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Abstract

Accommodation refers to the acquired resistance of a graft to immune-mediated injury. It is typically
observed after antibodies that would cause rejection of a graft are removed from a recipient and then
return. Besides being a condition so induced, accommodation can occur spontaneously, without the
depleting of antibodies. Indeed, we postulate that spontaneous accommodation may be the most
common outcome of clinical organ transplantation. This communication will review the current
understanding of accommodation, emphasizing recent advances and important questions. Among
the recent advances are the discoveries of potentially broader relevance of accommodation for
biology and immunology and pathways by which accommodation may be achieved. To investigate
these pathways and to understand how accommodation begins and how it evolves, clinical organ
transplants might offer a useful and incisive model.
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Accommodation refers to acquired resistance of an organ or tissue to immune-mediated injury
[1-3]. Itis defined operationally as a condition in which an organ transplant functions normally
despite the presence of antibodies in the recipient specific for the transplant.

We first observed accommodation in ABO-incompatible kidney transplants [4,5]. Prior
experience had suggested that these transplants would have a poor prospect for enduring
success. Gleason and Murray [6] reported that nearly half of 24 ABO-incompatible kidney
transplants suffered early failure; Wilbrandt et al. [7] found that nine of 12 ABO-incompatible
kidney transplants suffered early failure. In contrast, we found that if antibodies directed against
allogeneic blood groups are removed from the circulation temporarily, the transplants might
function for months or years without evident injury after anti-blood group antibodies return to
the circulation [4]. Alexandre et al. [8,9] made similar observations.
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Questioning why the kidney grafts might have survived the inevitable return of anti-blood
group A or anti-blood group B antibodies, we showed that the donor blood group antigen
persists in ABO-incompatible kidney transplants [5] and the antibody that returns is quite
capable of binding to blood group antigen and activating complement [10]. Hence, the absence
of injury could not be ascribed to lack of anti-blood group antibody or the antigen it recognizes
and must reflect something else that mitigates the process of rejection [5]. After preliminary
studies of pig-to-primate xenografts revealed a few instances in which heterotopic cardiac
grafts in recipients depleted of xenoreactive antibodies survived without substantial injury for
days after xenoreactive antibody returned to the circulation, we speculated that these
xenografts, like ABO-incompatible allografts, might be protected from injury, and we named
this condition accommodation [11,12]. Here we consider how accommodation might apply
more broadly in transplantation.

Accommodation in Clinical Transplantation

Accommodation is sometimes considered an unusual outcome of transplantation, if it is
considered atall. For example, the attendees at a consensus conference of the National Institutes
of Health on antibody-mediated rejection considered accommodation to be “a latent response”
or “silent humoral rejection” [13]. In the report of the most recent Banff Conference on the
pathology of organ transplants, accommodation is mentioned in the text but not listed in the
table of outcomes of kidney transplantation [14]. Despite these considerations, we postulate
that accommodation may well be the most prevalent outcome of clinical organ transplantation.

We think accommodation of clinical allografts may occur more often than generally
appreciated because immune responses to these grafts is common, while graft damage is not.
Pelletier et al. [15] found that 52% of renal transplant recipients have a detectable delayed-
type hypersensitivity response to donor antigens; yet most recipients have normal or nearly
normal graft function. This response was assayed using a “trans-vivo DTH assay” in which
peripheral blood leukocytes of transplant recipients were combined with sonicated leukocytes
from graft donors and injected in the pinnae or foot pads of mice and swelling measured 24
hours later; what fraction of responses might be missed by this assay is not clear. Presumably
this DTH response represents a T cell effector response directed at the graft and a T cell helper
response for generating alloreactive antibodies. Adeyi et al. [16] evaluated alloantibody
specificities in the serum of 27 recipients of kidney transplants who underwent removal of their
transplants. Before nephrectomy, 11% of renal allograft recipients had detectable antibodies
specific for the donor; after nephrectomy 97% (26 of 27 subjects) had detectable levels of
antibodies directed against donor HLA. Although the increase in alloantibodies may reflect
surgical trauma associated with removal of the grafts, the presence of those antibodies indicates
that sensitization had occurred at some time prior to removal of the graft yet the antibodies
were not detected. The de novo appearance of alloantibodies after graft nephrectomy suggests
that alloantibodies can be fully absorbed by the allograft and should arouse skepticism about
the sensitivity of measurements of anti-graft antibodies in the blood of graft recipients.
Moreover, since many recipients of organ allografts produce antibodies against their grafts,
the majority of allografts, with normal or nearly normal function, may well have
accommodation.

Explaining “the Paradox” of Frequent Accommodation and Low Prevalence
of Anti-HLA Antibodies

Anti-HLA antibodies are generally considered detrimental for organ transplants, and the
presence of these antibodies in the blood of a transplant recipient predicts rejection [17-20].
Consistent with this concept, anti-HLA antibodies are detected infrequently in those with
normally functioning transplants. Hence, if the operational definition of accommodation
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(normal graft function in a recipient with antibodies specific for the graft) is applied,
accommodation must be correspondingly rare. How could one conceive that accommodation
is a frequent outcome of organ transplantation? The answer is suggested by work in
experimental systems.

Accommodation in Experimental Models

We explored accommaodation in experimental organ transplants for nearly two decades.
Generally, the model systems used involve the transplantation of organs between disparate
species, and the recipients of these transplants had natural and acquired antibodies specific for
the grafts [11,21,22]. In these model systems we found that depletion of all immunoglobulin
or species-specific immunoglobulin could allow survival of the organ graft and accommodation
to ensue (Figure 1) [23,24]. Figure 1 shows the levels of xenoreactive antibodies in the blood
of a xenograft recipient from which antibody was depleted from the time of transplantation.
Xenoreactive antibodies are not detectable in the blood until rejection occurs on day 12. In
separate studies in which an organ xenograft was not placed but antibodies were depleted, we
found that xenoreactive antibodies return immediately to the circulation after depletion, despite
treatment with immunosuppression [25,26]. The results of a typical experiment are shown in
Figure 1. Note in the figure that the antibodies studied (anti-Galal-3Gal antibodies) return
immediately to the circulation after specific depletion; but, are not detected in the circulation
until approximately 10 days after transplantation of a xenogeneic heart. Analysis of serial
biopsies during this 10-day period reveal that antibodies are bound to the heart and rejection
is initiated before the antibodies are detected in the circulation. Thus, the results shown in
Figure 1 suggest that while antibodies clearly cause rejection, the process of rejection precedes
rather than follows the increase of antibodies in the blood. Moreover, when rejection was
averted by expressing human complement regulatory proteins in the xenogeneic source, rather
than by depleting antibodies, removal of a functioning transplant led to immediate increase of
the level of xenoreactive antibodies in the blood [27]. These experimental observations led us
to suggest that graft-specific antibodies might be produced in large amounts but might evade
detection in the blood because those antibodies bound to the graft; and, as a corollary, the
presence of antibodies may indicate that damage or decrease in blood flow has occurred [28].

Estimating the Prevalence of Accommodation in Clinical Organ
Transplantation

Given the experimental results described above, we would suggest several provisional
concepts. First, the operational definition of accommodation (normal graft function in those
with anti-donor antibodies in the circulation) probably misses accommodation in many cases.
Second, accommaodation might also occur but escape detection because anti-donor antibodies
are cleared from the circulation and from graft cells. To address this limitation we have tried
to use the presence of C4d bound to a graft in the absence of anti-donor antibodies as a way to
identify a broader group of those with accommodation. However, for reasons discussed below,
this definitions may also fail to identify many examples.

In any case, although increased levels of anti-graft antibodies detected at the time of rejection
is often interpreted to suggest that the increase caused rejection, our studies suggest the opposite
—the onset of rejection slows the flow of blood to the graft, and as a result less antibody is
absorbed [28]. Given the high frequency of immune response to the graft and the relative
infrequency of acute cellular or humoral rejection, one can conclude that what appear to be
normal transplants on surveillance biopsies may well be accommodation.
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The Fate of Bound Antibody and Mechanisms of Accommodation

Understanding how accommaodation occurs and by what mechanism it is manifest is of obvious
importance in clinical transplantation, transplantation biology and more broadly in
immunology [29,30]. We pursued this question using experimental model systems.

To explore the fate of antibody bound to grafts we used cultured endothelial cells as a model
system. Cultured endothelial cells are recognized by antibodies specific for the source of a
graft [11,31]. Antibodies bound to metabolically active cultured endothelial cells are rapidly
removed from the cell surface and may be metabolized [32]. Hence, one must “fix” endothelial
cells to study the interaction of antibodies with cellular antigens [33,34].

Assuming that endothelial cells in a graft can take up and metabolize large amounts of antibody
directed against the graft, does this process account for accommodation? We suspect this
process is only one of a range of changes in the graft that allow survival and function in the
face of a humoral immune response.

We originally conceived that accommodation might reflect a change in antibodies, a change
in the antigen or an acquired resistance of the graft to injury by antibodies and complement
[11]. All three changes have been observed. Yu et al. [35] found that human IgG2 specific for
Galal-3Gal blocks binding of IgM and inhibits complement activation on target cells
expressing Galal-3Gal. Mohiuddin et al. [36] reported that accommaodation in rodents might
be associated with production of IgG subclass that inefficiently activates complement. Yu et
al. [37] showed that new heavy chain variable region families are also utilized following a
xenogeneic stimulus. However, the extent to which these changes, or other factors, limit injury
in accommaodation is unclear. And, since 1gG2 antibodies are mainly observed in response to
carbohydrate antigens, this mechanism can hardly explain accommodation of grafts in which
recipients produce antibodies specific for MHC or other antigenic proteins in the graft.

Another potential mechanism of accommodation involves a change in the antigen targeted by
humoral response after transplantation. Although specific changes in antigen have not been
described in xenotransplantation, Ulfvin et al. [38] described changes in glycolipids following
allotransplantation of kidneys. Yuzawa et al. [39] observed that the Forssmann antigen is
internalized and/or shed with antibody binding and thus becomes a less abundant target of
humoral responses. Adres et al. [40] described similar changes. However, the antigen expressed
on endothelial cells of organ transplants do not appear to change in such a way that would
explain accommodation [5,32,34,41,42].

The most compelling mechanism of accommaodation involves changes in the graft that confer
protection against injury caused by bound antibody and activation of complement. Several
mechanisms of “protection” have been proposed. One potential type of protection may be
conferred by exposure to sub-lethal amounts of a toxin or to an injurious but non-fatal process.
For example, Nath et al. [43] showed that induction of heme oxygenase-1 protects against renal
injury in rhabdomyolysis. Bach et al. [44] found that rodent xenografts with accommodation
express genes that protect cells against apoptosis. Expression of these genes, such as heme
oxygenase-1, has been linked to survival of grafts in the face of antibody-mediated rejection
[45]. Delikouris et al. [46] found that binding of human IgG to porcine endothelial cells induces
expression of cytoprotective genes. Jindra et al. [47] showed that binding of antibodies to MHC
class I molecules can promote expression of proteins that protect cells against toxic challenges.
But, whether products of these genes per se mediate accommodation remains to be tested. We
found that cytoprotective genes are expressed not only in accommodation but also in rejection,
at least prior to manifest necrosis [48,49]. Others have found that these genes are not expressed
atan increased level in accommodation of ABO-incompatible allografts [50]. Thus, expression
of cytoprotective genes may be essential for graft survival, as the organs from mice with
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targeted disruption of the genes are rapidly destroyed after transplantation, but may or may not
represent a part of the process of accommodation.

Grafts might also resist injury by manifesting heightened resistance to complement. Dalmasso
et al. [51-53] found that xenoreactive antibodies induce expression of CD59, which controls
the membrane attack complex of complement, and this change heightens resistance to
complement-mediated lysis. Dorling et al. [54,55] also found that xenoreactive 1gG acting on
porcine endothelial cells induces resistance to lysis. However, xenografts expressing CD59 as
the product of a transgene do not avoid rejection [56]. In fact, the expression complement
inhibitory proteins separately and together have thus far failed by itself to engender prolonged
survival of xenografts unless xenoreactive antibodies or the antigen they recognize were also
manipulated [57-60]. Consistent with the possibility that accommodation may reflect
something other than improved control of complement, Grehan et al. [61] and Black et al.
[62] found that IL-4 and IL-13 induce changes in endothelial cells that include heightened
resistance to lysis, apoptosis, both evidently via the AKT/PI3 kinase pathways and independent
of complement control. We found that hepatocytes naturally resist complement-mediated lysis
owing to heightened control of complement independent of the level of expression of
complement regulatory proteins but also requiring function of the AKT/PI3 kinase pathways
[63].

Toward a Broader Concept of Accommodation

Acquired resistance to injury, as such, can be found in many biological systems [63—66]. Which
if any of these systems represent pathways or mechanisms by which grafts acquire resistance
to injury in accommodation is unknown. For example, treatment of drosophila with DDT
induces production of cytochrome P450 and possibly other genes that confer resistance to
further exposure to this toxic substance [67], although other genes must be involved [68].
Exposure of organs to ischemia “preconditions” organs to resist injury by subsequent episodes
of ischemia. Treatment with lipopolysaccharide induces resistance to subsequent exposure to
lipopolysaccharide. Treatment of cells with complement induces resistance to complement-
mediated injury [69,70]. A pathway that may be common to many types of acquired resistance
to injury is the AKT/PI3 kinase pathway [61-63,71].

Since accommodation is induced and not constitutive, we would assume that some
dysphysiological impact must exist [66]. While accommodation can be thought to allow grafts
to survive long enough to acquire chronic changes [28,72], we have speculated that
accommodation might allow chronic rejection to occur or that the process of accommodation
might even cause chronic injury [2,28,66].

Toward a New Definition of Accommodation

Identifying and understanding accommodation depend of the development of a more
compressive and sensitive definition of that condition. Clearly the operative definition
mentioned above (presence of anti-donor antibodies in a subject with normal graft function)
may fail to detect many instances of accommodation, and in fact this definition may identify
the exceptional cases when antibody is not effectively cleared by the graft. A rigorous working
definition of accommodation in experimental models might be: the continued function and/or
survival of an engrafted organ when a freshly engrafted organ from the same source is rejected
and perhaps the resistance of an “accommodated” organ to injury when engrafted in a new host
that would otherwise reject an organ from that source. But, this definition cannot be used to
study clinical grafts or grafts for which re-transplantation would pose a technical challenge.
Perhaps we are best to allow the definition of accommodation to remain unsettled until we gain
a more complete understanding of the mechanisms.
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How then might accommodation be studied? Analysis of outcome of grafts using mice with
targeted disruptions of the genes for one or another protective protein may provide clues about
which proteins are essential for organ survival but probably cannot prove that a given protein
is singularly important for accommodation. Identifying genes, the heightened or lowered
expression of which is associated with accommodation, may also fail because the expression
of many genes changes in the course of tissue injury, owing in part to influx of inflammatory
or reparative cells rather than changes in expression per se, identifying the relevant genes (if
any) would be a daunting exercise. Ultimately, the answer may emerge from methods to test
whether the deliberate expression of one or a few molecules in a graft will protect that graft
from humoral or other forms of toxic injury.

Conclusions

Accommodation should be pursued in those settings in which it is thought to occur naturally.
For example, Segev et al. [73] recently reported on the transplantation of ABO-incompatible
kidneys in four subjects with relatively high levels of isohemagglutinins specific for the graft.
The subjects all had detectable isohemagglutinins although at low titers after transplantation,
and perhaps accommodation. How these kidneys change over time might provide clues about
what sustains accommodation and whether it has physiologic complications. Stussi et al. [74,
75] have studied ABO-incompatible bone marrow and stem cell transplants. These transplants
are potentially impaired by the humoral barrier but only transiently. The authors suggest
cogently that understanding how the grafts and the recipients accommaodate to the transplants
could provide clues to mechanisms of accommaodation. Importantly, since these grafts are
hematopoietic, the study of the grafts is rather easier than the study of allografted or xenografted
organs. In a recent review of ABO-incompatible organ transplantation, Warner et al. [76]
postulate that survival of grafts by accommodation may be a multi-step process, initially
facilitated by cytoprotective factors and later by decreases in TNF-a, TGFB and SMADD5; and
increases in Mucl and GFRAL. This concept of accommaodation changing over time is quite
compatible with the observations of Lin et al. [77] and Ogawa et al. [78] in rodents and West
et al. [79] in human subjects that what begins as accommodation can become some different
process, perhaps including tolerance.

We think accommodation should also be pursued by exploring the broad range of conditions
in which immunological responses “protect” against infections and toxins. We have postulated
that accommodation could provide an essential limb of the immune response, making tissues
less susceptible to injury as foreign organisms are controlled and destroyed [2]. For example,
the control of viral replication by cellular immunity may, in part, require the development of
accommodation to prevent T cell-mediated cytotoxicity. This concept would place
responsibility for host defense on the tissues to be defended as much as it does on the immune
system. Of course, accommodation may have a biological cost (otherwise it would not have to
be induced). This cost may include defects in function of accommodated cells and tissues, as
the cellular machinery is diverted to opposing toxicity, and it may account for chronic changes
seen in various types of chronic rejection [28]. Studying accommodation in this broader range
of settings, rather than in those few instances in which recipients have normally functioning
grafts with antibodies and circulating antibodies specific for those grafts, may allow greater
and more rapid progress on this subject to be made.
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Figure 1.

Levels of xenoreactive IgM and anti-Gala1-3Gal IgM in baboons following depletion of anti-
Galal-3Gal antibodies using affinity columns and hetertopic cardiac xenotransplantation. The
relative levels of xenoreactive IgM (open circles) and anti-Gala1-3Gal IgM (filled circles) were
determined by measuring the binding to cultured porcine endothelial cells. The arrows below
the abscissa indicate the time at which a treatment with the Gala1-3Gal affinity columns was
performed. Day “0” refers to the day of xenotransplantation. The standard error for each value
is shown. (Adapted from Lin et al. Transplant Immunol 5:212, 1997.)
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