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Abstract

Transplantation of cells, tissues, and organs from one individual to another can incite the
production of antibodies specific for foreign antigens, especially major histocompatibility
antigens, in the graft. Antibodies specific for a graft provide an index of immunity and a potential
trigger for injury and rejection. However, the index of immunity can sometimes miss antibody-
mediated rejection and besides causing injury the antibodies against a graft can also protect a graft
from injury by blocking immune recognition, called enhancement, regulating activation of
complement, and inducing changes in the graft that resist damage. Reviewed here are potential
limitations in the use of antibodies as an index of immunity and the ways antibodies cause and/or
prevent injury.

No subject in the field of transplantation immunology arouses more interest today than the
subject of antibodies in transplantation. Antibodies cause the most vexing types of rejection
observed after transplantation of organs (Figure 1) and the presence of these antibodies
against a given donor, ascertained by a cross-match test prior to transplantation, constitutes a
relative or absolute barrier to transplantation of the kidney or heart. Antibodies comprise the
most challenging barrier to transplantation of animal organs into humans, i.e.,
xenotransplantation (Cascalho and Platt, 2001), which might otherwise address the severe
shortage of human organs available for transplantation. Antibodies can also protect grafts
from injury and provide a more or less incisive glimpse at the immunological response to
transplantation and the state of tissue injury. And, antibodies have provided key insights into
fundamental components of the immune system and the mechanisms by which those
components function. This communication summarizes current knowledge and the limits of
current knowledge about how antibodies determine the fate of transplants. Reviews of B cell
responses to transplantation and non-cognate functions of B cells can be found elsewhere
(Balin et al., 2009;Zarkhin et al., 2010).

The Impact of Antibodies on Transplants

The impact of antibodies on transplants depends to the greatest extent on the way in which
transplants connect with the circulation of the recipient. Organ transplants are connected to
the circulation by direct anastomosis between blood vessels of the graft and blood vessels of
the recipient. Organ transplants thus have a vascular tree lined by foreign endothelial cells.
The foreign blood vessels in organ transplants can be attacked by antibodies of the recipient
that are present in the circulation at the time of transplantation or that arise following
transplantation. Binding of antibodies of the recipient to foreign blood vessels in a transplant
activates complement and recruits phagocytic cells leading to vascular injury and the types
of rejection indicated in Figure 1. To a large extent, the injury caused by antibodies,
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complement, and phagocytic cells on blood vessels in a foreign organ depends on how
quickly complement is activated and phagocytes are recruited and whether the blood vessels
are protected by mechanisms discussed below.

The mechanisms of antibody-mediated injury have been reviewed in detail (Murata and
Baldwin, 2009). Binding of antibody to endothelium of a graft triggers activation of
complement and recruitment of phagocytic cells. Within minutes, these can cause loss of
heparan sulfate proteoglycan, expression of P-selectin, and retraction of endothelial cells,
allowing interaction of platelets with underlying matrix (Platt and Saadi, 1999; Saadi and
Platt, 1998; Saadi et al., 2004). These early events probably cause the condition referred to
as hyperacute rejection.

During the next period of hours, bound antibodies, activated complement, and activated
phagocytic cells change the physiology of blood vessels in ways that promote coagulation,
thrombosis, inflammation, and immunity. These changes, which lead to endothelial cell
activation, cause a type of rejection variously called “antibody-mediated rejection,” “acute
humoral rejection,” or “acute vascular rejection.” While antibodies and phagocytic cells may
cause some aspects of this condition independently, acute vascular rejection is marked by
the presence of C4d and C3d, which are fragments of complement components C4 and C3
and are covalently attached to endothelial cells in the graft (Colvin, 2007). Bound antibodies
fix C1grs complexes that cleave and activate C4 and C2, which in turn cleave and activate
C3. These reactions ultimately generate catalytically inactive C4d and C3d as markers of the
complement reaction. Although C4d and C3d can be generated independent of antibodies
(e.g., by the lectin pathway of complement activation), the deposition of these fragments is
generally taken as evidence that complement-fixing antibodies had bound to cells on which
the fragments are detected.

Over periods of weeks to months, bound antibodies, activated complement, leukocytes, and
perhaps other factors induce ‘chronic’ changes in blood vessels which lead to manifestations
of “chronic rejection.” The pathogenesis of chronic rejection is a subject of intense
investigation and heated debate. Besides vascular injury, it may be caused by infection,
metabolic abnormality, and ischemia. Regardless of the inciting factor(s), chronic rejection
has been associated with the presence of a fragment of complement (C4d) on endothelial
cells (Regele et al., 2002), suggesting that antibodies are among those factors.

In contrast to the outcome of organ transplants, cell and tissue transplants appear scarcely to
be affected by antibodies and complement (Platt, 1998). As the only example, we showed
that transplants consisting of xenogeneic hepatocytes in recipients with very high levels of
antibodies specific for the xenografts survive and function (Nagata et al., 2007). Because
antibodies are mainly confined to the blood (IgM 90% and 1gG 75%), and because the size
of the extra-vascular interstitial spaces far exceeds the volume of blood (extracellular
volume exceeds intravascular volume by roughly six-fold), the concentration of antibodies
outside of blood vessels is far lower than the concentration inside vascular spaces. Likewise,
complement resides mainly in vascular spaces. Hence, antibodies have far more biological
impact on intravascular targets than on extra-vascular targets. And while transplants
consisting of isolated cells and tissues such as pancreatic islets or skin provoke intense
humoral immune responses, these transplants seem inured to humoral immunity but
susceptible to cellular immunity (Figure 1).

The ability of cell and tissue grafts to stimulate production of antibodies specific for cells of
the same origin as the graft provided seminal evidence that grafts are immunogenic and that
the antigens expressed by grafts are inherited traits (Gorer, 1937). Yet, the limited ability of
these antibodies to attack cell and tissue transplants raised questions about whether
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(Woglom, 1929) and how immunity could explain the loss of foreign grafts. Demonstration
that immunity to tissues could be transferred by cells but not serum (Mitchison, 1953)
clarified this concept.

The question of whether antibodies only mark or also mediate immunity remains a
challenging one in medicine today. Antibodies against components of nuclei, insulin, and
other components of beta cells and even against the surfaces of extra-vascular cells are
commonly observed and taken as evidence of autoimmunity. Yet, many people who have
autoantibodies do not manifest autoimmune disease and when disease is present the role of
autoantibodies can be difficult to determine. Hopefully, the technologies developed to
identify antibody mediated disease of transplants such as detection of C4d and C3d can be
usefully applied for evaluation of other immunological disorders. Early reports suggest that
C3d and C4d on the surface of erythrocytes might predict the intensity of disease in systemic
lupus erythematosus (Yang et al., 2009) and certain dermatoses (Magro and Dyrsen, 2008).

Antibodies and the Prediction of Graft Outcome

Whether or not antibodies in the circulation of graft recipients damage transplants (Figure
1), they do predict outcome of transplantation. Antibodies generated by transplantation of
allogeneic tumor cells provided the first definitive evidence that the transplants were
immunogenic and that capacity of a tumor to be so recognized and destroyed was inherited
(Gorer, 1937). These antibodies and the susceptibility to rejection eventually allowed the
identification and mapping of the major histocompatibility gene complex (Dausset and
Nenna, 1952;Gorer et al., 1948). Even today, the presence of these antibodies against a
given donor, detected by a cross-match test, or against a set of potential donors, determined
by one of several “panel reactive antibody” assays, is taken as evidence of prior sensitization
and susceptibility to rejection (Cinti et al., 2009;Susal et al., 2009).

The analysis of donor reactive and panel reactive antibodies has proven so useful that a
number of technologies for simplifying and standardizing these assays have been developed
(Tinckam, 2009; Vlad et al., 2009). One would typically determine whether a potential
transplant recipient has antibodies specific for a given transplant donor, and, if those
antibodies are detected, organs from that donor could not be transplanted into the recipient
but would be directed to other potential recipients. Thus, in the case of an individual
awaiting transplantation, especially kidney transplantation, one would typically determine
the panel reactive antibody (sometimes called PRA) level (i.e., the fraction of individuals in
the population against whom a potential recipient has alloantibodies) to determine what
fraction of potential donors would be excluded. Present approaches to determining panel
reactivity include testing of serum for antibodies against a panel of cells obtained from
individuals of known histocompatibility types and testing binding to beads coated with
histocompatibility antigens of a known type isolated from transformed cells. The use of a
panel of cells has the advantage that histocompatibility antigens are expressed in a ‘natural’
setting on the surface of leukocytes, and the disadvantage that the precise specificities of
antibodies that bind to those cells are not immediately apparent. The use of isolated antigen
allows precise determination of specificity of antibodies and standardizes the assays in one
or in many centers, but the disadvantage is that some antibodies that bind to isolated
molecules might not bind to cell surfaces. Research in a number of centers is currently
aimed at determining whether one or the other approach better predicts graft outcome and
avoids unnecessary exclusion of organs from a given potential donor in a given recipient.

Regardless of the assay used, antibodies detected in the blood may not represent antibodies
acting on the graft. Antibodies of the highest affinity will bind to accessible antigens in the
graft, potentially hindering by steric means the binding of antibodies of lower affinity. Thus,
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putatively allo-reactive antibodies detected in the circulation may actually represent those
antibodies that cannot bind or cannot compete for binding to the graft.

Detecting humoral immunity after transplantation may have as much importance as
detecting it before transplantation. Allo-reactive antibodies developed after transplantation
cause antibody-mediated and chronic rejection -- conditions that are difficult, sometimes
impossible, to reverse. To the extent that the challenge in treating antibody-mediated and
chronic rejection reflects the advanced stage of these conditions at the time of diagnosis,
early detection might allow more effective intervention. However, early detection can be
difficult because affected individuals often have little or no alloantibody in the circulation.
The paradox of antibody-mediated rejection occurring in the apparent absence of anti-graft
antibodies is explained by the extraordinary ability of organs to absorb and metabolize
antibodies directed against graft blood vessels. Xenografts, against which more than 1% of
circulating immunoglobulin is directed, absorb nearly all xenoreactive antibodies until
antibody mediated rejection has nearly destroyed the graft. Allografts also can absorb most
or all alloantibodies so that antibodies against the graft may be difficult to detect until
rejection is well established and perhaps irreversible (Carpenter et al., 1976). Hence, anti-
donor antibodies detected after transplantation by the technologies mentioned above may
really mark graft damage rather than initiation of a humoral immune response. The
possibility that such “donor specific antibodies,” or DSA, represent late rather than early
markers of rejection is important given the high level of interest in this diagnostic index (Sis
et al., 2010; Takemoto et al., 2004). Markers of humoral immunity other than antibodies
might be needed to detect and treat antibody-mediated injury early in the course.

Antibodies Associated with Favorable Outcome of Grafts

While transplantation immunologists and clinicians have focused on involvement of
antibodies in rejection of organ transplants and on therapeutics that would suppress antibody
production, antibody responses to transplantation are not always damaging and sometimes
may limit or prevent graft damage. Table 1 lists some ways antibodies can prevent injury to
grafts. Figure 2 explains how antibodies might protect grafts from injury. These mechanisms
are discussed in the sections below. Besides these protective properties of antibodies, one
might consider that under some conditions, B cells can suppress cellular immune responses
and perhaps in this way limit graft injury independent of the antibodies produced (Balin et
al., 2009;Yanaba et al., 2008).

Enhancement

The early years of the 20t century brought excitement about the possibility that immunity
evoked by immunization with non-viable cancer cells and extracts might be exploited to
treat cancer (Woglom, 1929). Contrary to this hope, immunity, when generated, was
directed toward histocompatibility antigens and not against tumor specific antigens and,
strikingly, sometimes immunity seemed to “enhance” rather than retard tumor growth (Snell
et al., 1946). Later work revealed that it was antibodies that conferred this protection
(Kaliss, 1969; Kaliss and Molomut, 1952) and that the protective antibodies could be raised
by sensitization with normal tissues and could protect grafts of normal tissue, sometimes
indefinitely (Carpenter et al., 1976; Stuart et al., 1968).

While the phenomenon of enhancement, as such, may reflect various mechanisms listed in
Table 1, most evidence suggests that enhancement results from the “blocking” of
immunological recognition (Morris, 1980) and/or suppression of T cell responses (Figure 2)
(Cruse et al., 2002). Such blocking of recognition or suppression of response to recognition
might be exerted when immunity is initially elicited (afferent inhibition) or when immunity
attacks the graft (efferent inhibition) (Cruse et al., 2002). The importance of blocking of
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immune recognition rather than generalized immunosuppression as a mechanism of
enhancement would be suggested by the specificity of the phenomenon for foreign
histocompatibility antigens in in vitro and in vivo assays. Also implicating blocking is the
fact that enhancement depended on the dosage of antigen rather than the dosage of antibody
(i.e., small amounts of antibody were as effective as large amounts of antibody and
transplants of cross-bred F1 animals to animals of a parental strain were more susceptible to
enhancement than transplants between entirely disparate strains). Of course, antibodies have
long been known to block humoral immunity against isolated antigens but enhancement
seemed different because it was cellular immunity rather than humoral immunity that was
blocked. Enhancement can be generated in large animals and may even restrain immunity
against clinical allografts (Morris, 1980).

Perhaps because blocking of antigen is not readily assayed or because the control of T cell
responses by modern immunosuppression obscures enhancement, this subject is rarely, if
ever, discussed. Recent workshops on diagnosis and mechanisms of graft injury fail even to
mention enhancement as a potential benefit of antibody responses. Perhaps the emergence of
more effective approaches to controlling B cell responses will bring unexpected results and
these results will once more ignite interest in this subject.

Complement control

Twenty years ago, immunoglobulin, previously considered a key complement activator, was
found to control complement-mediated tissue damage (Basta et al., 1989). For example,
administration of y-globulin protected animals from complement mediated hemolytic
anemia (Basta et al., 1989) and prevented hyperacute rejection of cardiac xenografts,
arguably the most explosive and devastating immunological conditions (Magee et al., 1995).

Regulation of complement by immunoglobulin may reflect the operation of a number of
mechanisms (Wagner and Frank, 2010). Immunoglobulin can block Fc receptors and inhibit
inflammatory agonists of various types. Immunoglobulin can also serve as a target for
activated C3 and C4 (Figure 2). Whereas, activated C3 and C4 form covalent bonds with
adjacent cell surfaces they also form bonds with immunoglobulin in the vicinity of cells.
Binding of C3 and C4 to immunoglobulin diverts the complement cascade away from cell
surfaces; presumably higher concentrations of immunoglobulin shift the balance of the
reaction from the cell surface to the plasma. Because complement is subject to intrinsic
control on cell surfaces, a relatively subtle shift in the reaction away from the cell might
effectively prevent cellular injury.

Regulation of complement by immunoglobulin may explain some of the effectiveness of
immunoglobulin in preventing antibody-mediated rejection in pre-sensitized subjects
(Wagner and Frank, 2010). Conversely, depletion of complement by plasmapheresis
potentially deprives the treated individual of this control unless y-globulin is administered.
Similarly, mice lacking immunoglobulin might exhibit heightened susceptibility to
complement-mediated processes.

Besides diverting complement activation away from cells, immunoglobulin can stimulate the
production of cell surface complement inhibitors. Attachment of immunoglobulin and some
other proteins to cell surfaces can stimulate expression of CD59 (Dalmasso et al., 2000), a
protein that inhibits the membrane attack complex. To what extent control of complement in
this way modifies complement-mediated injury in vivo is not known but experiments using
cultured cells indicate that this mechanism may prevent complement-mediated lysis.
Immunoglobulin can also attach to and protect the glycocalyx of cells (Parker et al., 1998),
thus maintaining a negative cell surface charge that also controls activation of complement.
Finally, subclasses of 1gG that fix complement poorly can block binding of IgG subclasses
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that fix complement (Yu et al., 1996), thus inhibiting activation of complement on cell
surfaces in the course of specific immunological reactions.

Obviously a fuller understanding of the molecular basis of complement control by
immunoglobulin could offer important insights and a therapeutic avenue in transplantation
and other fields. One can envision production of recombinant immunoglobulin or
immunoglobulin fragments with defined regulatory properties might improve the outcome
of transplants or other tissues.

Accommodation

During the 1980’s, transplantation of kidneys across blood group-A and -B barriers (e.g.,
blood group A kidney into a recipient that produces anti-blood group A antibodies) allowed
some to receive transplants who would otherwise be excluded (Alexandre et al., 1985;
Chopek et al., 1987). Previously such transplants were avoided because antibodies against
blood groups expressed in an organ, like antibodies against histocompatibility antigens,
could lead to hyperacute or acute vascular rejection. Although the recipients of the
incompatible organ transplants were depleted of anti-blood group antibodies by
plasmapheresis or other means, the antibodies were expected to return and hence the
transplants were thought likely to be injured if not destroyed (the transplantations were
performed only because the recipients experienced complications of dialysis and had
positive cross matches against other potential donors). As expected, the anti-blood group
antibodies did eventually return to the circulation but surprisingly the incompatible
transplants often functioned for extended periods of time. Although the survival and well
being of the grafts in the face of anti-graft antibodies might be ascribed to various
mechanisms, such as loss of antigen or enhancement, the mechanism that best fitted the
circumstances was acquired resistance to immunological injury, a condition later called
accommodation (Bannett et al., 1989; Platt et al., 1990). Survival of grafts in the face of
anti-HLA antibodies was subsequently described (Jeannet et al., 1981), although the
significance of accommodation in this setting remains a point of controversy (Hourmant et
al., 2005; Piazza et al., 2006).

While aside from ABO-incompatible transplantation, accommodation is sometimes
considered infrequent, and there is reason to think it may be more common than supposed
(Lynch and Platt, 2008). Because normal, well-perfused organs can absorb enormous
amounts of antibody, donor specific antibody may be nearly undetectable in the circulation
of recipients of accommodated grafts. Consistent with this concept, many recipients of renal
transplants can be shown to have detectable donor-reactive antibodies (Mizutani et al.,
2005). In a still broader context, accommodation may explain why anti-DNA antibodies do
not inevitably cause manifestations of systemic lupus erythematosus (Andrejevic et al.,
2007; Vaile et al., 2000). How to detect accommaodation in the absence of donor specific
antibodies is therefore an important, still unanswered question.

Accommodation protects grafts (and other tissues) from injury that might be inflicted in
immune and inflammatory reactions (Figure 2); but how exactly that protection arises and
how it manifests are important questions that are still unanswered. Accommodation has been
associated with protection against complement-mediated injury (Dalmasso et al., 2000).
Resistance against complement may recruit pathways that not only protect cells from injury
by complement or cytotoxic lymphocytes but also facilitate control of intracellular
organisms (Koch et al., 2004). For example, an agent that controls replication of the
hepatitis C virus also heightens expression of heme oxygenase-1 (Bonifaz et al., 2009), a
protein typically expressed by accommaodated cells. On the other hand, accommodation may
incur biological disadvantages in the form of changes in cell metabolism or loss of function
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(Platt and Nath, 1998). Thus, pathways and products associated with accommodation might
contribute to chronic rejection of transplanted organs (Tang and Platt, 2007).

Accommodation and tolerance together explain more fully than either alone can avoidance
of inadvertent injury when the immune system protects against environmental threats.
Tolerance chiefly reflects structural and/or functional lacunae in immunological recognition
such that foreign organisms and their products are recognized and attacked but autologous
cells and substances are not. Accommodation refers to alterations of the target tissue.
Because the immune system can and often does recognize autologous cells and substances,
as in the positive selection of T cells or production of “natural” auto-reactive antibodies
(Lleo et al., 2010), accommodation allows such recognition to occur for the control of
intracellular microorganisms without excessive biological cost. With this perspective, one
can imagine that autoimmune disease may in some instances reflect failure of
accommodation as much as it reflects autoimmunity. And, approaches to detecting failure of
accommodation and a way of restoring it might be sought as novel avenues of immune
management. In transplantation, the challenge in overcoming or limiting humoral immunity
to transplantation antigens encourages efforts to promote accommodation of organ grafts.

Concluding Remarks

Antibodies provide the most sensitive, specific, and easily detected index of immunity to
transplantation. Accordingly, much attention has focused on the devising of new assays for
allo-reactive antibodies. While these assays will surely prove immensely valuable, they may
also be found on some occasions to mislead to the detriment of patients and fundamental
knowledge.

Absence of antibodies in the circulation of a transplant recipient does not prove that the
recipient lacks humoral immunity to the graft. Humoral rejection is sometimes diagnosed
when antibody and complement are detected in graft tissue, while anti-graft antibody is not
detectable in the blood. This circumstance may explain why plasmapheresis and
administration of y-globulin are occasionally found to improve graft function in the absence
of circulating anti-graft antibodies.

On the other hand, newly discovered anti-graft antibodies in the blood may not constitute
early evidence of humoral rejection. Because graft can absorb large amounts of antibody, an
abrupt increase in the level of anti-graft antibody may be a late sign of rejection. Surely
earlier and more sensitive indices of humoral response to transplantation are needed.

Finally, antibodies against a graft are not all inimical to the well-being of the graft. Some
antibodies or some level of antibodies may actually suppress immunity and/or protect the
graft. In the absence of better indices of enhancement, complement control, and
accommodation, one should hesitate to apply intrusive therapies for humoral rejection in the
absence of worsened graft function and/or pathological evidence of rejection. In short, while
antibodies can cause injury and rejection of transplants, antibodies can also oppress rejection
and limit graft injury. This dichotomy between toxicity and protection recapitulates a
dichotomy observed also for inflammatory cytokines, ischemia, and other biologically active
substances and processes.
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Figure 1.

The distinct biological outcomes of organ, cell, and tissue grafts. Organ, tissue, and cell
transplants all stimulate cellular and humoral immunity. The impact of immunity on these
types of grafts differs greatly, however. To the largest extent, the impact depends on the way
grafts receive a vascular supply. (A) Organ Transplants. Organ transplants have a foreign
vascular tree. These grafts can be attacked by antibodies binding to foreign endothelial cells
or by cellular immunity. Antibodies binding at the time of transplantation can cause
hyperacute rejection, and antibodies produced after transplantation can cause acute vascular
rejection (also called humoral rejection and antibody-mediated rejection) or chronic
rejection. (B) Tissue and cell transplants. Tissue and cell transplants receive a vascular
supply by in-growth of recipient blood vessels. The recipient blood vessels are not targeted
by allo-reactive antibodies. Although small amounts of allo-reactive antibody and
complement may diffuse beyond vascular spaces, these usually do not cause discernible
damage. However, tissue and cell transplants are fully susceptible to cellular rejection.
Sometimes humoral immunity prevents graft injury. Allo-reactive antibodies can induce
enhancement which prevents cellular and possibly humoral rejection, and can induce
accommodation which prevents humoral and possibly cellular rejection. Antibodies also
control activation of complement.
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Figure 2.

Mechanisms of antibody-mediated protection. Besides causing injury to grafts, antibodies
can protect grafts from injury. The mechanisms of antibody mediated protection include
enhancement, complement control, and accommodation. In enhancement, antibodies bind to
and block target antigens or interact with lymphocytes in ways that suppress lymphocyte
functions. In complement control, antibodies serve as alternative targets for activation of
complement (C3b and C4b), thus diverting complement away from cell surfaces. In
accommodation, antibodies activate complement (C) on cell surfaces and in so doing change
the biology of cells in ways that make the cells resist injury.
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Table 1

Conditions in which antibodies can improve graft outcome

Condition Antibody Target | Mechanism Reference
Enhancement MHC blocking Morris, 1980
Complement control | none diversion of complement | Frank et al., 1992
Accommodation unknown protection of target Koch et al., 2004
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