
biopsies had detectable decay accelerating factor (DAF; CD55) and protectin (CD59), two
complement regulatory molecules that have been shown to be upregulated in
accommodation. DAF accelerates the disassociation of C3 convertase and leaves C4b
attached to tissue. It is not known what mechanisms control the expression of complement
regulators in transplants, but TNFα and IFNγ increase DAF expression by endothelial cells
in vitro (13). Mediators associated with chronic inflammation, such as basic FGF and VEGF
also upregulate the expression of DAF.

Although structurally similar to C4, the split products of C3 have more inflammatory
functions. Similar to C4b, C3b can bind covalently to tissues, but C3b represents a focal
point of the complement system because C3b can initiate the alternative pathway of
complement, which serves as an amplification loop. This can result in tenfold more C3b
than C4b bound to the tissues, and greatly increases the density of ligands for CR1, which
binds both C3b and C4b. Moreover, C3a, the small split product of C3, is a chemoattractant
for neutrophils and macrophages and serves to bring these cells towards the tissue bound
ligands. This is one mechanism to account for the association of neutrophils and
macrophages with AMR.

The immunological balance is further shifted towards inflammation by the participation of
C3b in the formation of C5 convertases with both classical and alternative complement
components. These C5 convertases cleave C5 into C5a and C5b. C5b initiates the formation
of the membrane attack complex (MAC; C5b-C9). This is an inefficient process and is
countered by various regulators on allografts, including CD59. As a result, endothelial lysis
is not widespread in AMR. However, sublytic amounts of MAC can activate endothelial
cells as has been documented extensively using cell cultures and purified C5b through C9
(14–16). The immediate effect of endothelial cell activation is retraction of the plasma
membrane from the underlying substrate (17), which would result in edema (Fig 1). Edema
has been proposed as a secondary diagnostic indicator of AMR (3). At the same time,
endothelial cells exocytose preformed von Willebrand factor (vWf) and P-selectin from their
Weibel-Palade storage granules (14), which can promote adhesion of platelets and
monocytes to the endothelium and stimulate their production of inflammatory mediators
(18). In addition to releasing preformed mediators, endothelial cells activated by MAC in
synergy with TNFα or IL1α synthesize IL-8, monocyte chemoattractant protein 1 (MCP-1;
CCL2), P-selectin, E-selectin and ICAM-1 (16). These chemokines and adhesion molecules
participate in the recruitment and activation of leukocytes in the transplant. Through these
mechanisms, MAC could contribute to the accumulation of macrophages in capillaries that
is observed in acute AMR (Fig 1). Of relevance to chronic rejection, MAC also induces
endothelial cells to produce growth factors (platelet-derived growth factor and basic
fibroblast growth factor; PDGF and FGF) and to proliferate (15).

C5a has pivotal impact in AMR (Fig 2). Not only is C5a an extremely potent
chemoattractant for neutrophils and macrophages, but it also causes macrophages to
upregulate the stimulatory FcgRIII and down regulate the inhibitory FcgRIIB for IgG (19).
These receptors make macrophages more responsive to antibodies and complement split
products. In addition, C5a increases vascular leakage through C5a receptors on mast cells
and endothelial cells. These are among the reasons that treatment with antibodies to C5 or
C5a receptor antagonists are effective in inhibiting AMR (20). Decreasing C5a is also likely
to moderate antigen release by endothelial cells and antigen presentation by macrophages
and dendritic cells.

Several corollaries emerge from the view that the complement cascade progresses from
components with anti-inflammatory functions (C1 and C4 in particular) to terminal
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components (beginning with C5) with extremely inflammatory effects (as depicted in Fig 2).
Of most immediate relevance to transplantation is the application of inhibitors to C5, which
are currently being tested clinically. For example, Eculizumab, a monoclonal antibody to
C5, has been used with the general rationale of blocking terminal complement activation. To
most investigators this is envisioned primarily as blocking possible lysis of endothelial cells.
While this may be a part of the mechanism, there are at least two other important
mechanisms relative to antigenic stimulation. One is that Eculizumab also prevents
formation of sublytic amounts of MAC that stimulate endothelial cells to produce cytokines,
to express adhesion molecules and to shed microparticles containing the offending MAC.
These microparticles presumably also contain donor antigens, and thus increase the antigen
delivered to recipient lymphoid tissues. In addition, Eculizumab decreases the levels of C5a
and as a result decreases chemotaxis and activation of neutrophils and macrophages.
Through these two mechanisms, Eculizumab could have benefits beyond merely stopping
AMR. Actually, one could argue that by leaving proximal complement activation intact and
truncating terminal complement activation, the conditions approximate accommodation, in
which C4d deposition occurs but chemotaxis and activation of leukocytes does not. Much
more experience with complement inhibitors is required to predict their effects on longterm
outcomes. As discussed in the next 2 sections, complement independent actions of
antibodies on leukocytes and endothelial cells could contribute to chronic rejection. In fact,
endomyocardial biopsies from patients with late rejections that are attributed to antibodies
contain macrophage infiltrates more frequently than C4d or C3d deposits (21).

2.2 Leukocyte activation
Accumulation of neutrophils or macrophages in capillaries is a key characteristic of AMR
(22). As discussed in the previous section, complement activation can greatly augment the
influx of neutrophils and macrophages, but in the absence of complement, these cells can be
stimulated through their Fc receptors by antibodies.

Macrophages express the high affinity FcγRI (CD64) that is capable of binding monomeric
IgG as well as the low affinity FcγRIIA (CD32), FcγRIII (CD16) and FcγRIV that are
engaged by clusters of IgG on antigen. These FcgR signal through immunoreceptor tyrosine-
based activation motifs (ITAMs). Activation of macrophages through FcgR upregulates
many proinflammatory functions, including the production MCP-1 and IL-8, and promotes
survival of macrophages at sites of inflammation. Experimental models have demonstrated
that macrophage infiltrates decline within days after antibodies and complement deposits are
terminated (23). FcγRIII is expressed by NK cells as well as macrophages and neutrophils.
This receptor signals through ITAM to initiate antibody-dependent cell-mediated
cytotoxicity (ADCC) by NK cells. In experimental models, passive transfers of non-
complement activating antibodies have been demonstrated to be associated with infiltrates of
NK cells (24).

Although CD68 has been used to detect macrophages in endomyocardial biopsies (3),
macrophages have not been further delineated in terms of subpopulations or activation
markers. It could be of diagnostic importance to differentiate between inflammatory versus
wound healing macrophages especially early after transplantation when macrophages
infiltrate ischemic tissues. Further delineation of macrophage populations infiltrating grafts
in response to donor specific antibodies would certainly add to understanding the
contributions of macrophages to graft inflammation.

2.3 Endothelial cell activation
In vitro experiments have revealed that antibodies have direct effects on target tissues such
as vascular endothelial cells and smooth muscle cells as well as various epithelial cells (5,
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25–27). The most rapid effect of cross-linking HLA class I antigens on endothelial cells is
the exocytosis of von Willebrand factor (vWf) and P-selectin from the Weibel-Palade
storage granules. The exocytosis of these preformed adhesion molecules occurs within
minutes in vitro (26). This immediate effect of alloantibodies on endothelial cells is
followed by production of cytokines, upregulation of receptors for growth factors and
proliferation of endothelial cells (5, 25, 27).

Understanding the range of endothelial cell responses to alloantibodies may be helpful in
transforming subjective pathological criteria that are currently used to diagnose AMR in the
absence of detectable complement deposits. For example, various grading systems for AMR
include the pathological criterion of endothelial activation based on endothelial cell
swelling, which is subject to many artifacts. Recognizing the need for more objective
measures of endothelial activation induced by alloantibodies, Reed and colleagues tested
immunohistological stains for phosphorylated molecules in the signaling cascade initiated
by cross-linking of HLA by antibodies (28). They predicted from their in vitro findings that
downstream targets in the Akt signaling pathway would be logical markers. Therefore, they
stained endomyocardial biopsies for phosphorylated 6RP. As predicted, this identified
activated endothelial cells in biopsies with AMR. Interestingly, it also stained macrophages
within the capillaries and leukocytes in the interstitium.

Other markers of endothelial cell activation that have been exploited in animal models of
AMR include vWf and P-selectin, both of which identify intracapillary aggregates of
platelets. This approach detected platelet aggregates in immunodeficient mice that received
passively transferred F(ab′)2 fragments of alloantibodies indicating that complement
activation is not required (26). Although this approach has not been tested in endomyocarial
biopsies, Meehan et al (29) found that the majority of renal biopsies from patients with
AMR contained platelet aggregates in peritubular capillaries. The mechanisms through
which platelets augment vascular inflammation are under investigation in animal models as
discussed in section 5.

3. New Insights into Nodular Endocardial Infiltrates (Quilty effect)
In 1981, Margaret Billingham observed nodular endocardial infiltrates of lymphocytes in a
patient named Quilty (6). Subsequently referred to as the Quilty effect, these nodules were
first suspected to be the consequence of Cyclosporin A treatment. Later studies, indicated
that Quilty lesions were not related to individual immunosuppressive drugs or to viral
infections.

Attempts to link the Quilty effect to acute or chronic rejection in large cohorts of patients
from different transplant centers produced conflicting conclusions (6, 30, 31). Consequently,
in the 2004 grading system for endocardial biopsies, Quilty lesions were categorized as a
frequent (occurring in 10 to 20% of biopsies) finding that was not related to acute rejection
(1). Quilty lesions were identified as consisting of a dense infiltrate containing T cells, B
cells and plasma cells in a background of fibrosis and prominent vascularity (1). These
infiltrates have continued to receive attention because of their variable cellular composition
and size. Initially, two types of Quilty effect were recognized: Quilty A infiltrates that were
confined to the endocardial surface and Quilty B infiltrates that extended into the underlying
myocardium and could cause adjacent myocyte injury mimicking acute cellular rejection
(Fig 3). This distinction was discarded in the 2004 grading system because it lacked general
clinical value. A further subset of Quilty lesions has been found deep within the
endocardium or adjacent to coronary vessels (32).

More recent histological studies have focused on the size and structure of Quilty lesions.
Some reports have ascribed significance to compartmentalization of T and B cells or
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germinal center structure with follicular dendritic cells (33, 34). These studies were not large
enough to determine prognostic significance. Mengel and colleagues (35) probed for
molecular signatures of infiltrates in endomyocardial biopsies by microarray analysis. They
concluded that the Quilty effect correlated with upregulation of clusters of genes associated
with activation of endothelium, macrophages and T cells. The caveat to this work is that the
molecular analysis and histological evaluation were performed on two different pieces of the
biopsies. This is problematic because Quilty lesions are nodular and often confined to one
piece of the biopsy. Nonetheless, molecular analysis of verified Quilty lesions would be
valuable. It should be noted, however, that the frequency of the Quilty effect in protocol
biopsies has not decreased since the first large surveys even though the incidence of acute
rejection has decreased and short-term survival of cardiac transplants has increased greatly.
Alternatively, it is possible that Quilty lesions are a manifestation of an immune response
related to chronic rejection, which is still a frequent outcome.

4. New Insights into B cells in Epicardial Infiltrates Relative to Chronic
Allograft Vasculopathy (CAV)

Chronic rejection of heart transplants arises in the major branches of the coronary arteries
that are located on the epicardial surface surrounded by fat. Chronic vasculopathy in
allografts is characterized by a diffuse, concentric expansion of the intima in conjunction
with inflammation and fibrosis of the adventitia. Microarray profiles of coronary arteries
dissected from hearts with CAV indicated that genes for immunoglobulins are highly
upregulated compared to coronaries from hearts with atheroslerosis (7). These molecular
data are supported by immunohistological stains that identified B cells and plasma cells in
mononuclear cells infiltrating the intima and adventitia of coronaries with CAV. In addition,
Wehner et al (8) found nodules of lymphocytes in the adventitia and adjacent epicardial fat
in most transplants with CAV. Many of these nodules had features of tertiary lymphoid
tissue including T cell and B cell compartmentalization and follicular dendritic cells that
stained positively for C4d (36). These features suggested that these nodules are responsive
to antigen because complement split products are known to localize antigen to complement
receptors on follicular dendritic cells.

Tertiary lymphoid neogenesis has been studied extensively in chronic inflammatory diseases
such as rheumatoid arthritis. In patients with rheumatoid arthritis, B-cell nodules have been
described in coronary arteries as well as the synovium (37). There are many reports of
tertiary lymphoid follicles in renal transplants (38) and a few reports in experimental and
clinical heart transplants (39). Tertiary lymphoid follicles in transplants are not generally
associated with antibodies to HLA in the circulation or C4d deposits in the grafts (8, 40).
This does not exclude the possibility that antibodies to HLA are absorbed to the transplant or
that the plasma cells produce tissue-specific antibodies or autoantibodies, both of which
have been reported in clinical and experimental cardiac transplants.

Organization of lymphoid nodules is promoted by B cell production of lymphotoxin to
initiate follicular dendritic cell clusters and CCL21 to attract T cells (36). Many of the
lymphoid nodules in cardiac transplants are located in the epicardial fat (Fig 4), which is
consistent with data that adipocytes secrete B cell growth factors, such as B cell-activating
factor (BAFF) and others (41). It is notable that perivascular adipocytes secrete more
proinflammatory cytokines (eg, IL-6, IL-8 and MCP-1) compared with subcutaneous or
visceral fat (42, 43). Perivascular adipocytes also secrete less of the anti-inflammatory
cytokine adiponectin in comparison to other types of fat. Moreover, obesity and diabetes
have been associated with an increased proinflammatory profile of adipocytes and decrease
levels of circulating adiponectin. This of particular relevance because a large percentage of
recipients become obese and diabetic in the first years after cardiac transplantation (44, 45).
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Although many recent studies have investigated interactions of perivascular fat with arterial
inflammation and smooth muscle proliferation, little has been reported about epicardial fat
and CAV (46).

The use of calcineurin inhibitors may increase the incidence of lymphoid nodules through
direct and indirect mechanisms. The diabetogenic effects of calcineurin inhibitors could
indirectly bias the inflammatory profile of adipose tissue through decreased levels of
adiponectin. In addition, large lymphoid nodules with T and B cell compartmentalization
have been found in the kidneys and other organs of mice modified to express only a single
gene for the alpha isoform for calcineurin (47).

5. Experimental Models to Test Clinically Relevant Questions
For many years, the dominant effects of T cells in unmodified organ graft rejection deflected
attention from B cells in experimental models of transplantation. Interest in B cells resurged
with the appreciation that AMR is a major risk of morbidity and mortality in humans. The
challenge now is to adapt in vitro and in vivo experimental models to address clinically
meaningful questions. We will discuss the experimental models available to test some of
these clinical questions.

5.1 How Do Antibodies and B Cells Mediate Graft Injury?
Increasingly sophisticated clinical tests for antibodies have revealed that not all antibodies
are equally damaging to transplanted hearts. Clinical tests using beads coated with
recombinant HLA molecules are guiding questions regarding parameters of isotype,
concentration, avidity and specificity of alloantibodies that mediate graft injury in transplant
recipients.

The engagement of antibodies with MHC class I or II molecules on endothelial cells initiates
a signaling cascaded that results in exocytosis of P-selectin and vWf, production of
cytokines and chemokines, and upregulation of adhesion molecules that are ligands for
integrins. Many of the questions dealing with these functional aspects of antibodies can be
addressed with human endothelial cells in vitro. For example, it was unclear how antibodies
binding to MHC class I molecules, which lack an intracytoplasmic signaling domain, could
result in endothelial cell activation. Recent studies by Reed and colleagues have made
valuable contributions to understanding this problem by demonstrating that signaling occurs
through integrin beta 4 which associates with MHC class I molecules that are crosslinked by
alloantibodies (27). As these experiments progress several variables need to be considered.
First, it is not clear whether antibodies in the circulation represent accurately antibodies that
are bound to the graft. In renal transplants, discrepancies in antigen specificity have been
found between antibodies in the circulation and in eluates from rejected transplants.
Antibodies eluted from cardiac transplants need to be examined. Second, the endothelial cell
substrate should be carefully chosen. Experiments with umbilical vein endothelial cells and
cell lines need to be verified with more relevant endothelial cell sources. Important
biological differences between arterial and capillary endothelial cells need to be examined
(48). Finally, in vitro experiments need to be performed under conditions mimicking blood
flow in different vascular beds to account for effects of hydrostatic pressure and sheer stress
(49).

Studies of serum from cardiac and renal transplant patients experiencing acute AMR
indicate that antibodies to both MHC class I and II antigens can cause graft injury. However,
some studies have found that injury mediated by antibodies to MHC class II is more severe
and is characterized by more intense infiltrates of neutrophils. What mechanisms underlie
the different pathological consequences of antibodies to donor MHC class I and II antigens
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remain unclear. While antibodies to MHC class I deliver signals indirectly through integrin
beta 4, MHC class II molecules posses signaling modules in their intracytoplasmic domains
(28).

5.2 Do Autoantibodies Have an Impact on Graft Injury?
There is accumulating evidence in both experimental and clinical transplantation that
transplantation may lead to immune responses against autoantigens in addition to
alloantigens (50–54). Among the factors implicated in breaking self-tolerance in allograft
recipients are the inflammatory environment within the graft, the exposure of neoantigens,
and the prolonged responses that eventually can engender epitope spreading. In particular,
human heart transplant recipients develop antibodies against numerous self-antigens
including cardiac myosin, vimentin, skeletal muscle glycolipid, ICAM-1 and ribosomal
protein L7. These antigens vary in their tissue distribution (organ specific versus
ubiquitous), in cellular location (intracellular versus cell surface or extracellular matrix), and
in biochemical characteristics (proteins vs non-proteins).

As autoimmune responses are delayed and less intense compared to alloresponses, they are
more likely to contribute to chronic rejection. In fact, data from both animals and humans
indicate that autoimmune responses to vimentin accelerate onset and increase severity of
cardiac allograft vasculopathy (53, 54). Notably, experiments testing autoantibodies in
experimental models generally generate autoantibodies by direct immunization with
autoantigens. It remains to be established whether pathogenic levels of autoantibodies can be
induced as a component of the alloimmune response against the graft.

The mechanisms underlying the induction of autoantibodies during the alloimmune response
remain to be addressed. IgG autoantibodies require help delivered by CD4 T cells that
recognize donor peptides presented by self MHC molecules. This process may be primed in
the course of alloimmune responses. In addition, donor-reactive CD4 T cells may recognize
polymorphic epitopes of autoantigens or cross-react with recipient MHC molecules
presenting self-peptides (55). It is also possible that B cells bearing receptors specific for an
autoantigen process large fragments of donor cells released during graft damage and present
peptides derived from donor MHC molecules thus soliciting help from CD4 T cells
recognizing donor MHC peptides through the indirect pathway. Finally, a recent study
demonstrated an intriguing possibility that donor passenger CD4 T cells can induce
pathogenic autoantibody by self-reactive B cells of the recipient (56).

While autoantibodies are consistently generated in transplant recipients, questions remain
whether and how the signals induced by target molecule ligation in the graft lead to allograft
injury, if in fact they do so. It is likely that autoantibodies against cell surface molecules
such as ICAM-1 will trigger mechanisms of antibody-mediated tissue damage similar to
those for antibodies to MHC antigens. However, the majority of autoantibodies described in
transplant recipients are generated against intracellular molecules. Autoantibodies may be
produced to antigens exposed by inflammation due to the transplantation procedure (brain
death of the donor, ischemia-reperfusion, and surgical trauma). Subsequently, these
autoantibodies may react to epitopes exposed during subsequent rejection or infection (52,
53).

5.3 What is the Potential of Manipulating Antibodies and Complement?
In spite of the extensive knowledge of the complement system, many questions remain
regarding the anti- and pro-inflammatory effects of critical complement components on solid
organ transplants. Some of these questions will be best addressed with human sources of
antibodies, complement and tissues because of essential molecular differences among
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species. These differences do not preclude identifying basic principals in animal models. For
example, mouse antibodies have been effectively studied to establish the importance of
carbohydrate side chains on antibodies to the binding of C1 and MBL as well as to the
binding of different FcgR (9).

In vitro models have been useful to identify some potential mechanisms involved in graft
accommodation including the upregulation of certain complement regulators and anti-
apoptotic genes, but in vivo models and clinical biopsies will be needed to determine the
actual contribution of these mechanisms to transplant survival under particular conditions.

With the introduction of complement inhibitors into clinical practice, new questions arise as
to whether the potent anti-inflammatory activity of the early complement components
(particularly C1q, MBL and C4) can be exploited. For example, it is possible that C1q
mediated clearance of apoptotic bodies induced by low levels of antibodies could induce
tolerance. To this end, valuable studies could be performed to examine the function of
macrophages and B cells following treatment with C5 inhibitors. Antibodies and small
molecule inhibitors of C5 have already been shown to decrease macrophage infiltrates and
inhibit acute rejection of cardiac allografts in mice (20). It is not established whether
macrophages exposed to C1 or C4 in the absence of stimulation by C5a develop into repair
or regulatory macrophages. Some of these questions can be tested with complement
deficient mice.

5.4 Can Different Types of Leukocyte Activation be Identified?
Clinically, AMR is now diagnosed and treated long before the catastrophic terminal events
of endothelial destruction, hemorrhage and myocyte necrosis (3). Presently, the most
advanced pathological findings in AMR are macrophage accumulation and endothelial cell
activation. However, both of these pathological findings are incompletely defined. Reed and
colleagues have reported that 6RP is phosphorylated in both macrophages and endothelial
cells during AMR (28), but there is limited data regarding which receptors or mediators are
upregulated in these cells during AMR. Small animal studies indicate that infiltrating
macrophages not only respond to C5a, but also produce complement components in the graft
(57). It is also likely that when complement activation proceeds to cleavage of C5 that
macrophages upregulate FcγRIII and downregulate FcγRIIB (19). This could be a critical
indicator of active AMR.

5.5 Does Platelet Activation Contribute to AMR?
Platelets can greatly extend the effects of antibodies on endothelial cells (18). Antibody
induced release of vWf provides a ligand for GP1b and GPIIb/IIIa on platelets. In
experimental models, antibody-mediated rejection is associated with release of vWf and
attachment of platelets to vascular endothelium in cardiac allografts (58). In MHC
incompatible skin grafts a transfer of alloantibodies causes release of vWf and initiates
platelet rolling in the capillaries of the skin graft but not in the adjacent recipient skin (59).
Complement is not necessary for the antibody-induced interaction of platelets with
endothelial cells in this model, but complement activating antibodies do induce more
prolonged rolling of platelets and leukocytes. Moreover, the retention of leukocytes by
antibodies is in part dependent on platelets because platelet depletion abbreviates leukocyte
rolling.

In models of vascular inflammation, platelets attract mononuclear cells by secretion of
chemokines, such as MIP-1alpha (CCL3) and RANTES (CCL5). Human monocytes are also
stimulated by platelet factor 4 (PF4; CXCL4), which is a prototypical product of platelet
activation, to express TNF, IL-6, CCL22, MHC class II and CD86. Interestingly, CCL22 can
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feed back on platelets to induce expression of P-selectin. In addition to P-selectin, activated
platelets express CD40 and CD154 on their surface. These receptors and ligands promote
adhesion and signaling interactions among platelets, neutrophils, monocytes, lymphocytes
and endothelial cells. They also can modulate the maturation and function of macrophages
and dendritic cells.

Clearly, platelets could augment many aspects AMR and animal models will be useful to
probe platelet function and potential interventions.

5.6 What is the Role of Donor Reactive Antibody in the Pathogenesis of CAV?
The pathogenesis of CAV is difficult to establish in humans because the lesions develop in
the major branches of the coronary arteries, which are on the epicardial surface of the heart.
These are anatomically distant from the right interventricular septum where endomyocardial
biopsies are obtained. Occasionally the right free wall is perforated and a sample of the
coronary is obtained. Otherwise, histological evaluation of CAV is limited to advanced
lesions. Therefore, animal models could be pertinent to understanding pathogenic factors in
CAV. Unfortunately there are anatomical differences between the coronary arteries of
humans and of rats and mice. Among the differences are the location and size of the
coronaries. Human coronary arteries are located on the epicardial surface of the heart
surrounded by adipose tissue. Mouse and rat coronaries are mainly intramyocardial arteries.
Human coronaries also have thick media and adventitia that require vasa vasorum for a
blood supply.

Despite these anatomical differences, rodent models have been used to demonstrate that
antibodies can promote the development of CAV. Initial studies in rats and mice simply
correlated levels of donor reactive antibodies in the serum of cardiac allograft recipients
with the development of CAV. These studies were followed by experiments demonstrating
the ability of passively transferred antibodies to promote the development of CAV in cardiac
allografts in RAG-1−/− recipients (60). In one study complement was not required to
produce these lesions (24). It should be noted that, similar to models of atherosclerosis in
mice, these lesions were limited to the origins of the coronary arteries where they are
epicardial and surrounded by adipose tissue.

The anatomical differences between rodents and humans also make modeling of the
epicardial B cell infiltrates observed in humans problematic in mice and rats. Baddoura et al
(61) described lymphoid neogenesis on the epicardial surface of mouse cardiac allografts
that underwent chronic rejection. Some of these structures were described as lymph node-
like and contained medullary sinuses that are not typical of tertiary lymphoid nodules (36).
Epicardial B cell nodules and infiltrates are worthwhile modeling because they may provide
insights to the high incidence of CAV in human cardiac transplants. These B cells may be
sustained by cytokines produced in the epicardial fat, and the B cells may promote T cell
function or fibrosis. Adventitial infiltrates of B cells are often embedded in fibrosis, and
recent data from experimental models indicate that B cells can promote fibrosis (62).

It is clear that the induction of antibody responses to allo- and autoantigens is a predisposing
for the development of CAV. However, the short and longterm consequences of donor
reactive antibodies on grafts remain poorly understood. Specifically, does the induction of
an antibody response to donor antigens commit a program of graft injury leading to AMR
and/or CAV or is there a window in which depletion of B cells at the time or shortly after
detection of circulating antibody will at least attenuate the injury leading to acute or chronic
rejection? In a primate model, Pierson and colleagues have provided evidence that
preemptory treatment with Rituximab inhibits the development of CAV (63).

Baldwin et al. Page 11

Semin Immunol. Author manuscript; available in PMC 2013 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In summary, the recognition that B cells are important components of the immune response
to cardiac transplants has opened a wide range of questions that need to be addressed with
clinically relevant experimental approaches.
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Highlights

• The effects of antibodies and B cells on cardiac transplants are controversial

• Antibody-mediated rejection is now accepted but questions of diagnosis and
mechanisms remain

• Antibodies cause graft injury by activation of complement, leukocytes and
endothelial cells

• Complement is a therapeutic target for antibody-mediated rejection

• Nodular endo- and epicardial B cell infiltrates are frequent in cardiac grafts
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Fig. 1.
Endomyocardial biopsy with pathological evidence of AMR. Evidence of edema separating
myocytes on routine hematoxylin and eosin stain. Large numbers of interstitial and
intracapillary macrophages stained for CD68. Strong linear stains of capillaries for C4d and
C3d.
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Fig. 2.
Diagram of increasingly proinflammatory effects of complement activation by antibody.
Leukocytes with Fc receptors (e.g., neutrophils and macrophages) can be stimulated by
antibodies bound to antigen. The strength of Fc receptor interactions with IgG is dependent
on the carbohydrate side chains (yellow hexagons) on the antibodies. The carbohydrate side
chains on IgG also interact with the first components of the classical and lectin complement
pathways. At least 2 closely spaced IgG antibodies are required to initiate binding of one C1
or MBL molecule. C1 or MBL can enzymatically cleave many molecules of C4, which
produce C4b that can bind covalently to cell membranes. C4b anchors the classical
convertase (a complex of C4b and C2a) that cleaves large numbers of C3 producing C3b,
which can bind covalently to tissues, and C3a, which is chemoattractant for neutrophils and
macrophages. C3b joins C4bC2a in the formation of classical C5 convertase, which cleaves
C5 into C5a and C5b. C5b initiates the formation of the membrane attack complex (MAC;
C5b-C9). Both the C3 and C5 convertases are the target of several regulators of complement
activation (RCA). As a result, endothelial lysis is not widespread in AMR, but sublytic
amounts of MAC can stimulate endothelial cells to produce cytokines, express adhesion
molecules and shed microparticles containing the offending MAC. C5a is pivotal
inflammatory mediator because it is an extremely potent chemoattractant for neutrophils and
macrophages, and it also causes macrophages to upregulate the stimulatory FcγRIII and
down regulate the inhibitory FcγRIIB for IgG. These receptors make macrophages more
responsive to antibodies and complement split products.
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Fig. 3.
Endocardial nodular lymphoid infiltrate (Quilty effect). Low power (4x original)
hematoxylin and eosin (H&E) stain with Quilty A and Quilty B nodular infiltrates. High
power (40x) H&E stain demonstrating prominent capillary. Quilt lesion stained for CD3 and
CD20 demonstrating T and B cell areas (20x).
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Fig. 4.
Cornary artery branch with advanced vasculopathy and adjacent epicardial fat containing a
lymphoid nodule demonstrating compartments of T cells (CD3) and B cells (CD20) as well
as plasma cells (CD138). Low (4x) and medium (10x) power.
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