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The science of kidney transplantation has progressed consider-
ably in the past half-century largely because of an improved understanding 
of the role of the immune system in allograft rejection, the disentanglement 

of the molecular mechanisms underlying graft failure, and better management of 
immunosuppression.1,2 Rejection has always been the major obstacle. Transplanta-
tion of tissues or cells from a donor who differs genetically from the graft recipient 
induces an immune response in the recipient against alloantigens of the donor 
graft. If not controlled, this response will destroy the graft.

Recent discoveries have clarified how T lymphocytes, the principal agents of 
acute rejection, travel to and recognize the allograft. Important progress has also 
been made in understanding the influences of costimulatory molecules and cyto-
kines and in elucidating how the innate immune system participates in graft rejec-
tion. In this review, we discuss the mechanisms underlying renal allograft rejec-
tion in the order of their clinical occurrence after transplantation.

Clinic a l Fe at ur es of A ll o gr a f t R ejec tion

In the early 1960s, drug therapy for kidney-allograft recipients consisted of aza-
thioprine and corticosteroids, but acute rejection, with fever and graft tenderness, 
was common. This clinical picture has virtually disappeared. The introduction of 
immunosuppression by means of powerful calcineurin inhibitors in the 1980s and 
better immunologic matching of recipients with donors changed the character of 
acute rejection. The overall risk of acute rejection within 1 year after transplantation 
is now less than 15%. Nevertheless, the rejection episodes that do occur are more 
severe than they were previously, and, disappointingly, the rates of graft survival 
beyond 5 years have remained largely unaltered.3

Although an increase in serum creatinine points to rejection, subclinical rejec-
tion may be apparent only on biopsy of the organ and, in the absence of renal dys-
function, can damage the allograft.4 The histologic findings on biopsy influence 
the prognosis and the choice of therapy.4,5 Rejection can be hyperacute (occurring 
within minutes), acute (occurring within days to weeks), late acute (occurring after 
3 months), or chronic (occurring months to years after transplantation). It can also 
be classified according to pathophysiological changes (cellular-interstitial, vascu-
lar, antibody-endothelial), severity (extent of histologic inflammation and injury, as 
scored and graded by means of the Banff schema6,7), response to treatment (pres-
ence or absence of glucocorticoid resistance), presence or absence of renal dysfunc-
tion (indicating acute or subclinical rejection, respectively), and immunologic mecha-
nisms (adaptive or innate immune system response).

The immunologic threat to the renal graft begins before transplantation and 
arises from the systemic effects of donor brain death or perioperative ischemia–
reperfusion injury. Ischemia followed by reperfusion up-regulates the expression of 
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HLA antigens by the graft and causes the release 
of a cascade of chemokines, proinflammatory cy-
tokines, and adhesion molecules within the graft. 
This increased display of HLA antigens intensi-
fies the immune response and increases cellular 
infiltration of the graft, and both these respons-
es increase the risk of rejection.8,9

The Innate Immune System

Pathways of inflammation up-regulate innate in-
jury molecules and aggravate the rejection pro-
cess either directly or indirectly through the acti-
vation and recruitment of T lymphocytes. Injured 
tissues express ligands of the toll-like receptor 
system — damage-associated molecular-pattern 
(DAMP) molecules — and other innate danger mol-
ecules.10 Toll-like receptors normally detect patho-
gens, but they can also sense the presence of 
foreign-tissue molecules and can produce factors 
that cause the maturation and activation of den-
dritic cells. These cells have an important role in 
promoting acute rejection.9 Another element of 
innate immunity, the complement system, produc-
es C3a and C5a, which directly activate intragraft 
T cells and antigen-presenting cells.11-14 An in-
crease in major-histocompatibility-complex (MHC) 
class I peptide–related sequence A (MICA) anti-
gens on endothelial surfaces can activate natural 
killer cells and CD8 T cells. Moreover, there is an 
association between poor graft outcomes and sen-
sitization to the highly polymorphic MICA anti-
gens in HLA-matched transplants.15,16

The Donor

Certain features of the donor — older age, pres-
ence of hypotension or hypertension, diabetes, re-
nal impairment, donation after cardiac death, and 
prolonged ischemia of the graft due to a delay in 
shipping — influence the decision about whether 
to accept an organ from a deceased donor or to 
discard it.17,18 As compared with transplants from 
deceased donors, transplants obtained from a 
spouse, friend, or altruistic donor under optimal 
physiological conditions and with shorter ischemia 
times lead to excellent results, even when genetic 
and HLA differences are greater.19

A n tibody-Medi ated R ejec tion

Antibodies that can mediate rejection include those 
against HLA molecules, endothelial-cell antigens, 
and ABO blood-group antigens on endothelial cells 
and red cells. Most recipients do not have anti-

bodies against HLA molecules before transplan-
tation unless they were sensitized by exposure to 
alloantigens through pregnancy, blood transfu-
sion, or previous transplantation.

Antibodies against Blood-Group Antigens

Kidneys selected for transplantation are routine-
ly assigned to recipients with a compatible blood 
group; however, ABO-incompatible kidneys have 
been successfully transplanted with the use of an 
experimental protocol that entails perioperative 
removal of antibodies from the recipient by means 
of plasmapheresis or immunoadsorption. After 
they have been removed, anti–blood-group anti-
bodies can rise to pretreatment levels after trans-
plantation, adhere to the microvasculature, and 
activate complement, yet they generally do not in-
jure the endothelium. This anomaly has been at-
tributed to “accommodation” within the kidney, 
but the mechanism responsible for this benign 
response is unknown.20 In contrast, injury to the 
graft by anti-HLA antibodies is frequently insidi-
ous, and accommodation is uncommon.

Hyperacute Rejection

Rejection of the renal graft that occurs almost 
immediately after release of the vascular cross-
clamps is classified as hyperacute. Instead of 
“pinking up” as a result of normal reperfusion, 
the kidney appears flaccid and mottled, reflecting 
the deposition of antibodies against HLA anti-
gens expressed on the endothelium of the glom-
eruli and microvasculature. Activation of the classic 
complement cascade within the graft is followed 
by endothelial necrosis, platelet deposition, and 
local coagulation.21 In these cases, the initial or-
gan transplantation procedure usually ends with 
removal of the graft. Improvements in cross-
matching techniques that can better detect donor-
specific antibodies before surgery have largely 
eliminated this problem.22

Acute Antibody-Mediated Rejection

Antibody-mediated rejection often begins within 
days after transplantation (or within weeks, if 
antilymphocyte antibody therapy was given). The 
main feature is rapid graft dysfunction due to in-
flammation. An anamnestic response engendered 
by previous exposure to the relevant antigen rap-
idly generates high titers of complement-fixing 
antibodies.22 The main targets of these “recall” an-
tibodies are MHC antigens displayed by the en-
dothelium of the donor peritubular and glomeru-
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lar capillaries. Agonistic angiotensin II type 1 
(AT1)–receptor antibodies have also been associ-
ated with corticosteroid-resistant vascular rejec-
tion accompanied by malignant hypertension,23 
but their pathogenic role remains unclear.24 The 
damaged endothelial cells release various injuri-
ous molecules: von Willebrand factor and P-selec-
tin, which promote platelet aggregation; cyto-
kines and chemokines, such as interleukin-1α, 
interleukin-8, and chemokine (C-C motif) ligand 2 
(CCL2), which cause leukocytes to adhere to glom-
eruli (glomerulitis) or to dilated peritubular cap-
illaries (margination); and the chemoattractants 
C3a and C5a.21 C4d, a marker of classic comple-
ment activation, is frequently found in peritubu-
lar capillaries (Fig. 1).21 C5b triggers the assem-
bly of the membrane-attack complex (C5b–C9), 
which causes localized endothelial necrosis and 
apoptosis, as well as detachment of endothelial 
cells from the basement membrane. Microthrom-
bi, with hemorrhage and arterial-wall necrosis and 
infarction, occur in severe cases.21

Early diagnosis and treatment are essential for 
salvaging grafts undergoing acute antibody- 
mediated rejection. Treatments include removal of 
antibodies by plasmapheresis or immunoadsorp-
tion, high-dose pulses of glucocorticoids, intra-
venous immune globulin, and antiproliferative 
agents. Supplementary therapies include ritux-
imab25 or antilymphocyte antibody, if there is 
concurrent T-cell–mediated rejection.5 These treat-
ments can be useful when given as prophylaxis 
to highly sensitized or ABO-mismatched recipi-
ents.26 Eculizumab (a monoclonal antibody that 
inhibits the cleavage of C5) and bortezomib (a 
proteasome inhibitor that can inhibit plasma cells) 
are new, investigational agents that have shown 
promise in preliminary studies of antibody-medi-
ated acute rejection, but the results require con-
firmation.27,28 Detection of potentially harmful 
antibodies before transplantation should prompt 
a search for an alternative donor or an aggressive 
approach to post-transplantation management.

T- Cell –Medi ated R ejec tion

Antigen Presentation

The most common form of acute allograft rejec-
tion is initiated when donor alloantigens are pre-
sented to the T lymphocytes of the recipient by 
antigen-presenting cells (APCs). Immature den-
dritic cells within the graft carry donor antigens 
from the transplanted organ to the recipient’s 

draining lymph nodes and spleen; during their 
journey, these antigens mature into APCs.29 The 
recipient’s antigen-presenting dendritic cells also 
participate and circulate through the graft. The 
APCs then home to lymphoid organs, where they 
activate the recipient’s T cells. These T cells dif-
ferentiate into various subgroups and return to 
the graft, where they take part in destroying the 
transplanted organ.

Dendritic cells and macrophages present an-
tigen to T cells efficiently, but B cells can also 
function in this way by capturing and presenting 
antigens with the use of their surface immuno-
globulins and MHC class II molecules. Even tu-
bular epithelial and endothelial cells can present 
antigen to activated T cells.30,31 Sensitization can 
occur in the periphery or in tertiary lymphoid or-
gans that develop within the transplanted kidney.32

The Major Histocompatibility Complex

Figure 2 shows the principal features of the MHC, 
which contains the HLA genes. These highly poly-
morphic genes encode glycoproteins (MHC mol-
ecules) that enable the APCs to display fragments 
of antigens (peptides) to receptors on T cells. Most 
of the MHC molecules are either class I or class 
II. A major functional difference between them is 
that class I molecules present peptides derived 
from internal proteins (e.g., viral proteins) to cy-
totoxic CD8 T cells, whereas class II molecules 
present peptides derived from extracellular pro-
teins (e.g., bacterial proteins) to CD4 T cells.

The MHC encodes the HLA system,33 and mis-
matches between donor and recipient HLA in-
crease the risk of rejection. Grafts from HLA-
identical siblings survive much longer than 
HLA-mismatched grafts from siblings or unre-
lated donors. Differences of only a few amino 
acids within the peptide-binding site of MHC 
may be sufficient to provoke graft rejection.

Recognition of Alloantigens by T cells

Normally, only a small proportion of the T-cell 
population responds to a specific antigen (ap-
proximately 1 cell in 105 to 106 T cells). In con-
trast, the responding proportion in transplanta-
tion is 1 to 10%.34,35 Some of these responding 
T cells are antigen-experienced and have low 
thresholds for cross-reactive activation by MHC 
antigens.

The recipient’s T lymphocytes can sense allo-
antigens displayed by either the donor’s APCs (the 
direct pathway) or the recipient’s APCs (the indi-
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Figure 1. Acute Antibody-Mediated Rejection.

Antibodies against donor antigens bind to antigens expressed on endothelial cells in the graft vessel (Panel A). The subsequent comple-
ment activation and cell adhesion result in endothelial-cell necrosis, followed by platelet deposition and coagulation. PMN denotes poly-
morphonuclear cell. The corresponding histologic changes are shown in Panels B through E. Mononuclear cells adhere to the endotheli-
um of the glomeruli (Panel B, arrows; periodic acid–Schiff stain) and the peritubular capillaries (shown at higher magnification in Panel C, 
arrows; periodic acid–Schiff stain). This process is accompanied by C4d deposition in the glomeruli and peritubular capillaries (Panel D, 
arrows; C4d immunohistochemical stain) and in the peritubular capillaries between ghost outlines of the renal tubules (Panel E, arrows; 
C4d immunofluorescent stain).
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rect pathway, which resembles the pathway in-
volved in the recognition of foreign antigens).36 
Initially, only a few T cells recognize antigens 
indirectly, but the indirect pathway becomes in-
creasingly important in long-term immune in-
jury to the graft, after the donor’s APCs have 
disappeared.37 The recipient’s APCs can also take 
up membrane fragments of other cells; these frag-
ments contain MHC molecules bearing “predi-
gested” peptides derived from the donor’s MHC 
glycoproteins (the semidirect pathway).38,39 APCs 

can present such MHC–peptide complexes to CD4 
T cells, which in turn activate CD8 T cells.

T-Cell Subgroups

Subgroups of helper T cells have distinct cytokine 
profiles.40-43 Figure 3 shows the main features of 
these cells. The concept that type 1 helper T (Th1) 
cells mediate rejection whereas type 2 helper T 
(Th2) cells promote tolerance now appears to be 
simplistic, since Th2 cells alone can reject grafts, 
using pathways that involve eosinophils. Although 

Figure 2. Processing of Endogenous and Exogenous Antigens by Class I and Class II Major Histocompatibility 
Complex (MHC) Pathways.

Endogenous antigens are digested into peptides by proteosomes and are loaded into class I MHC. Exogenous anti-
gens are degraded in or within endosomes and are loaded into class II MHC. Assembly of the MHC within the cell’s 
endoplasmic reticulum precedes its transport through the Golgi apparatus and its ultimate expression on the cell 
surface along with peptide, where the MHC–peptide complex interacts with CD8+ or CD4+ T lymphocytes. β2m 
denotes β2-microglobulin, CLIP class II-associated invariant-chain peptide, and TAP transporter associated with 
antigen processing.
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CD4 T cells produce inflammatory cytokines (in-
ter feron-γ and interleukin-2, which drive a cellular 
response, and interleukin-4, interleukin-5, and in-
ter leukin-13, which produce a humoral response), 
and CD8 T cells mediate cytotoxicity, their effec-
tor functions overlap.44

Regulatory T (Treg) cells that express the tran-
scription factor forkhead box P3 (FOXP3) under-
lie some types of immune tolerance in animal 
models; however, in humans their numbers in-
crease during acute allograft rejection. Whether 
these cells proliferate to restrain the immune re-
sponse or as a consequence of T-cell activation is 
unknown.45 In rare cases of tolerance in which 
patients discontinue immunosuppressive therapy 
yet retain a functioning graft, there are Treg cells 
in the graft. Other studies have shown that the 
number of Treg cells correlates with markers of 

T-cell rejection, including interstitial inflamma-
tion, tubulitis, and cytotoxic gene expression, but 
not with the graft outcome, suggesting that 
FOXP3-positive cells aid in stabilizing inflamma-
tion within the graft.45,46

Costimulation

T-cell activation requires signals other than those 
engendered by the MHC–peptide complex, termed 
costimulatory signals. T cells become anergic when 
presented with an antigen in the absence of these 
signals, and agents that block these signals are 
under development. The chief sources of these sig-
nals are APCs and surrounding tissues.47 Among 
the costimulatory molecules displayed by APCs 
are CD80 (B7-1) and CD86 (B7-2); these two B7 
molecules are ligands for two T-cell–membrane 
receptors, CD28 and CTLA-4. Binding of either 

Figure 3. Activation of T Lymphocytes.

After presentation of antigen by the antigen-presenting cell (APC), naive T lymphocytes become activated, prolifer-
ate, and differentiate into subtypes with characteristic cytokine profiles. Type 1 helper T (Th1) cells drive the cellular 
immune response, and type 2 helper T (Th2) cells produce the humoral immune response. Regulatory T (Treg) cells 
can limit the rejection response, and type 17 helper T (Th17) cells can mediate glucocorticoid-resistant rejection. 
APC denotes antigen-presenting cell, DC donor cell, IFN-γ interferon-γ, MHC major histocompatibility complex, 
TCR T-cell receptor, and TGF-β transforming growth factor β.
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CD80 or CD86 to CD28 stimulates the T cell, 
whereas binding of B7 ligands to CTLA-4 incites 
an inhibitory signal. Other costimulatory mole-
cules include CD40, CD154 (the CD40 ligand), 
and the T-cell immunoglobulin and mucin (TIM) 
subgroup, in which TIM3, a ligand on APCs, in-
teracts with TIM1 on Th1 cells.47-49

Early clinical trials of agents that block co-
stimulation were disappointing; anti-CD154 anti-
bodies are prothrombotic, and the initial CTLA-
4–immunoglobulin compounds had suboptimal 
efficacy. Belatacept, a fusion protein containing 
CTLA-4 and the Fc fragment of IgG1, blocks T-cell 
stimulation engendered by the CD80–CD28 and 
CD86–CD28 pathways. Clinical trials are assess-
ing this more potent inhibitor as a potential re-
placement for nephrotoxic calcineurin inhibitors.50

T-Cell movement in the Allograft

T cells use adhesion molecules, including leuko-
cyte-function–associated antigen 1 (LFA-1), to roll 
along and tether to endothelium, migrate across 
peritubular capillaries,8 and enter the graft (Fig. 
4). Fingolimod, a small molecule that blocks the 
egress of T cells from lymph nodes, and anti–
LFA-1 agents block such T-cell movement,51,52 but 
until now they have had a limited clinical effect 
in transplantation.

Interstitial mononuclear cells, including CD4 
and CD8 T cells, and inflammatory cytokines and 
chemokines accumulate in sites of acute cellular 
rejection (Fig. 1).53,54 The deletion of genes for 
anti-inflammatory cytokines such as interleu-
kin-10 and transforming growth factor β accel-
erates graft rejection in mice, but, paradoxically, 
deletion of the genes for interferon-γ or its recep-
tor exacerbates acute rejection.55

Other cells and pathways have a role in acute 
rejection. The expression of B-cell genes and CD20 
increases in severe cellular rejection,56 and eosino-
philic infiltrates occur in glucocorticoid-resistant 
rejection. Activated macrophages, which secrete 
substantial quantities of proinflammatory cyto-
kines (interleukin-1, interleukin-12, and interleu-
kin-18), tumor necrosis factor α (TNF-α), and 
interferon-γ, impair the function of the graft and 
intensify T-cell–mediated rejection.55,57

Allografts undergoing rejection produce che-
mokines, and some of the cells that infiltrate the 
injured graft bear chemokine receptors.58,59 In 
studies in animals, the induced deficiency of che-
mokines, their receptors, or both impairs the re-

jection of allografts and may also influence the 
character of the inflammatory infiltrates within 
the graft.59

Effector T Cells

T cells mediate allograft injury directly through 
contact with tubular epithelial cells (cell-mediated 
cytotoxicity) and through the effects of locally 
released cytokines. They also injure the graft in-
directly by activating inflammatory or vascular en-
dothelial cells. CD8 T cells release perforin, which 
perforates target-cell membranes, and granzymes 
A and B, which enter cells and induce caspase-
mediated apoptosis. The Fas ligand on cytotoxic 
T cells activates Fas, a receptor on cells of the graft, 
and this interaction also induces caspase-medi-
ated apoptosis.60 CD4 T cells can attack grafted 
cells expressing minor MHC antigens61 and can 
also secrete TNF-α and tumor necrosis factor β 
(TNF-β), which bind to TNF receptors on endo-
thelial or tubular cells, causing them to undergo 
apoptosis.62 In animals, blockade of TNF by anti-
body or knockout of TNF-receptor genes prolongs 
allograft survival.63

In grafts undergoing acute rejection, T lympho-
cytes infiltrate and proliferate within the intersti-
tial space, whence they invade renal tubules, caus-
ing tubulitis (Fig. 4). Inflammatory cytokines 
produced by interstitial T cells activate tubular 
epithelial cells, which in turn attract more T lym-
phocytes by secreting chemokines (e.g., CCL2, 
CCL5, and CX3CL1).64 Invading CD8 T lympho-
cytes, which have immunologic specificity for the 
allograft, cross the basement membrane of the 
tubule, where they proliferate and induce apop-
tosis of tubular cells (Fig. 4). Sublethally injured 
tubular cells can also transform from their native 
epithelial phenotype into primitive mesenchymal 
myofibroblasts, promoting interstitial fibrosis.65 
Necrosis of tubular epithelial cells and basement-
membrane rupture cause urinary leakage, graft 
dysfunction, and progressive tubular atrophy.66

o ther pat ter ns of r ejec tion

Vascular Rejection

The histologic characteristics of vascular rejec-
tion (also termed arteritis or endarteritis) include 
the infiltration of vessels by mononuclear cells, 
endothelial-cell apoptosis, and the synthesis of 
matrix proteins and collagens by intimal myofi-
broblasts (Fig. 4). CD4 and CD8 T cells and mac-
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rophages invade the subendothelium and intima 
of muscular arteries by means of intercellular ad-
hesion molecule 1 (ICAM-1) or vascular-cell ad-
hesion molecules (VCAM) on activated endothe-
lium and by means of chemokine (e.g., CCL4, 
CCL5, and CXCL8) gradients.67 Experimental evi-
dence suggests that anti-MHC antibodies, T-cell–
mediated immunity to minor MHC antigens, nat-
ural killer cells, and interferon-γ all play a role in 
the invasion of vessels.68 Vascular rejection is a 
severe condition that does not respond to gluco-
corticoid therapy and instead requires potent anti-
lymphocyte-antibody therapy (muromonab-CD3 
[Orthoclone OKT3, Ortho Biotech] or antithymo-
cyte globulin).5

Late Acute Rejection

Late acute allograft rejection is often severe and 
difficult to reverse, with a high risk of subsequent 
graft loss. Its main features are active immune in-
flammation and chronic tubulointerstitial dam-
age, which frequently involves graft-directed an-
tibody.68 It can develop in graft recipients with 
high-grade immunity against the transplant or in 
those who receive reduced amounts of immuno-
suppressive therapy because of cancer, prior se-
vere infection, or noncompliance.

Chronic Rejection

Chronic allograft rejection — ongoing immune in-
jury to the graft — is due to a failure to maintain 
sufficient immunosuppression to control resid ual 
antigraft lymphocytes or antibodies. Its features 
include a progressive decline in renal function, in-
vasion of the renal parenchyma by T cells, and per-
sistent infiltration of the interstitium by T cells 
and macrophages. Occasionally, one also sees 
smooth-muscle proliferation and hyperplasia in 
vessels, forming a neointima; focal destruction 
of internal elastic lamina; and finally, vascular 
occlusion7 (Fig. 4).

In chronic antibody-mediated rejection, unde-
tected preexisting donor-specific antibodies or 
antibodies generated after transplantation deposit 
on the capillary endothelium.21 Endothelial injury 
to glomerular and peritubular capillaries causes 
cellular hypertrophy, subendothelial deposition 
of fibrillary material, expansion and duplication 
of the glomerular basement membrane, or me-
sangial-cell interposition (seen on histologic 
examination as double contours), and this is des-
ignated transplant glomerulopathy (Fig. 5). Com-
plement (C4d) deposition in the peritubular capil-

laries and basement-membrane multilamination 
may also occur.21

Fu t ur e Dir ec tions

Despite technical advances and improvements in 
management, the alloimmune response remains 
the primary obstacle to successful kidney trans-
plantation. Rejection of the graft entails much 
more than T-cell responses. Other elements in-
clude the innate immune system of natural killer 
cells, macrophages, and complement; the adaptive 
immune system of antigen-specific T lympho-
cytes and B cells; and cells intrinsic to the graft, 
such as endothelium. Antibody-mediated rejection 
is increasingly recognized as a contributor to late 
graft injury.

Current therapies are focused on the initial 
stages of T-cell activation, and this strategy has 
minimized early acute rejection. However, we need 
to improve our understanding of the mechanisms 
underlying chronic graft dysfunction and devel-
op better treatments to prevent loss of the graft. 
Protocols that are designed to induce immuno-
logic tolerance and the transplantation of organs 
in highly sensitized patients (those previously ex-
posed to alloantigens) are also likely to alter the 
nature and presentation of rejection.

Tests based on the genetic signatures of lym-
phocytes or proteomic or metabolomic patterns, 
with the use of urine or blood samples, hold prom-
ise for monitoring the status of the graft. For 

Figure 4 (facing page). Acute T-Cell–Mediated 
Rejection.

Cellular rejection and transport of cells into the trans-
plant are shown (Panel A). After the initial tethering, 
rolling, and arrest of effector T lymphocytes (which 
bind selectins and integrins on endothelial cells), lym-
phocytes and other immune cells enter the interstitial 
compartment and invade tubules, causing local tissue 
destruction. The histologic features of T-cell–mediated 
rejection include a dense interstitial lymphocytic infil-
tration (Panel B, arrow; periodic acid–Schiff stain), 
with mononuclear cells crossing the tubular basement 
membrane (pink) into the renal tubules, resulting in 
tubulitis (Panel C, arrow; periodic acid–Schiff stain). In 
acute vascular rejection, mononuclear cells adhere to 
the endothelium of small muscular arteries (Panel D, 
arrow; hematoxylin and eosin). In chronic vascular re-
jection, neointimal thickening (Panel E, arrow; Masson 
trichrome stain) due to myofibroblasts leads to com-
plete vascular occlusion. ICAM-1 denotes intercellular 
adhesion molecule 1, LFA-1 leukocyte-function–associ-
ated antigen, VCAM-1 vascular-cell adhesion molecule 1, 
and VLA-4 very late antigen 4.
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kidney grafts, levels of mRNA in the urine that 
correspond to perforin, granzyme B, FOXP3, or 
other molecules appear to be more predictive of 
rejection than levels of mRNA from circulating 
mononuclear cells.69 Enzyme-linked immunosor-
bent spot assays that measure activated lympho-
cytes and assays of mitogen-stimulated CD4 T-cell 
reactivity can quantify the risks of infection and 
rejection.70,71 However, the diagnostic overlap and 
limited number of independent studies validat-
ing their usefulness obscure the clinical value of 
these tests.45,72,73 The transplant biopsy remains 
the principal diagnostic tool, although supplemen-
tation by microarray transcriptome analysis could 
improve diagnostic classification and prognosti-
cation.56,74

Another barrier to progress in this area is our 
limited knowledge of the mechanisms underly-

ing the down-regulation or silencing of the im-
mune response. We do not know why in rare cases 
recipients appear to naturally tolerate an allograft, 
which functions without immunosuppression. 
An understanding of the mechanisms discussed 
in this review will allow the development of im-
munologically specific ways to prevent rejection 
and eliminate the need for toxic immunosuppres-
sive therapies.
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Figure 5. Chronic Antibody-Mediated Rejection.

Antibody-mediated rejection results in transplant glomerulopathy, with thickened glomerular capillaries (Panel A, 
arrows; periodic acid–Schiff stain) and double contours (Panel B, arrows; Masson green and silver stain), accompa-
nied by C4d in peritubular capillaries containing mononuclear cells (Panel C, arrows; C4d immunohistochemical 
stain) and flocculent subendothelial material below an activated endothelial cell of the glomerular capillary (Panel D, 
arrows; electron microscopy).

The New England Journal of Medicine 
Downloaded from nejm.org by J ROBINSON on February 24, 2011. For personal use only. No other uses without permission. 

 Copyright © 2010 Massachusetts Medical Society. All rights reserved. 



mechanisms of disease

n engl j med 363;15 nejm.org october 7, 2010 1461

References

1. Morris PJ. Transplantation — a medi-
cal miracle of the 20th century. N Engl J 
Med 2004;351:2678-80.
2. Sayegh MH, Carpenter CB. Transplan-
tation 50 years later — progress, challeng-
es, and promises. N Engl J Med 2004; 
351:2761-6.
3. Meier-Kriesche HU, Schold JD, Srini-
vas TR, Kaplan B. Lack of improvement in 
renal allograft survival despite a marked 
decrease in acute rejection rates over the 
most recent era. Am J Transplant 2004;4: 
378-83.
4. Nankivell BJ, Borrows RJ, Fung CL, 
O’Connell PJ, Allen RD, Chapman JR. The 
natural history of chronic allograft ne-
phropathy. N Engl J Med 2003;349:2326-
33.
5. Halloran PF. Immunosuppressive drugs 
for kidney transplantation. N Engl J Med 
2004;351:2715-29.
6. Sis B, Mengel M, Haas M, et al. Banff 
’09 Meeting Report: antibody mediated 
graft deterioration and implementation of 
Banff working groups. Am J Transplant 
2010;10:464-71.
7. Solez K, Colvin RB, Racusen LC, et al. 
Banff 07 classification of renal allograft 
pathology: updates and future directions. 
Am J Transplant 2008;8:753-60.
8. Briscoe DM, Alexander SI, Lichtman 
AH. Interactions between T lymphocytes 
and endothelial cells in allograft rejec-
tion. Curr Opin Immunol 1998;10:525-31.
9. Kim IK, Bedi DS, Denecke C, Ge X, 
Tullius SG. Impact of innate and adaptive 
immunity on rejection and tolerance. 
Transplantation 2008;86:889-94.
10. Alegre ML, Leemans J, Le Moine A, et 
al. The multiple facets of toll-like recep-
tors in transplantation biology. Trans-
plantation 2008;86:1-9.
11. Brown KM, Kondeatis E, Vaughan 
RW, et al. Influence of donor C3 allotype 
on late renal-transplantation outcome.  
N Engl J Med 2006;354:2014-23.
12. Pratt JR, Basheer SA, Sacks SH. Local 
synthesis of complement component C3 
regulates acute renal transplant rejection. 
Nat Med 2002;8:582-7.
13. Strainic MG, Liu J, Huang D, et al. Lo-
cally produced complement fragments C5a 
and C3a provide both costimulatory and 
survival signals to naive CD4+ T cells. Im-
munity 2008;28:425-35.
14. Zhou W, Medof ME, Heeger PS, Sacks 
S. Graft-derived complement as a media-
tor of transplant injury. Curr Opin Immu-
nol 2007;19:569-76.
15. Sumitran-Holgersson S. Relevance of 
MICA and other non-HLA antibodies in 
clinical transplantation. Curr Opin Im-
munol 2008;20:607-13.
16. Zou Y, Stastny P, Süsal C, Döhler B, 
Opelz G. Antibodies against MICA anti-
gens and kidney-transplant rejection.  
N Engl J Med 2007;357:1293-300.
17. Danovitch GM, Cecka JM. Allocation 

of deceased donor kidneys: past, present, 
and future. Am J Kidney Dis 2003;42:882-
90.
18. Stratta RJ, Sundberg AK, Rohr MS, et 
al. Optimal use of older donors and re-
cipients in kidney transplantation. Sur-
gery 2006;139:324-33.
19. Terasaki PI, Cecka JM, Gjertson DW, 
Takemoto S. High survival rates of kidney 
transplants from spousal and living unre-
lated donors. N Engl J Med 1995;333:333-6.
20. Lynch RJ, Platt JL. Accommodation in 
organ transplantation. Curr Opin Organ 
Transplant 2008;13:165-70.
21. Colvin RB. Antibody-mediated renal 
allograft rejection: diagnosis and patho-
genesis. J Am Soc Nephrol 2007;18:1046-
56.
22. Terasaki PI. Humoral theory of trans-
plantation. Am J Transplant 2003;3:665-73.
23. Dragun D, Müller DN, Bräsen JH, et 
al. Angiotensin II type 1-receptor activat-
ing antibodies in renal-allograft rejec-
tion. N Engl J Med 2005;352:558-69.
24. Scornik JC, Guerra G, Schold JD, 
Srinivas TR, Dragun D, Meier-Kriesche HU. 
Value of posttransplant antibody tests in 
the evaluation of patients with renal graft 
dysfunction. Am J Transplant 2007;7:1808-
14.
25. Pescovitz MD. Rituximab, an anti-
cd20 monoclonal antibody: history and 
mechanism of action. Am J Transplant 
2006;6:859-66.
26. Vo AA, Lukovsky M, Toyoda M, et al. 
Rituximab and intravenous immune glob-
ulin for desensitization during renal trans-
plantation. N Engl J Med 2008;359:242-51.
27. Locke JE, Magro CM, Singer AL, et al. 
The use of antibody to complement pro-
tein C5 for salvage treatment of severe 
antibody-mediated rejection. Am J Trans-
plant 2009;9:231-5.
28. Stegall MD, Gloor JM. Deciphering 
antibody-mediated rejection: new insights 
into mechanisms and treatment. Curr 
Opin Organ Transplant 2010;15:8-10.
29. Larsen CP, Morris PJ, Austyn JM. Mi-
gration of dendritic leukocytes from car-
diac allografts into host spleens: a novel 
pathway for initiation of rejection. J Exp 
Med 1990;171:307-14.
30. Hagerty DT, Allen PM. Processing and 
presentation of self and foreign antigens 
by the renal proximal tubule. J Immunol 
1992;148:2324-30.
31. Kreisel D, Krupnick AS, Balsara KR, 
et al. Mouse vascular endothelium activates 
CD8+ T lymphocytes in a B7-dependent 
fashion. J Immunol 2002;169:6154-61.
32. Baddoura FK, Nasr IW, Wrobel B, Li 
Q, Ruddle NH, Lakkis FG. Lymphoid neo-
genesis in murine cardiac allografts un-
dergoing chronic rejection. Am J Trans-
plant 2005;5:510-6.
33. Trowsdale J, Parham P. Mini-review: 
defense strategies and immunity-related 
genes. Eur J Immunol 2004;34:7-17.

34. Gudmundsdottir H, Turka LA. A clos-
er look at homeostatic proliferation of 
CD4+ T cells: costimulatory requirements 
and role in memory formation. J Immunol 
2001;167:3699-707.
35. Suchin EJ, Langmuir PB, Palmer E, 
Sayegh MH, Wells AD, Turka LA. Quanti-
fying the frequency of alloreactive T cells 
in vivo: new answers to an old question.  
J Immunol 2001;166:973-81.
36. Vella JP, Vos L, Carpenter CB, Sayegh 
MH. Role of indirect allorecognition in 
experimental late acute rejection. Trans-
plantation 1997;64:1823-8.
37. Womer KL, Sayegh MH, Auchincloss 
H Jr. Involvement of the direct and indi-
rect pathways of allorecognition in toler-
ance induction. Philos Trans R Soc Lond 
B Biol Sci 2001;356:639-47.
38. Ely LK, Burrows SR, Purcell AW, Ross-
john J, McCluskey J. T-cells behaving bad-
ly: structural insights into alloreactivity 
and autoimmunity. Curr Opin Immunol 
2008;20:575-80.
39. Jiang S, Herrera O, Lechler RI. New 
spectrum of allorecognition pathways: 
implications for graft rejection and trans-
plantation tolerance. Curr Opin Immunol 
2004;16:550-7.
40. Chen Y, Wood KJ. Interleukin-23 and 
TH17 cells in transplantation immunity: 
does 23+17 equal rejection? Transplanta-
tion 2007;84:1071-4.
41. Miossec P, Korn T, Kuchroo VK. Inter-
leukin-17 and type 17 helper T cells. N Engl 
J Med 2009;361:888-98.
42. Wood KJ, Sakaguchi S. Regulatory  
T cells in transplantation tolerance. Nat 
Rev Immunol 2003;3:199-210.
43. Zhai Y, Ghobrial RM, Busuttil RW, 
Kupiec-Weglinski JW. Th1 and Th2 cyto-
kines in organ transplantation: paradigm 
lost? Crit Rev Immunol 1999;19:155-72.
44. Csencsits KL, Bishop DK. Contrasting 
alloreactive CD4+ and CD8+ T cells: 
there’s more to it than MHC restriction. 
Am J Transplant 2003;3:107-15.
45. Muthukumar T, Dadhania D, Ding R, 
et al. Messenger RNA for FOXP3 in the 
urine of renal-allograft recipients. N Engl 
J Med 2005;353:2342-51.
46. Bunnag S, Allanach K, Jhangri GS, et 
al. FOXP3 expression in human kidney 
transplant biopsies is associated with re-
jection and time post transplant but not 
with favorable outcomes. Am J Transplant 
2008;8:1423-33.
47. Li XC, Rothstein DM, Sayegh MH. Co-
stimulatory pathways in transplantation: 
challenges and new developments. Im-
munol Rev 2009;229:271-93.
48. Dooms H, Abbas AK. Control of CD4+ 
T-cell memory by cytokines and costimu-
lators. Immunol Rev 2006;211:23-38.
49. Mariat C, Degauque N, Strom TB. 
TIM-1: a new player in transplant immu-
nity. Transplantation 2009;87:Suppl:S84-
S86.

The New England Journal of Medicine 
Downloaded from nejm.org by J ROBINSON on February 24, 2011. For personal use only. No other uses without permission. 

 Copyright © 2010 Massachusetts Medical Society. All rights reserved. 



n engl j med 363;15 nejm.org october 7, 20101462

mechanisms of disease

50. Vincenti F, Larsen C, Durrbach A, et 
al. Costimulation blockade with belata-
cept in renal transplantation. N Engl J 
Med 2005;353:770-81.
51. Brinkmann V, Cyster JG, Hla T. 
FTY720: sphingosine 1-phosphate recep-
tor-1 in the control of lymphocyte egress 
and endothelial barrier function. Am J 
Transplant 2004;4:1019-25.
52. Vincenti F, Mendez R, Pescovitz M, et 
al. A phase I/II randomized open-label 
multicenter trial of efalizumab, a human-
ized anti-CD11a, anti-LFA-1 in renal trans-
plantation. Am J Transplant 2007;7:1770-7.
53. Akalin E, Hendrix RC, Polavarapu RG, 
et al. Gene expression analysis in human 
renal allograft biopsy samples using high-
density oligoarray technology. Transplan-
tation 2001;72:948-53.
54. Hoffmann SC, Hale DA, Kleiner DE, 
et al. Functionally significant renal al-
lograft rejection is defined by transcrip-
tional criteria. Am J Transplant 2005;5: 
573-81.
55. Cornell LD, Smith RN, Colvin RB. 
Kidney transplantation: mechanisms of 
rejection and acceptance. Annu Rev Pathol 
2008;3:189-220.
56. Sarwal M, Chua MS, Kambham N, et 
al. Molecular heterogeneity in acute renal 
allograft rejection identified by DNA mi-
croarray profiling. N Engl J Med 2003; 
349:125-38.
57. Wyburn KR, Jose MD, Wu H, Atkins 
RC, Chadban SJ. The role of macrophages 
in allograft rejection. Transplantation 2005; 
80:1641-7.
58. Robertson H, Morley AR, Talbot D, 
Callanan K, Kirby JA. Renal allograft re-
jection: beta-chemokine involvement in 

the development of tubulitis. Transplan-
tation 2000;69:684-7.
59. Segerer S, Cui Y, Eitner F, et al. Ex-
pression of chemokines and chemokine 
receptors during human renal transplant 
rejection. Am J Kidney Dis 2001;37:518-31.
60. Barry M, Bleackley RC. Cytotoxic  
T lymphocytes: all roads lead to death. 
Nat Rev Immunol 2002;2:401-9.
61. Zorn E, Miklos DB, Floyd BH, et al. 
Minor histocompatibility antigen DBY 
elicits a coordinated B and T cell response 
after allogeneic stem cell transplantation. 
J Exp Med 2004;199:1133-42.
62. Al-Lamki RS, Wang J, Skepper JN, 
Thiru S, Pober JS, Bradley JR. Expression 
of tumor necrosis factor receptors in nor-
mal kidney and rejecting renal trans-
plants. Lab Invest 2001;81:1503-15.
63. Imagawa DK, Millis JM, Seu P, et al. 
The role of tumor necrosis factor in al-
lograft rejection. III. Evidence that anti-
TNF antibody therapy prolongs allograft 
survival in rats with acute rejection. 
Transplantation 1991;51:57-62.
64. Robertson H, Kirby JA. Post-trans-
plant renal tubulitis: the recruitment, dif-
ferentiation and persistence of intra-epi-
thelial T cells. Am J Transplant 2003;3: 
3-10.
65. Kalluri R. EMT: when epithelial cells 
decide to become mesenchymal-like cells. 
J Clin Invest 2009;119:1417-9.
66. Bonsib SM, Abul-Ezz SR, Ahmad I, et 
al. Acute rejection-associated tubular 
basement membrane defects and chronic 
allograft nephropathy. Kidney Int 2000; 
58:2206-14.
67. Middleton J, Patterson AM, Gardner 
L, Schmutz C, Ashton BA. Leukocyte ex-

travasation: chemokine transport and pre-
sentation by the endothelium. Blood 2002; 
100:3853-60.
68. Sun Q, Liu ZH, Ji S, et al. Late and 
early C4d-positive acute rejection: differ-
ent clinico-histopathological subentities 
in renal transplantation. Kidney Int 2006; 
70:377-83.
69. Anglicheau D, Suthanthiran M. Non-
invasive prediction of organ graft rejec-
tion and outcome using gene expression 
patterns. Transplantation 2008;86:192-9.
70. Bestard O, Nickel P, Cruzado JM, et al. 
Circulating alloreactive T cells correlate 
with graft function in longstanding renal 
transplant recipients. J Am Soc Nephrol 
2008;19:1419-29.
71. Kowalski RJ, Post DR, Mannon RB, et 
al. Assessing relative risks of infection 
and rejection: a meta-analysis using an 
immune function assay. Transplantation 
2006;82:663-8.
72. Hu H, Kwun J, Aizenstein BD, Knech-
tle SJ. Noninvasive detection of acute and 
chronic injuries in human renal trans-
plant by elevation of multiple cytokines/
chemokines in urine. Transplantation 
2009;87:1814-20.
73. Li B, Hartono C, Ding R, et al. Nonin-
vasive diagnosis of renal-allograft rejec-
tion by measurement of messenger RNA 
for perforin and granzyme B in urine.  
N Engl J Med 2001;344:947-54.
74. Reeve J, Einecke G, Mengel M, et al. 
Diagnosing rejection in renal transplants: 
a comparison of molecular- and histopa-
thology-based approaches. Am J Transplant 
2009;9:1802-10.
Copyright © 2010 Massachusetts Medical Society.

early job alert service available at the nejm careercenter

Register to receive weekly e-mail messages with the latest job openings  
that match your specialty, as well as preferred geographic region,  

practice setting, call schedule, and more. Visit the NEJM CareerCenter  
at NEJMjobs.org for more information.

The New England Journal of Medicine 
Downloaded from nejm.org by J ROBINSON on February 24, 2011. For personal use only. No other uses without permission. 

 Copyright © 2010 Massachusetts Medical Society. All rights reserved. 


