Kidney Transplantation:
Mechanisms of Rejection
and Acceptance

Lynn D. Cornell, R. Neal Smith,
and Robert B. Colvin

Department of Pathology, Massachusetts General Hospital and Harvard Medical
School, Boston, Massachusetts 02114; email: cornell.lynn@mayo.edu,
rnsmith@partners.org, colvin@helix.mgh.harvard.edu

Annu. Rev. Pathol. Mech. Dis. 2008.3:189-220. Downloaded from arjournals.annualreviews.org
by Robert Colvin on 02/05/08. For personal use only.

Annu. Rev. Pathol. Mech. Dis. 2008. 3:189-220 Key Words
First published online as a Review in Advance on renal allograft, acute rejection, chronic rejection, antibody,
September 12, 2007 B

accommodation
The Annual Review of Pathology: Mechanisms of
Disease is online at pathmechdis.annualreviews.org Abstract
This article’s doi: We describe the molecular and cellular mechanisms believed to be
Gk rtss e e A TG it responsible for the rejection of renal allografts, including acute T
Copyright © 2008 by Annual Reviews. cell-mediated rejection, acute antibody-mediated (humoral) rejec-
GLbE s tion, rejection mediated by the innate immune system, and chronic
1553-4006/08/0228-0189$20.00 rejection. We present mechanisms of graft acceptance, including ac-

commodation, regulation, and tolerance. Studies in animals have
replicated many pathologic features of acute and chronic rejection.
We illuminate the pathogenesis of human pathology by reflection
from experimental models.

189



Annu. Rev. Pathol. Mech. Dis. 2008.3:189-220. Downloaded from arjournals.annualreviews.org
by Robert Colvin on 02/05/08. For personal use only.

IFNy: interferony

TGFB:

transforming growth

factor 3

190

INTRODUCTION

Long-term acceptance of renal allografts with
minimal or no immunosuppression is the goal
of clinical transplantation. The major obsta-
cles are immunologically mediated injury on
the one hand, and adverse effects of immuno-
suppression on the other. Here we describe
the molecular and cellular mechanisms be-
lieved to be responsible for rejection of renal
allografts, beginning with descriptive cellular
and molecular pathology in humans. Rele-
vant experimental evidence is reviewed, de-
rived largely from heart and kidney transplan-
tation in genetically defined mouse strains.

We concentrate on the effector phase
of the alloimmune response and on how
the mechanisms can be deciphered in tis-
sue. For convenience, we divide rejection into
acute and chronic processes, although these
probably form a continuum. We consider
T cell- and antibody-mediated mechanisms
separately, knowing that they commonly oc-
cur together. The innate immune system and
nonimmune graft injury are briefly discussed.
Finally, we review new information regard-
ing possible molecular mechanisms by which
grafts resist rejection in a state of accommo-
dation and the features associated with graft
acceptance (tolerance).

ACUTE T CELL-MEDIATED
REJECTION

Human Pathology

Patients with acute cellular rejection develop
an abrupt rise in serum creatinine, fluid reten-
tion, and sometimes fever and graft tender-
ness. With current therapy, directed largely
at T cells, the incidence of acute rejection
is approximately 5%-10% in the first year
in unsensitized patients. Pathologically, acute
cellular rejection is manifested by the ac-
cumulation of mononuclear cells in the in-
terstitium, accompanied by inflammation of
the tubules and sometimes of the arteries
(1). Mononuclear cells permeate the inter-
stitial space around tubules and are com-
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posed mostly of CD4" and CD8* T cells
(1). T cells contain cytotoxic granules (per-
forin and granzyme A and B) or the cyto-
toxic effector ligand, FasL (2). Gene expres-
sion studies show an increase in mRNA for
cytotoxic T cell (CTL)-associated transcripts
(3): granzyme B, perforin, and FasL (4-6), as
well as T-bet, a master transcription factor
for effector T lymphocytes (Thl and CTLs)
(4, 7). Other cytokines and chemokines se-
lectively expressed in acute rejection are in-
terferon 'y (IFNYy), tumor necrosis factor 3
(TNFp), TNFo, chemokine (C-C motif) lig-
and 5 (CCLS5)/regulated upon activation, nor-
mal T cell expressed and secreted (RANTES),
and CCL3/macrophage inflammatory pro-
tein (MIP-1x) (4). Genes induced by IFNy
are also highly expressed in acute rejection (8,
9). Elevation of transforming growth factor 3
(TGFp) is variable and correlated with later
development of fibrosis (10). In protocol biop-
sies, the genes that are differentially expressed
in clinical versus subclinical rejection are T-
bet, FasL, and CD152 (CTLA4) (4).
Tubulitis, invasion of the tubular epithe-
lium by infiltrating T cells and macrophages,
is a characteristic feature of acute cellular
rejection (Figure 1 and Figure 2) (1). In
extreme cases, tubular basement membrane
rupture occurs, causing the leakage of tubu-
lar protein into the interstitium, a feature
that correlates with graft dysfunction and
progressive tubular loss (11). Intratubular T
cells with cytotoxic granules accumulate se-
lectively in the tubules, compared with the
interstitial infiltrate, accounting for 65% of
the mononuclear cells in tubules compared
with approximately 30% of the interstitial
cells (12). Lymphocytes expressing perforin
mRNA and perforin protein are closely as-
sociated with tubular epithelial cells (2, 13).
Increased numbers of TUNEL™* tubular cells
are present in acute rejection (12, 14). The
degree of apoptosis correlates with the num-
ber of cytotoxic cells and macrophages in the
infiltrate, suggesting a pathogenetic relation-
ship (12, 15). Many lymphocytes in tubuli-
tis lesions express proliferation markers and
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Figure 1
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(@) In acute cellular rejection, mononuclear cells infiltrate the tubules (tubulitis, #77ow), as in this striking
example. (b) In late graft dysfunction from rejection, tubules are atrophic. (Periodic acid-Schiff stain.)

the integrin o 37, which binds to E-cadherin
on tubular epithelium (16). CD103(«E)* cells
are found exclusively in the tubules. Pu-
tative T regulatory cells (Tregs) expressing
FOXP3* and CD4" are also concentrated
in the tubules (17). Tubular epithelial cells
upregulate intracellular adhesion molecule-1
(ICAM-1), CD80, and CD86, which are cos-
timulatory molecules for T cells (18). In-
creased urine concentration of mRNA for
CD103, perforin, granzyme B, and FOXP3
are found in acute rejection (19).

During acute rejection, a variety of
chemokines are produced in the graft, includ-
ing CXCL10, CCL2, CCL3, CCL4, CCLS5,
and CL1 (lymphotactin) (20, 21). Tubules are
also a source of chemokines CCL2, CCL3,
CCL4, CCL5, CXCLS (IL-8), and CX3CL1
and cytokines TNFo, TGFf, and IL-6 (21—
24). Epithelial activation is probably a re-
sponse to local T cell production of IL-17
(25) and perhaps also to TNF« because tubu-
lar cells express TNFR2 (24). Heparan sul-
fate within the tubular basement membrane
may provide binding sites for chemokines,
such as CCLA4, to create gradients (23). In-
filtrating cells express several chemokine re-
ceptors, including CCR2, CCR5, CXCR3,
and CX3CR1 (20). CCRS is found mostly in
diffuse infiltrates (20), whereas CXCR#4 is in

nodular aggregates of mononuclear cells (22).
The pattern of expression suggests a predom-
inance of Th1 over Th2 cells (CCRS and not
CCR3 or CCR8) (20). CCRS is probably im-
portantin the pathogenesis of rejection, as hu-
mans who are homozygous for inactive A32
form have a greater graft survival than those
with the active form (26). Endarteritis (en-
dothelialitis), characterized by subendothelial
and intimal infiltrates of CD4" and CD8* T
cells and macrophages (1), is a pathognomonic
feature of cell-mediated rejection (Figure 3
and Figure 4).

Endarteritis is detected in approximately
25%-40% of renal biopsies taken for acute
rejection and rarely found in stable grafts
(<0.5%) (27). Endarteritis responds poorly
to steroids, but is reversible with anti-T-cell
therapy (OKT3), arguing for a pathogenic
role for T cells (1). Apoptosis of vascular en-
dothelial cells (ECs) is present in sites of en-
darteritis (28). Endarteritis is not always asso-
ciated with interstitial inflammation, arguing
fora T cell pathway distinct from that of tubu-
lointerstitial rejection.

Glomerulitis is occasionally a conspicuous
feature of acute cellular rejection. The cells in
the glomeruli are largely CD3 T cells, with
an admixture of CD68 macrophages (29). In
severe cases, the endothelium shows marked
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Diagram of postulated events in tubulitis. T cells are attracted into cortical tubules (proximal and distal),
probably via chemokines (CCL2, CCL5, CX3CLI) from tubular cells, made in response to cytokines
from the inflammatory cells [e.g., interleukin (IL)-17, tumor necrosis factor & (TNF«)]. These
concentrate in the basement membrane matrix. T cells, especially cytotoxic T lymphocytes, enter

between tubular cells and may cause apoptosis by releasing cytolytic granules containing granzymes and
perforin or by exposure of FasL on the T cell surface. The integrin component CD103 is postulated to
help retain T cells in the epithelial layer by binding to E-cadherin, expressed most strongly in the distal
nephron. Cells with the phenotype of T regulatory cells (CD4" FOXP3") also accumulate in tubules;

their function is unknown. Tubules produce TNFf, which promotes FOXP3 expression, and IL-15,
which inhibits perforin production. Protease inhibitor-9 from tubules inhibits granzyme B (see text).
Tubular cells chronically exposed to transforming growth factor f (TGFp) (e.g., from macrophages) may
undergo epithelial-mesenchymal transition, an aberrant phenotype evidenced by epithelial cell
expression of x-smooth muscle actin and loss of E-cadherin expression. These cells then may infiltrate

the interstitium and contribute to fibrosis.

activation and swelling with mesangiolysis,
and accumulation of webs of periodic acid—
Schiff-stained material. Why the glomerulus
becomes a target in a minority of cases is an
unsolved mystery.

Experimental Studies

Proof of mechanisms in organ transplantion
relies on in vivo models in animals. Mice and
rats are particularly suitable to genetic and
experimental manipulation, but some of the
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models are highly artificial. Allograft stud-
ies in large animals, especially monkeys and
pigs, have the advantage of greater preclini-
cal relevance, but are limited by expense and

availability.

Afferent

permits only a brief orientation to the nature

alloimmune response. Space

of the afferent immune response to alloanti-
gens, reviewed elsewhere in detail (31). The
arises  principally

alloimmune  response
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against the genetically determined, highly
polymorphic cell surface molecules, known
as class I and class II major histocompatibility
complex (MHC) antigens (HLA in humans,
H-2 in mice), of the donor that are lacking in
the recipient. These antigens are widely, and
sometimes variably, expressed on tissue cells
(e.g., endothelial and tubular cells), which may
influence which graft cells become targets of
the alloimmune response. The importance of
MHC antigens in humans is evident by the
observation that grafts from HLA-identical
siblings survive considerably longer than
those from HLA-nonidentical siblings (1).
In mice, mutations affecting only 1-3 amino
acids in a single class I or II molecule are
sufficient to induce graft rejection. T cells
recognize foreign MHC molecules either
on the graft cells (direct pathway) or, after
reprocessing, on the surface of recipient
antigen-presenting cells (indirect pathway).

Patients normally do not have preexist-
ing alloreactivity (presensitization) to MHC
molecules, unless they have been exposed to
foreign human cells through pregnancy, blood
transfusion, or transplantation.

Other polymorphic antigens (known as
minor or non-MHC antigens) and even auto-
antigens may also serve as a target of the T
cell or antibody-mediated immune response
to allografts. ABO blood group glycolipids ex-
pressed on endothelial and red blood cells are
notable examples of non-MHC antigens. The
spectrum and identity of other non-MHC
antigens remain a long-standing topic of in-
vestigation.

A second signal (costimulatory signal) is
ordinarily required for T cell activation (31).
T cells then attack the graft cells by direct
surface contact (cell-mediated cytotoxicity) or
indirectly via cytokines and their effects on
other cells. T cells stimulated by the indirect
pathway can also provide help to B cells to ex-
pand and differentiate into plasma cells, pro-
ducing antibodies to donor MHC molecules.

Costimulatory molecules. The second sig-
nals, or costimulatory molecules, most

Figure 3

(@) Endarteritis, or mononuclear inflammatory cells under the arterial
endothelium, in acute cellular rejection. (b) This artery demonstrates
endarteritis and active early chronic transplant arteriopathy. The intima is
thickened, fibrotic, and contains mononuclear cells, which stain for CD3 by
immunohistochemistry (inser). (c) A later, and less active, chronic lesion,
showing a thickened intima with fewer mononuclear cells. All panels are
H&E stained.
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Diagram of postulated events in T cell- and antibody-mediated endothelial interactions in allografts.
Both T cells and antibody may recognize antigen on target endothelium, leading to rejection and chronic
changes in the endothelium and the underlying smooth muscle layer. T cells acquire an activated
phenotype and may directly cause cytotoxicity of the target cells. Antigraft antibody is usually directed
against the major histocompatibility complex molecule; antibody deposition then activates complement.
Antigen recognition leads to a multiplicity of responses by the endothelial cell (EC), resulting in changes
in EC surface molecule expression and EC secretion of various factors. These secreted factors activate the
immune and coagulation systems and affect the neighboring cells. Although these effects are designated
as T cell- or antibody-related effects, many effects may be common but have not been studied.

investigated for their role in graft rejection
are the receptor ligand pairs: CD28/CTLA4
and CD80/CD86 (B7-1/B7-2), CD40 and
CD154, ICOS and ICOSL, OX40 and
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OX40L, and CD27 and CD70 (Table 1).
Costimulatory blockade with antibodies or
soluble receptors (CTLA4-Ig) or genetic
deletion of single costimulatory molecules



Table 1 Effects of deficiency of costimulatory molecules and receptors on mouse cardiac allograft rejection

Acute Chronic
Molecule deficient Recipient! Donor? rejection’ rejection*  Reference(s)
CD80 and CD86 (B7-1,-2) DKO - (32)
CD80 and CD86 (B7-1,-2) DKO ! (32)
B7 family CTLA4-Ig ! (33-35)
CD28 KO - 33)
CD28 KO ! (36)
1COS KO - 37)
CD137 (4-1BB) KO ! (39)
B7-3H KO/rapamycin N N 36)
CD40 KO KO ! - (39, 40)
CD40 KO ! 1)
CD40 KO - 1)
CD40L KO ! - “2)
CD40L KO - 42)
CD40L mAb/aCD4 ! ! (36, 43)
CDI134L (OX40L) KO - 44)
CD70 mAb - 5)
Combinations
CD28 and CD40L CTLA4-Ig/mAb ! ! (46)
CD28 and CD70 KO/mAb ! l (45)
CD28 and CD137 DKO ! (39)
CD28 and B7-3H DKO ! (36)
CD40L and B7-3H mAb/KO ! ! (36)

'DKO, double knockout; CTLA4-Ig, soluble CTLA4 with Ig domain; KO, knockout deletion in recipient or donor; mAb, monoclonal antibody.
2Full MHC mismatch.
31, decreased acute rejection (improved graft survival); 1, increased acute rejection; —, no effect; blank, not studied.
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*|, decreased chronic arteriopathy; 1, increased chronic arteriopathy; -, no effect; blank, not studied.

generally prolongs acute rejection, but in
general has little effect on chronic rejec-
tion. Prevention of chronic rejection has re-
quired interference with two or more separate
pathways (e.g., B7 and CDA40).

Antigen presenting cells. Dendritic cells
(DCs) are critically important in antigen pre-
sentation and subsequent graft rejection. In-
deed, depletion of donor DC prolongs sur-
vival of allografts (47). Immediately after
transplantation, donor DCs migrate to recipi-
entdraining lymph nodes and spleen (48), and
recipient DCs enter the graft. Thus, sensiti-
zation to the graft occurs in draining lymph

nodes (the dominant pathway) and probably
in the graft as well. This two-way migration
continues over ensuing weeks. Unique to the
immune response to allografts is that DCs
from both donor and recipient can provide
activation signals to recipient T cells. Cu-
riously, sensitization occurs even if the cos-
timulatory molecules CD80/CD86 are absent
from the donor DC and class 11 is absent from
the recipient DC, arguing that the cells can
act together (in trans) (49). The chemokines
CCL19 and CCL21 are required for the mi-
gration of DCs to lymphoid tissue; absence
of CCL19/CCL21, or their receptor CCR7,
inhibits acute graft rejection (Table 2) (50).

www.annualreviews.org o Kidney Transplantation
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Table 2 Effects of deficiency of chemokines and receptors on mouse cardiac allografts

Acute Chronic

Molecule deficient Recipient! Donor rejection  rejection Reference(s)
CCL3 (MIP-1a) KO - (59)
CCLS5 (RANTES) KO - 59
CCL17 KO ! (60)
CCL19/CCL21 KO ! (50)
CCRI1 KO ! 61)
CCR2 KO - 62)
CCR4 KO - (63)
CCRS KO - 57
CCRS KO | 59)
CCR5 KO+CNI 1 ! (59, 64)
CCR7 KO ! (65, 66)
CXCL9 (Mig) pAb ! 67)
CXCL10 (IP-10) KO - 69)
CXCL10 (IP-10) KO ! (68)
CXCR3 KO ! (69)
CX3CRI1 (fractalkine) KO - (70)

! Abbreviations as in Table 1; CNI, calcineurin inhibitor; pAb, polyclonal antibody.

With time, grafts can develop tertiary lym-
phoid organs (TLOs), as discussed below (51).

B cells can also present antigen by virtue
of their costimulatory molecules, high levels
of class II, and surface Ig, which concentrates
antigens. Chimerically engineered mice
with MHC class II deficiency confined to
B cells show markedly prolonged cardiac
allograft survival (>70 days), compared
with controls (9.5 days). In these recipients,
CD4" T cells are less activated, and no
alloantibody is formed (52). This study ele-
gantly demonstrates the in vivo importance
of B cell antigen presentation in the allo-
graft response. Direct antigen presentation
by graft cells can occur via tubular cells
and ECs, which can process and present
antigen to activated T cells in vivo and in
vitro (53, 54), a process dependent upon
CD80/CD86 expression (55). One study
demonstrated that ECs can, via proteasome-
and  transporter-associated-with-antigen-
processing-dependent pathways, process and
present exogenously derived proteins in the
context of MHC class I (54). Infiltrating
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recipient macrophages can scavenge and
present donor antigens from ECs and other
donor cells (56).

Chemokines. Chemokines, a family of at
least 48 small proteins, promote the migra-
tion of leukocytes expressing one or more of
their corresponding receptors into tissue. In
mouse heart allografts, acute rejection is de-
layed by a genetic deficiency in the recipient
receptors CCR1, CCRS5, or CXCR3, or lig-
ands CCL17 and CCL19/CCL21 (Table 2).
Surprisingly, CCRS knockout mice showed
high titers of alloantibody and in situ C3d de-
position, perhaps related to the necessity of
CCRS for Treg infiltration of allografts (57,
58). Deficiency of chemokine receptor CCR7
or the ligand CXCL10 in the donor also de-
creases acute rejection. CXCL10 deficiency in
the recipient had no effect, indicating that the
relevant source is the graft. None of these in-
dividual deficiencies affects chronic rejection,
although the addition of calcineurin inhibitors
to CCRS knockout mice inhibits chronic
arteriopathy.
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Effector T cells. Although T cells are es-
sential for acute organ allograft rejection, the
precise mechanisms by which they mediate
graft injury are uncertain. The two theories
are cell-mediated cytotoxicity of parenchy-
mal cells (tubular, endothelial) and local cy-
tokine release, analogous to a delayed-type
hypersensitivity reaction. Cytokines may act
directly on parenchymal cells or indirectly
through effects on the endothelium and
vascular supply.

Cytotoxicity. CD8% class I reactive T
cells kill target cells through perforin and
granzyme A and B, or through the Fas/FasL
cytolytic  pathways (71).
granzyme A and B are proteins in granules

Perforin  and

that are directed into the extracellular space
by exocytosis. FasL activates the death re-
ceptor Fas on the target cells. Both pathways
induce caspase-mediated apoptosis of the
target cell. Effector CD4" T cells that can
mediate class II-restricted cytotoxicity to
minor antigens are also detectable (72). Anal-
ysis of CTLs has received much attention
because the specificity of cytolysis can be
used to account for the precise target cell
selectivity of skin graft rejection. Class 1
mismatched heart allografts show prolonged
survival in perforin knockout mice (73).
Nevertheless, most available evidence with
perforin and Fas/FasL knockouts indicates
that any of these individual cytolytic pathways
are dispensable, as acute rejection still occurs
with these deficiencies in full mismatched
combinations (Table 3).

Cytokines. Another pathway exists in which
effector cells mediate cytotoxicity via secre-
tion of TNFx and TNFp. These have local
cytotoxic action on neighboring target cells
with TNF receptors, as found on many cells.
TNFR1 is expressed on ECs and TNFR2
on tubular cells in rejection (24). Cytotoxi-
city occurs through the apoptosis and the cas-
pase pathways. Anti-TNF-blocking antibod-
ies prolong survival of cardiac allografts in rats
(76). In mice, knockout of both TNF recep-
tors in the graft is required for prolongation
of graft survival. Lack of TNFR1 in the re-
cipient also prolongs graft survival, indicating
that another role of TNF is communication
between recipient cells (Table 4).

IFNY, the prototypic Thl helper cell cy-
tokine, is strongly associated with rejection
and graft-infiltrating cells and is required for
the rejection of bm12 class II disparate skin
grafts (91). However, studies in organ grafts
have shown contradictory results. In mouse
renal allografts, IFNy has a paradoxical bene-
ficial effect, inhibiting necrosis. Kidneys from
IFNYy receptor knockout donors are rejected
more quickly than wild-type donors. Allo-
grafts show fibrin thrombi and necrosis, rem-
iniscent of hyperacute antibody-mediated re-
jection (81, 82). IFNYy or IFNyR deficiency in
the recipient also promotes accelerated graft
necrosis. The mechanism is unclear, but may
involve a lack of the normal inhibitory role of
IFNy on CTLs or a promotion of antibody
production (92, 93).

Other cytokines can be deleted from the
recipient with little or no effect on acute or

Table 3 Effects of deficiency of cytotoxic mediators on mouse cardiac and renal allografts

Acute

Molecule deficient Recipient Donor Graft! rejection  Reference(s)
Perforin KO K - 3)

Perforin KO H - (73)
Granzyme A and B DKO K - (3)

FasL KO KO H - (74)

Fas KO H - (74)

Fas KO H - (75)

! Abbreviations as in Tables 1 and 2; K, kidney allografts, fully MHC mismatched; H, heart.
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Table 4 Effects of deficiency of cytokines and receptors on mouse cardiac and renal allografts’

Acute Chronic

Molecule deficient Recipient Donor Graft rejection rejection  Reference(s)
IFNy KO H 1 (96-98)
IFNy Mab/xCD4, -8 H | (77,78)
IFNy KO+CNI H 1 (79
IFNYR KO H { (80)
IFNYR KO H,K 0 (81)
TFNYR KO H,K 1 (82)
IFNy-+IL2 DKO H - (83)
IL-2 KO H - “4
1L-4 KO H - (84
IL-5 KO H { (85)
IL-9 KO H - (86)
IL-10 KO H t (97, 108)
IL-12 KO H 4 (109, 110)
Migration inhibitory KO KO H - - (87)

factor
TGFpB KO~/* H - 0 (88)
TNFRI1 KO H l (89)
TNFRI, -2 DKO H - (90)
TNFRI, -2 DKO H - 1 (90)

! Abbreviations as in Tables 1-3; KO~/*, heterozygous knockout; xCD4, -8, antibody to CD4 and CDS8. All grafts fully MHC incompatible.
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chronic graft rejection of a fully MHC mis-
matched heart, including IL-2, IL-4, IL-5,
IL-9, and macrophage migration inhibitory
factor. Deletion of IL-10 or IL-12 acceler-
ates acute rejection, indicating these cytokines
normally mute the immune response. Dele-
tion of even one copy of the TGFpB gene
augments chronic rejection, indicating its im-
portance for inhibition of the alloimmune
response.

Pathologic lesions of rejection. Tubulitis,
an important lesion in the diagnosis of rejec-
tion, is believed to contribute to the abrupt
rise in creatinine during acute cellular rejec-
tion (Figure 2). This lesion is T cell depen-
dent and occurs in the absence of B cells and
alloantibody (94). CD103 cell depletion in
rat kidney allografts reduces tubular CD8* T
cell infiltration and tubular injury (95). How-
ever, in mice, renal allograft rejection and
tubulitis are similar between CD103 knock-
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out mice and wild-type controls (3). Compa-
rable losses of tubular epithelial area and E-
cadherin occur, as do similar patterns of mi-
croarray transcriptomes and CTL-associated
transcripts (3). Tubulitis and E-cadherin loss
also occurred in perforin or granzyme A-
and granzyme B-deficient recipients (3).
Thus, in the nonimmunosuppressed mouse,
CD103/E-cadherin and perforin/granzyme-
mediated cytotoxicity are not necessary for
acute tubular injury, but may contribute to the
retention of T cells in tubules and the injury
of the graft in other settings.

Endarteritis affects large and small ar-
teries focally, both within and outside the
parenchyma (Figure 4) (96). Endarteritis oc-
curs without participation of antibody, as
shown in B cell knockout mice (97). ECs un-
dergo apoptosis in both acute and chronic re-
jection (28). In mouse cardiac allografts differ-
ing by class  MHC alone, apoptosis of ECs is
dependent upon perforin (98). Inflammatory
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cell adhesion and transendothelial migration
begin when abluminal chemokines (CCLA4,
CCL5, CXCL8) are transcytosed to the lu-
minal surface and are bound by luminal sur-
face glycosoaminoglycans (heparin sulfate) to
create a chemotactic gradient and inflamma-
tory cell migration (99). The infiltrating cells
are mostly T cells and macrophages with an
effector phenotype. ECs express chemokine
receptors CCR2, CCR8, and CXCR1-4 so
that the corresponding chemokines promote
their activation and upregulation of adhe-
sion molecules ICAM-1, vascular cell adhe-
sion molecule, PCAM) (99). Lack of ICAM-1
or Egr-1, a transcription factor controlling
ICAM-1 expression, inhibits acute rejection
(100, 101).

ACUTE ANTIBODY-MEDIATED
REJECTION

Human Pathology

Acute antibody-mediated rejection, or acute
humoral rejection (AHR), is now widely ac-
cepted as a distinct clinicopathologic entity
(102). Approximately 25% of acute rejection
episodes are due, at least in part, to antibody
to donor HLA antigens. Risk factors include
presensitization and decreased immunosup-
pression (e.g., noncompliance). AHR has oc-
curred with all immunosuppression regimens,
even with profoundly depleting T cell therapy
(103). AHR may occur with or without a com-
ponentof T cell-mediated rejection. Antigens
other than HLA can serve as a target if ex-
pressed on ECs. Examples include ABO blood
group antigens and the putative endothelial
alloantigens, as suggested by the rare occur-
rence of AHR in HLLA-identical sibling grafts
(104). Even auto-antibodies have been impli-
cated, such as those to angiotensin II type 1
receptors (105). Clinically, patients with AHR
present with a rapid rise in serum creatinine,
days to weeks or even years after transplanta-
tion. The clinical presentation is not distinc-
tive from acute cellular rejection, and a renal
biopsy is required for diagnosis.

The kidney typically shows an accumu-
lation of neutrophils and monocytes in per-
itubular and glomerular capillaries (Figure 5)
(29, 30). Peritubular capillaries are often di-
lated. Ultrastructurally, the endothelium of
the peritubular and glomerular capillaries
shows loss of fenestrations, detachment from
the basement membrane, lysis, and apoptosis
(106). The mononuclear infiltrate can be quite
sparse. Tubulitis and endarteritis are gener-
ally minimal, unless a component of T cell-
mediated rejection is present. Microthrombi,
hemorrhage, necrosis of arterial walls, and in-
farction may occur in the more severe cases.
Tregs (FOXP3") are rarer in the infiltrate
than in cell-mediated rejection, perhaps a
factor in its poorer prognosis (17). None of
the histologic features is specific for AHR
(102). Furthermore, immunofluorescence mi-
croscopy does not reliably detect antibody de-
position in the vessels.

Recognition of AHR has become sub-
stantially easier with the advent of the C4d
stain pioneered by Feucht (107). Subsequent
studies by others showed C4d to be highly
correlated with histologic features of neu-
trophils or fibrinoid necrosis and circulating
antidonor-specific antibody (108, 109). C4d
is an inactive fragment of C4b of the clas-
sic complement pathway. C4b and C4d con-
tain an occult sulthydryl group that forms
a covalent thioester bond with nearby pro-
teins upon activation by antibody and CI.
C4d per se has no known functional role,
but remains bound in the tissue for sev-
eral days after immunoglobulin and C1 have
been released. C4d deposits in the major-
ity of the peritubular capillaries as an in-
tense ring pattern, using immunofluorescence
microscopy with a monoclonal antibody in
cryostat sections or immunohistochemistry
with a polyclonal antibody in formalin-fixed
paraffin-embedded tissues (110, 111). Immu-
noelectron microscopy demonstrates C4d on
the surface and in intracytoplasmic vesicles of
ECs (110). Antibodies to donor HLA class
I or II antigens are present in 88%-95% of
the patients who have C4d deposition (102).
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However, AHR can occur in the absence of
demonstrable circulating antibodies, which is
probably due to the absorption of alloantibod-
ies by the graft (112).

C3b, the component activated by C4b,
theoretically should indicate more complete
complement activation in tissue. Indeed, C3d
is associated with acute inflammation (neu-
trophils) in ABO-incompatible grafts, a set-
ting where C4d deposition is the rule, even
in histologically normal grafts (113). In the
usual, ABO-compatible graft, however, C3d
provides no additional information beyond
C4d. Lectin pathway components (e.g., H-
ficolin), which activate C4 by binding to
microbial carbohydrates, are sometimes de-
tected in conjunction with C4d, but their sig-
nificance is unknown (114).

Complement fixation is strongly associ-
ated with the ability of antibody to mediate
AHR in humans (115). Recipients with an-
tidonor HLA class I antibodies able to fix
complement (C4d on FlowPRA beads) had
more severe rejection, as measured by graft
loss (115). Those with noncomplement-fixing
antibodies had a prognosis similar to those
without antibodies. Complement-fixing HLA
class IT antibodies did not affect graft survival,
even though they were associated with C4d
deposition. The potency of human IgG sub-
classes to activate the classical complement
pathway decreases in the order IgG3 > IgG1
> IgG2 > IgG4. IgG3 antidonor antibodies
were present in patients with acute rejection,
but notin stable patients. The latter had a sig-
nificant rise only in the IgG4 subclass (116).

Figure 5

(@) In acute humoral rejection, peritubular
capillaries may show margination of neutrophils.
C4d is detected in these capillaries by
immunofluorescence (inset). () The endothelium
characteristically appears activated and, as
humoral rejection persists or recurs, the
peritubular capillary basement membrane
becomes multilaminated. (c) Occasionally,
peritubular capillary multilamination may be seen
by light microscopy (#rrow). (¢, H&E stained; b,
electron microscopy; ¢, Jones methenamine silver.)
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IgG4 does not fix complement and may in-
hibit immunologic injury.

Experimental Studies

Antibody-mediated rejection in general is dif-
ficult to demonstrate in skin grafts, in part
because the skin revascularizes with recipi-
ent endothelium (117). However, antibody-
mediated rejection has been widely studied
in vascularized organ grafts, including the
heart and kidney. Much of the knowledge
comes from studies of acute xenograft re-
jection, which is mediated initially by natu-
rally occurring antibodies to carbohydrate de-
terminants, analogous to ABO-incompatible
grafts in humans.

Complement. In animal studies, comple-
ment fixation is essential in promoting acute
or hyperacute antibody-mediated rejection
(118). Complement-fixing isotypes of mon-
oclonal anti-H-2 class I antibodies are nec-
essary for passively transferring the AHR
of mouse cardiac allografts (119). Strong
complement-fixing isotypes (IgG3) mediate
acute antibody-mediated rejection indepen-
dent of Fc receptors or NK cells (120). Passive
transfer of complement-fixing isotypes in the
mouse or rat leads to C4d deposition in the
microvasculature, similar to that observed in
renal and heart grafts in humans (121, 122).
C4d is transient, disappearing after two weeks
in mice after passive transfer ceases (121) and
after five daysin rat heart grafts retransplanted
back into isogeneic recipients (122).

The acute effects of complement are well
described and include chemoattraction of
neutrophils and macrophages via C3a and
C5a, vasospasm through the release of PGE2
from macrophages, and edema through the
release of histamine from mast cells. C3a and
C5a increase endothelial adhesion molecules,
E-selectin, vascular cell adhesion molecule-1
and ICAM-1, and production of cytokines and
chemokines such as IL-6, IL-1«, CXCLS, and
CCLS5 (123). The membrane attack complex,
C5b-9, causes lysis of ECs. The local pro-

duction of complement components, such as
C6 by recipient macrophages, augments acute
rejection. Elegant studies with bone marrow
chimeras reveal that macrophages are a more
important source of C6 than plasma for the
AHR of rat hearts (124).

Protection from antibody-mediated rejec-
tion can be achieved by inhibition of the
complement system, as shown by transgenic
expression of the complement regulatory
proteins CD46 (membrane cofactor), CD55
(decay-accelerating factor), and CD59 in pigs
(125). High expression of transgenic human
CD46 prevented hyperacute rejection and
thrombotic manifestations (125). Similarly,
expression of transgenic CD55 and CDS59
in pigs can prevent hyperacute rejection, al-
though a coagulopathy was still present in this
system (126). Genetic absence of CD55 in
mice increases the susceptibility of heart grafts
to low levels of anti-a-gal antibodies (127).
Finally, antibodies to C5 that block activation
and cleavage and formation of the C5b-9 com-
plexinhibitantibody-mediated rejection in rat
to mouse heart grafts (128).

Complement-independent pathways. An-
tibodies can lyse target cells through
the FcyRIIA (CD16) on NK cells and
macrophages (antibody-dependent cellular
cytotoxicity). One piece of evidence that sup-
ports this pathway in humans is that genetic
variation in FcRIIA correlates with the risk
of acute renal allograft rejection (129). An-
tibodies with limited ability to fix comple-
ment in vitro (e.g., IgG1 in the mouse) medi-
ate acute antibody-mediated rejection against
carbohydrate antigens in mouse hearts (120,
130). The efficacy of IgG1 antibody depended
upon NK cells, FcyR, and the complement
system. Inhibition of any one of these abro-
gated IgG1-mediated rejection. Further evi-
dence of NK participation comes from studies
of rat to mouse heart xenografts. During re-
jection, there is elevation of circulating IFNy
levels, probably produced by NK cells, which
is inhibited by NK depletion with anti-asialo-
GM-1 antibodies (131).
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Antibodies without leukocyte or comple-
ment participation can activate ECs to pro-
duce chemokines and promote rejection in
some models (119). Antibodies in vitro in-
duce the expression of CD62E and CD106
in endothelium and promote adhesion and
spreading of NK cells via FcyRIIA (132).
Noncomplement-fixing antibodies to class
I antigens can induce the expression of
chemokines such as monocyte chemotactic
protein-1 in cultured endothelium, an ef-
fect augmented by TNFa (119). In low
doses, antibodies induce a state of resistance
to antibodies mediated through adenosine
A2 receptors and induction of Bel-xL. (133).
Curiously, the absence of IFNy or IL-10
increases the susceptibility of the endothe-
lium in murine heart xenografts to B cell-
dependent antibody-mediated injury (92).

Coagulation. Pathologic ~ features  of
antibody-mediated acute, hyperacute, or
xenograft rejection all share the presence of
microvascular thrombosis. In these condi-
tions, von Willebrand factor is released from
the endothelium, and platelet aggregation
occurs (134). Clotting activation is a conse-
quence of complement fixation, as shown in
rats deficient in C6, in which release of von
Willebrand factor and endothelial injury did
not occur (134). Activation of endothelial
protease-activated receptors by coagulation
proteases, including thrombin (135), leads
to the secretion of many proinflammatory
cytokines. Depletion of fibrinogen with
Ancrod delays antibody-mediated xenograft
rejection in the mouse (131). Genetically
engineered graft endothelial expression of
a membrane-tethered form of tissue factor
inhibitor and hirudin, a thrombin antagonist,
inhibits xenograft rejection in the rat (136).

CHRONIC REJECTION

Human Pathology

Chronic rejection of renal allografts may oc-
cur by cellular or humoral mechanisms, or
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both. Chronic changes can be seen in the
glomeruli, vessels, tubules, and interstitium.
Histologic features characteristic of chronic
rejection are transplant glomerulopathy, per-
itubular capillaropathy, transplant arteriopa-
thy, and, less specifically, interstitial fibrosis
and tubular atrophy (1).

Transplant glomerulopathy. This lesion is
characterized histologically by duplication
or multilamination of the glomerular base-
ment membrane (Figure 6). Electron mi-
croscopy reveals lamination of the base-
ment membrane, loss of fenestrations of
endothelial cells, and variable effacement of
podocyte foot processes. Endothelial cells
show evidence of increased vesicular transport
by neo-expression of plasmalemmal vesicle-
associated protein-1, a component of plas-
malemmal vesicles (caveolae) (137). Glomeru-
lar basement membrane duplication may be
caused by a number of insults to the allograft
glomerulus, including recurrent or de novo
immune complex glomerular disease, throm-
botic microangiopathy, and chronic antibody-
mediated injury (1). The majority of cases
are associated with circulating antibody to
donor MHC class II antigens (sometimes to
class T antigens), and approximately 30%-—
50% of these have C4d deposition in the
peritubular capillaries (102, 138). Transplant
glomerulopathy, when accompanied by C4d
deposition in peritubular capillaries and by
circulating donor specific antibody, is diag-
nostic of chronic humoral rejection (CHR)
(139). Among presensitized patients, prior
episodes of AHR are a major risk factor
for transplant glomerulopathy in later pro-
tocol biopsies (140), and protocol biopsies
with subclinical AHR increase the risk of
later graft dysfunction, fibrosis, and tubular
atrophy (141).

Peritubular capillaropathy. Just as base-
ment membrane duplication or multilamina-
tion may be seen in glomeruli in transplant
glomerulopathy, a similar finding may be
seen in peritubular capillaries by electron
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Figure 6

(@) Acute transplant glomerulitis, with
mononuclear cells in many glomerular capillary
loops (arrow). (b) As rejection becomes chronic,
the glomerular basement membrane shows
duplication or multilamination (#77ow). These
changes may be seen by electron microscopy
before they are apparent by light microscopy.
(¢) Chronic allograft glomerulopathy, with
widespread duplication of the glomerular
basement membrane (#r7ows). (Periodic
acid—Schiff stain; electron microscopy.)

microscopy (Figure 5), as has been studied
extensively (1). When damaged endothelium
repairs itself, it also forms a new basement
membrane layer. The pathologic finding
of basement membrane multilamination is
thought to occur by repeated episodes of
injury to the endothelium by antibody. Ivanyi
etal. (142) have proposed that this peritubular
capillaropathy be defined as one peritubular
capillary with seven or more circumferential
basement membrane layers, or three or
more peritubular capillaries with five to
six circumferential layers. Accumulation of
mononuclear cells in peritubular capillaries
is also characteristic feature of CHR and
predicts later graft failure (143). What leads
to episodic antibody injury in the graft en-
dothelium is unknown, but one explanation
is the fluctuation of antibody levels during
the life span of the chronically rejected
graft, as described in some patients followed
longitudinally for donor-specific antibody
(144). It follows that circulating antibody may
be below the level of detection at a given time
point, having left behind its pathologic lesions
(Figure 7). In addition, the graft itself may
show fluctuating levels of accommodation,
injury, or repair to antibody (see below).

Transplant arteriopathy. Neointimal thick-
ening with scattered mononuclear cells may
be seen as a feature of either C4d-positive
or C4d-negative chronic rejection. This le-
sion, also known as “transplant arteriopathy,”
is characterized histologically by thickening

of the arterial intima without duplication of
the elastica (in contrast to fibroelastic thicken-
ing seen in hypertension). Macrophages and
CD3*" T cells may sometimes be demon-
strated within the thickened intima, as evi-
dence of cell-mediated immunologic activity.
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Figure 7
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Hypothesized relation between donor-specific antibody (DSA) concentration in the serum, capillary C4d
deposition, and multilamination of peritubular capillary basement membranes. At some time points,
DSAs may be below the level of detection in patient serum, correlating to negative C4d deposition in the
graft, whereas at other time points, DSA fixes complement and causes endothelial injury in the graft.
Variation in the graft resistance to the effects of antibody and complement may also vary over time (not
illustrated). The endothelium repairs itself, forming a new basement membrane layer. This cycle of
antibody-mediated injury and endothelial activation and repair may explain the observation in tissue of
basement membrane multilamination. Note that the remnants of previous antibody-mediated injury may
be apparent on tissue examination, even when C4d or DSA is no longer detectable.

Interstitial fibrosis and tubular atrophy.
Although not specific for rejection, intersti-
tial fibrosis with tubular atrophy is another
important histologic feature of chronically re-
jected kidneys. The term chronic allograft
nephropathy has been applied to this feature
butis no longer a preferred designation in the
Banff system (139). These changes may be
associated with donor-specific antibody and
C4d, as a manifestation of calcineurin in-
hibitor toxicity and as a residue of T cell-
mediated rejection.

Epithelial-mesenchymal transition of
tubular cells. One putative mechanism
of fibrosis is by epithelial-mesenchymal
transition (EMT) of tubular cells to an
activated myofibroblast that migrates into the
interstitium. Steps in this conversion include
loss of cell-cell adhesion, loss of E-cadherin,
acquisition of «-smooth muscle actin, actin
reorganization, tubular basement membrane
disruption, cell migration, and production
of profibrotic molecules. TGFp may play
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an important role in the pathogenesis of
fibrosis and EMT. Robertson et al. (145)
sought evidence for EMT in human renal
allograft biopsies by looking at tubular
epithelial expression of S100A4, a human
homolog of the mouse fibroblast-specific
protein 1 (FSP1). These investigators found
tubular expression of S100A4 near CD8*
T cells in tubules. Moreover, CD8' T cells
were in close proximity to S100A4-positive
epithelial cells in remnant tubules in a fibrotic
tissue. This study provides in vivo evidence
for the relation of rejecting inflammatory
cells contributing to the tubular atrophy
with interstitial fibrosis seen in chronically
rejected kidneys.

Lymphatic neogenesis. Increased lym-
phatic vessel formation has been documented
in grafts, sometimes ones associated with
nodular infiltrates that form structurally
differentiated lymphoid tissue. Apprecia-
tion of this process has been enabled by
new antibodies, such as to podoplanin and
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LYVE-1, which identify lymphatic vessels.
The prognostic and pathogenetic significance
of lymphatic vessels and TLO in allografts
remains to be determined. Kerjaschki et al.
(146) demonstrated lymphatic neogenesis at
the site of nodular inflammatory cell infil-
trates in human renal allografts. Follicular
DCs, CD23* T cells, and B cells are present
in kidney and heart grafts, with markers of
active proliferation. Lymphatic neogenesis in
biopsies taken for graft dysfunction was asso-
ciated with a worse outcome (146). However,
protocol biopsies of normally functioning
grafts also show lymphatic vessels increase
in areas with cellular infiltrates. In these
grafts, increased lymphatic vessel density was
associated with a better graft outcome (147).

Experimental Studies

The common model of chronic rejection in
the mouse is the heterotopic cardiac allo-
graft. This model has limitations because it
is hemodynamically nonfunctional, although
it does contract. These grafts show endarteri-
tis acutely and later intimal fibrosis, especially
in proximal coronaries that resemble the le-
sions in small arteries in human kidney allo-
grafts. Manipulation of various costimulatory
factors, chemokines, and cytokines has been
performed (Tables 1-3). In general, inhibi-
tion of more than one pathway is necessary for
the reduction of chronic arteriopathy, which
in mice may be initiated by either antibodies,
T cells, or the innate immune system.

The best evidence that antibody is suffi-
cient to initiate allograft arterial intimal fi-
brosis comes from murine models. A recent
study used passive transfer of anti-MHC anti-
body into immunologically deficient mice [re-
combination activating gene (RAG-1) knock-
out, without functional T or B cells] bearing
MHC class I mismatched cardiac allografts
(121). These mice showed early C4d depo-
sition in capillaries and later developed trans-
plant arteriopathy, similar to the arteriopathy
seen in human renal allografts. After treat-
ment stopped, antibody and C4d disappeared,

leaving behind the arteriopathy. These ob-
servations may be relevant to the imperfect
correlations between late arteriopathy and
C4d/antibody in clinical studies. Using a male
to female C57BL/6 heart transplant model
(with intact RAG-1), this study also demon-
strated that T cell-mediated immunity to mi-
nor antigens was sufficient to cause transplant
arteriopathy, in the absence of a humoral com-
ponent. A third pathway to arteriopathy in
mice was shown to be mediated by NK cells,
as noted above, using parent to F1 cardiac
allografts (148).

IFNY is a critical molecule in the patho-
genesis of the chronic vascular injury. Anti-
bodies to IFNy or IFNy knockout animals
given transient immunosuppression show re-
duction of the chronic arteriopathy (Table 3),
and synthesis of IFNy by the T cells is nec-
essary (149). Studies using a human to mouse
arterial xenograft showed that IFNYy is suffi-
cient to initiate intimal fibrosis (150).

Large animal models with functioning re-
nal allografts replicate with considerable fi-
delity the pathological features of chronic
rejection in human allografts. In a nonhu-
man primate model of chronic rejection,
Cynomolgus monkeys received non-life-
sustaining kidney transplants and were given
suboptimal immunosuppression with cy-
closporine (96). Transplant glomerulopathy
and arteriopathy developed with infiltration
of CD3*" T cells and CD68" macrophages,
in the intima, indicating an active cellular im-
mune response. Focal expression of a-smooth
muscle actin® myofibroblasts were found in
arteries with acute endarteritis. Myofibrob-
lasts, which produce extracellular matrix pro-
teins such as collagens, may represent an early
stage in the development of transplant arteri-
opathy, such that repeated episodes of treated
or attenuated acute rejection leads to the inti-
mal fibrosis of chronic rejection. An evolution
from endarteritis to arteriopathy was evident
in single cross sections, which showed fibrotic
areas nearest the internal elastica and the most
cellular areas under the endothelium. Arteri-
opathy developed even in the 40% that had
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no C4d deposition, arguing that complement-
independent mechanisms were sufficient.

A nonhuman primate model of tolerance
induction for renal allografts has been devel-
oped using simultaneous kidney and donor
bone marrow transplantation. These animals
undergo total body irradiation and, in some
cases, splenectomy. They initially receive im-
munosuppressive medications, which are dis-
continued after one month. In this model,
most animals do not reject their kidney al-
lografts and show no evidence of alloantibody
or C4d, representing a state of tolerance to the
graft. Despite the conditioning regimen, a sig-
nificant minority develops CHR, with alloan-
tibody, transplant glomerulopathy, and C4d
deposition (151). The glomerulopathy is pro-
gressive and leads to renal failure. This study
identified a sequence of four stages of CHR,
beginning with antibody production without
C4d deposition in grafts, then deposition of
C4d with normal graft histology, followed by
pathologic changes, and finally a fourth stage,
with graft dysfunction and renal failure. A
similar sequence has been observed in humans
(R.B. Colvin et al., unpublished data), but the
evidence is still anecdotal and the inevitability
of progression has not been proven.

EMT has been clearly demonstrated in
cultured tubular epithelial cells, in which
TGFp promotes transition to fibroblasts and
bone morphogenic protein-7 can reverse this
process (152). Using genetic markers for
prior epithelial differentiation, epithelial mes-
enchyme transition was elegantly proved to
occur in the mouse kidney in vivo (153). Rat
kidney allografts lose E-cadherin expression
and increase smooth muscle actin in areas
of fibrosis (154). The overall contribution of
EMT to fibrosis is probably small.

Lymphatic neogenesis has also been stud-
ied in a murine allograft model. Baddoura
et al. (51) investigated a special type of lym-
phatic neogenesis, termed TLOs, in mouse
cardiac allografts. TLOs are defined as con-
taining high endothelial venules, naive T and
B cell regions, and follicular DCs, as rem-
iniscent of lymph node architecture. TLO-
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like structures with high endothelial venules
develop in 78% of chronically rejected al-
lografts. Chronic rejection TLOs may thus
serve as a site of local immune activation,
analogous to autoimmune diseases or chronic
infections (51). Local production of alloanti-
body has been demonstrated in the lymphoid
nodules of aortic allografts in rats (155).

INNATE IMMUNITY

New roles for components of the innate im-
mune system in acute and chronic rejection
have been recently appreciated in experimen-
tal studies (156). At the time of engraftment,
the graft undergoes ischemia-reperfusion in-
jury with activation of Toll-like receptors of
the innate immune system, leading to cy-
tokine release of TNFa and ILI1. These
proinflammatory mediators induce tubular
epithelial-cell-derived CXCLS8, which at-
tracts neutrophils by activating CXCR2. Toll-
like receptor activation of the innate immune
system also affects DCs and their matura-
tion, leading the transition to the adaptive
or antigen-specific phase of transplantation
immunity.

Local synthesis of the complement protein
C3, but not C4, promotes T cell-mediated re-
jection of renal allografts in mice (157). Kid-
neys from mice genetically unable to produce
C3 survive more than 60 days, compared with
controls thatare rejected in <20 days. Tubules
are the major site of synthesis, and it is com-
mon to find C3 deposited along the TBM in
human kidneys with acute or chronic rejec-
tion. However, it may be the lack of C3 on
donor DCs that is principally responsible, as
DCs from C3 knockout mice are deficient in
antigen presentation (158). Activation of C3
leads to C3b covalently bound to nearby ac-
ceptor molecules, which may include the anti-
gen or cell surface receptors. Even after C3b s
inactivated by factor I and by proteases, resid-
ual C3d remains bound locally on the acceptor
site. Unlike C4d, C3d is a powerful adjuvant
and stimulatory ligand for its receptor CD21
on B cells (159).
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NK cells have long been implicated in the
rejection of bone marrow, but only recently
in the response to organ allografts (156). NK
cells have a potent cytolytic capacity and are
major sources of mediators, such as IFNy.
NK cell depletion inhibited acute rejection of
murine heart grafts only in animals deficient
in T cell costimulatory molecules (CD28)
(160), arguing that the NK cells play a sup-
portive role in the interaction of T cells with
DCs, probably by promoting the maturation
of the latter (161). The major problem in de-
ciphering the role of NK cells is the lack of a
unique marker that can be used in tissue.

NK cells recognize foreign cells by virtue
of the missing self, that is, class I MHC
molecules, for which NK cells have an ar-
ray of stimulatory and inhibitory receptors.
When parental strain bone marrow is placed
into an F1 recipient, the marrow is rejected, a
phenomenon termed hybrid resistance. This
phenomenon has been observed in solid or-
gan transplants as well: The parent of F1 heart
grafts in mice developed florid arterial intimal
thickening, similar in time course and appear-
ance to thatin MHC mismatched grafts (148).
In this setting, T cells would be expected to
be tolerant to self and not contribute to the
allogeneic response.

MECHANISMS OF GRAFT
ACCEPTANCE

Accommodation

Recipients may have circulating antigraft
antibodies, yet their grafts are functional
and appear normal by light microscopy, a
state termed accommodation. Accommoda-
tion needs to be distinguished from a state
of tolerance, in which the graft also functions
without rejection: In classic tolerance, anti-
graft antibodies are not produced, and in vitro
assays of alloreactivity are reduced. Accom-
modation may develop as an alteration in the
host response (e.g., change in antibody titer,
avidity, or Fc functionality) or as an alteration
in the graft. Graft ECs express factors that

protect against antibody- and complement-
mediated damage to the graft (162). Evi-
dence for this mechanism of accommoda-
tion exists, primarily in the xenograft model,
where xenograft survival has been associ-
ated with increased graft expression of anti-
apoptotic (bcl-2, bel-xL, heme-oxygenase-1,
and A20) and complement regulatory factors
(162, 163). Mouse cardiac allografts overex-
pressing bel-2 develop less transplant arteri-
opathy (164). Mice treated with anti-CD4 and
anti-CD40L antibodies showed increased ex-
pression of HO-1, Bel-xL, and A20, and trans-
plant arteriopathy was prevented (43).

In human renal allografts, increased ex-
pression of bel-xL was associated with the de-
velopment of antidonor antibody (165). Duffy
antigen receptor for chemokines, a pseudore-
ceptor for chemokines, is increased in acute
rejection and may inhibit CCRS5-dependent
T cell recruitment (166). Tubules secrete pro-
teins that inhibit effector T cells (Figure 2).
Protease inhibitor-9, the only known in-
hibitor of granzyme B, is synthesized by
tubules in acute rejection (167), and IL-15
produced by tubular cells inhibits expression
of perforin (168). We have found increased
expression of the complement regulatory fac-
tor protectin (CD59) in peritubular capillar-
ies in acute and chronic renal allograft rejec-
tion and decay-accelerating factor (CD55)ina
subset of CHR cases (169). We have hypothe-
sized that chronic rejection may be a manifes-
tation of acute rejection that has been atten-
uated, albeit incompletely, by mechanisms of
accommodation (123).

ABO-blood-group-incompatible  trans-
plantation is the classic setting in which
accommodation has been described. After
pretransplant regimens to remove antibody,
circulating ABO antibodies return and fix
complement in the graft, yet grafts function
normally (170). Eighty percent of ABO-
incompatible grafts showed C4d deposition
in protocol biopsies (113). Accommodation
to blood group antigens, which are carbo-
hydrates, probably works differently from
that toward protein antigens (MHC). In a
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human renal allograft biopsy study using
gene expression analysis, accommodated
ABO-incompatible allografts showed in-
creased expression of Smad proteins, which
are part of a complex pathway involved in
TGFB signaling, as well as increased ex-
pression of protein tyrosine kinases and
associated molecules and mucin-1, and
decreased expression of TNFw. In contrast to
what has been found in some HLA-disparate
human allografts and in xenografts, this study
found no upregulation of HO-1, bcl-2, and
bel-xL (171). The «-1,3-galactosyltransferase
(x-gal) knockout mouse model should help
understand accommodation and tolerance to
carbohydrate antigens. In this model, deletion
of anti-gal-producing B cells can occur (172).

Regulation/ Tolerance

Tregs, the subject of recent increased atten-
tion, express the transcription factor FOXP3
and typically express surface CD4 and CD25.
Mouse studies have shown that CD4" CD25*
Tregs can induce both CD8* and CD4" T
cell hyporesponsiveness to donor target cells.
Tregs that are able to transfer specific non-
responsiveness to alloantigens accumulate in
skin grafts (173). In mouse cardiac allografts,
Tregs can attenuate rejection, which is depen-
dent upon antigen-specific engagement of the
TCR (174) and CCR5 (58).

It is well established in mice that different
organs with the same MHC disparity are ac-
cepted spontaneously at different rates, in the
order liver > kidney > heart or intestine (175).
Renal allografts in mice across an MHC dis-
parity go through a transient episode of acute
cellular rejection, with graft dysfunction, that
resolves spontaneously (176). This observa-

SUMMARY POINTS

tion suggests that an allograft kidney has some

ability to modulate the immune response. In
both humans and in other large animals, a
beneficial effect, with reduction of rejection
episodes, of cotransplantation of two organs
has been observed. In pigs, a donor kidney
was required not only to induce but also to
maintain tolerance in porcine heart recipients
(177). In this same study, adoptive transfer
of CD25% cells from heart-kidney recipients
to heart-only recipients produced short-term,
but not long-term, tolerance. These findings
suggest that there is ongoing education of
Tregs in particular anatomic locations (in this
case, the kidney).

Detection of Tregs in tissue is enabled by
immunohistochemical demonstration of the
specific transcription factor FOXP3. In acute
cellular rejection, FOXP3* cells infiltrate the
graft and account for approximately 4% of
the infiltrating CD4* cells (17). The vast ma-
jority of FOXP3* cells are CD4" (96%), but
a minority express CD8 and a few have nei-
ther CD4 nor CD8 (17). Few FOXP3 cells
are found in humoral rejection, probably ac-
counting for the correlation of low FOXP3
mRNA in the urine with adverse progno-
sis of acute rejection (19). It is notable that
CD4*FOXP3* cells are concentrated most
in the tubules, where 15% of CD4" cells are
FOXP3* (Treg tubulitis). The anatomic loca-
tion of FOXP3* cells in renal allografts may
provide clues as to how Tregs are educated.

Much remains to be learned about the
mechanisms and the diagnosis of graft accep-
tance, which will depend not only upon con-
tinued study of relevant animal models, but
also upon careful analysis of protocol biopsies
and immunological function in patients with
stable or accepted grafts.

1. Graft rejection is not a single process, but caused by different mechanisms, related

to antibody, complement, T cells, and other cell types. A variety of target cells in the
graft are affected by these mediators, particularly endothelial and tubular cells.
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2. Studies in inbred strains of mice using organ allografts identify the central role of
costimulatory molecules and chemokines in acute rejection. Surprisingly little proof
of the necessity of cytotoxic mechanisms is available. Some inflammatory mediators,
e.g., IFNYy, can alter the graft’s susceptibility to injury.

3. Chronic rejection is a major obstacle to transplantation success. Recent evidence
points to a major role for alloantibodies to MHC molecules, as evidenced by circulat-
ing antibodies and C4d deposition in the graft. C4d deposition is the most practical
way to infer antibody interaction with endothelial cells. The major targets of anti-
bodies are ECs of glomeruli, peritubular capillaries, and arteries.

4. Experimental studies support three mechanisms of chronic transplant arteriopathy:
antibodies, T cells, and NK cells. It remains to be established which of these apply to
humans and what will be the appropriate treatment.

5. Grafted organs induce molecules that resist or mitigate the pathological effects of
T cells or antibodies (accommodation). In addition, recent evidence points to the
potentially important role of local immunoregulatory events in the graft, as manifested
by infiltration of FOXP3* Tregs and lymphoid neogenesis.

FUTURE ISSUES

1. Control of antibody production is a major obstacle for long-term graft survival. New
approaches to control B cell tolerance and plasma cells are needed. Production of anti-
bodies to the donor occurs even in patients and animals undergoing various regimens
to induce tolerance.

2. The significance and stability of the putative state of accommodation recognized in
stable patients with circulating antibodies and/or C4d deposition in the graft needs
to be determined. Methods for increasing the strength of accommodation to T cells
or antibody-mediated injury might be a new approach to mitigate chronic rejection.

3. The early stages and pathogenesis of late graft loss remain enigmatic. Considerable
insight is expected through systematic pathological and molecular study of protocol
biopsies taken while the process is active but not clinically evident.
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