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Acute humoral rejection (AHR), which occurs in up to
8% of kidney transplant recipients, is a significant cause
of renal allograft dysfunction and loss. More efficacious
treatment modalities are needed to eliminate or curtail
alloantibody production and its deleterious effects on
the kidney. The availability of animal models mimick-
ing human AHR is essential to understand its patho-
physiology and develop new treatment strategies. Using
a mouse kidney transplant model, we demonstrate that
presensitization of recipients with donor skin grafts
results in rejection of subsequent renal allografts. All
presensitized mice developed renal failure 8.6 � 4.3
days after engraftment, with serum creatinine values
near 100 �mol/dl. Graft histology revealed mild, dif-
fuse, interstitial, mononuclear cell infiltrates; promi-
nent peritubular capillary inflammatory cell margin-
ation; patchy interstitial hemorrhage; interstitial edema;
and focal glomerular fibrin deposition. Complement
(C3d) deposition was diffuse and prominent in peritu-
bular capillaries. Serum analysis demonstrated high lev-
els of circulating alloantibodies with broad cross-reac-
tivity to many MHC haplotypes. The clinical setting and
histological findings of our model strongly resemble
AHR, which is frequently associated with cellular rejec-
tion, a situation commonly encountered in human re-
nal allograft recipients. This animal model provides a
valuable tool to study the pathogenesis of AHR, its rela-
tionship to cellular alloimmunity, its contribution to
graft injury, and the effects of various potential thera-
peutic interventions. (Am J Pathol 2008, 173:347–357; DOI:
10.2353/ajpath.2008.070391)

Recent advances have enabled transplant physicians to
more precisely define the contribution of alloantibodies to
acute renal allograft dysfunction after transplantation. Al-
though improvements in acute rejection prophylaxis after
kidney transplantation have drastically reduced the inci-
dence of acute cellular rejection, the prophylaxis for, and
treatment of, alloantibody-mediated acute humoral rejec-
tion (AHR) remains in its infancy. AHR in human renal
allografts is characterized by a variety of histopathologi-
cal changes and the presence of diffuse C4d deposition
along the peritubular capillaries (PTCs). AHR is associ-
ated with a poor clinical outcome1–7; therefore, new treat-
ment modalities are needed to avoid antibody-mediated
graft damage associated with AHR.

In 2003, the seventh Banff Conference on Allograft
Pathology and the National Conference to Assess Anti-
body-Mediated Rejection in Solid Organ Transplantation
defined the current criteria for AHR.7,8 These criteria in-
clude i) the presence of donor-specific antibodies, ii) the
diffuse deposition of C4d in the PTCs as detected by
immunohistochemistry, iii) histological evidence of tissue
injury, and iv) clinical evidence of graft dysfunction. It has
been reported that up to 8% of renal transplant patients
experience AHR, which includes a majority of cases that
are resistant to traditional therapy for acute rejection.2,3,9

Additionally, AHR is frequently found to co-exist with
acute cellular rejection.3,9 Future improvements in patient
treatment could be expedited by the careful study of
appropriate experimental models.

In vivo experimental models of AHR in murine organ
allograft recipients have been developed by our group
and others.10–12 We have recently shown that CCR5-
deficient recipients of cardiac10 and renal allografts12

generate high titers of donor-reactive alloantibodies that
are sufficient to directly mediate acute antibody-medi-
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ated graft rejection. Studies by others involving passively
transferred alloantibodies into immunoglobulin-deficient
recipients have demonstrated a role for both complement
fixing and nonfixing donor-reactive antibodies in mediat-
ing graft damage.11,13 Rejection mechanisms in murine
kidney allografts have been characterized in naı̈ve recip-
ients in which acute cellular rejection precedes but over-
laps with the slower developing AHR.14

Pre-existing alloantibodies attributable to blood trans-
fusion, pregnancy, or previous transplantation are
present in �25% of the US population.15 These alloanti-
bodies are a significant impediment to transplantation in
many instances. One method used to allow such patients
to be transplanted involves antibody removal from the
peripheral circulation before transplantation, a method
known as desensitization. This method is resource inten-
sive, expensive, and not uniformly successful. Addition-
ally, a rebound in antibody production after transplanta-
tion is common. This rebound frequently results in AHR
(incidence between 25 to 45%) usually leading to acute
renal dysfunction and parenchymal damage, and occa-
sionally ending in immediate or early graft loss.16 Clinical
efforts at reversing AHR and limiting the resultant paren-
chymal damage are limited in efficacy because of a lack
of understanding of the underlying mechanisms. In this
report we describe an experimental kidney transplant
model, in the setting of pre-existing antibodies, with pre-
dominantly histological features similar to those observed
in renal transplant patients experiencing AHR. Use of this
experimental model will be valuable in furthering our
understanding of the pathophysiology of AHR and in
developing immunotherapies targeted for the prevention
of AHR.

Materials and Methods

Mice

C57BL/6 (H-2b) and DBA/2 (H-2d) were obtained from
either Simonsen Laboratories, Inc. (Gilroy, CA) or Harlan
(Indianapolis, IN). All mice were housed and treated in
accordance with Animal Care Guidelines established by
the National Institutes of Health and The Ohio State
University.

Presensitization via Skin Grafting

Skin allografts were performed using abdominal skin from
donor mice (DBA/2 or FVB/N). Square full-thickness
grafts (�8 � 10 mm) were placed on the graft beds
prepared on the recipient’s flank (C57BL/6). The graft
was covered with a protective bandage for 7 days. Re-
jection was considered to occur at the point when the
grafts exhibited dark discoloration, scabbing, and ne-
crotic degeneration. Fourteen to twenty-one days after
skin allograft transplantation, presensitized recipients
subsequently received renal grafts as described below.

Murine Kidney Transplantation

A total of 24 presensitized mice and 12 nonsensitized
mice served as renal allograft recipients and were stud-
ied in this report. Murine kidney transplantation was per-
formed as described by Zhang and colleagues.17 Briefly,
the donor left kidney was isolated by ligating and dividing
the adrenal and testicular vessels with microsuture. The
aorta and inferior vena cava were mobilized at their junc-
tion, with the left renal artery and vein. The aorta was
ligated below the renal vessel. An elliptical patch of blad-
der containing the left ureterovesical junction was ex-
cised. The graft was perfused in situ with 0.2 to 0.4 ml of
cold, heparinized Ringer’s lactate. Finally, the kidney with
vascular supply and ureter attached to the bladder patch
were harvested en bloc. Presensitized (n � 24) and non-
sensitized (n � 12) mice served as recipients of renal
allografts. The recipient’s right native kidney was re-
moved immediately before transplantation. The infrarenal
aorta and inferior vena cava were carefully isolated and
cross-clamped. An end-to-side anastomosis between the
donor renal vein and the recipient inferior vena cava was
performed using continuous 10-0 sutures. The arterial
anastomosis between the donor aortic cuff and recipient
aorta is performed in the same manner as the venous
anastomosis except that only two or three stitches are
required for each side because the aortic diameter is
smaller than the vein. After successful anastomosis the
kidney graft perfused instantly. Urinary reconstruction
was then performed by a bladder-to-bladder anastomo-
sis. The left native kidney was removed on day 5 after
renal transplantation. Kidney graft survival was followed
by daily examinations of overall animal health and creat-
inine checks. For reference, a nontransplanted, normal
mouse has a creatinine level of �20 �mol/L. Renal allo-
graft rejection was considered when the mouse showed
signs of illness and the creatinine level was elevated to
�100 �mol/L at which time grafts were harvested for
histopathology analysis.

CD8 Depletion

CD8 T cells were depleted in presensitized recipients
(n � 4) by treatment with a 100 �g mixture of CD8
monoclonal antibodies (TIB 105 and YTS 169) on days
�3, �2, �1, �5, and �10 relative to renal allograft trans-
plantation. CD8 depletion was confirmed by peripheral
blood mononuclear cell flow analysis on the day of renal
transplantation and at the time of rejection.

Creatinine Determination

Quantitative whole blood creatinine levels were deter-
mined using an I-Stat portable clinical analyzer (Heska
Corp., Fort Collins, CO). Conventional units (mg/dl)
were converted to SI units by multiplying the conven-
tional units by 88.4. The concentration of creatinine is
expressed in �mol/L.
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Histological Examination of Renal Tissue

Renal tissues were excised and fixed in 10% neutral
buffered formalin, dehydrated in upgraded ethanol (70%,
95%, and 100%), and embedded in paraffin. For histo-
logical analysis, 2-�m sections were mounted on glass
slides and stained with hematoxylin and eosin (H&E),
trichrome, and in selected cases periodic acid-Schiff.
Histological changes were evaluated according to the
Banff scoring criteria18,19 on a scale of 0 to 3. If changes
were minimal but not absent, the score of 0.5 was
applied.

Immunofluorescence

For C3d, renal tissues were excised, embedded in OCT
compound (Sakura Finetek Inc., Torrance, CA), and
snap-frozen in liquid nitrogen. Three-�m cryostat sec-
tions were placed in cold acetone for 10 minutes and
then allowed to air-dry. Sections were then washed in
phosphate-buffered saline (PBS) and blocked with se-
rum-free protein block (DAKO, Carpinteria, CA) for 1
hour. Fluorescein isothiocyanate-conjugated polyclonal
rabbit anti-human antibody to C3d (DAKO) was applied
for 1 hour in a dilution of 1:20. Sections were washed with
PBS and coverslipped with glycerol-Tris aqueous mount-
ing medium. In three rejected kidneys, direct immunoflu-
orescence for fibrinogen and IgG was performed. The
fluorescein isothiocyanate-labeled antibodies to fibrino-
gen (rabbit polyclonal, DAKO) and IgG (goat anti-mouse;
Beckman Coulter, Fullerton, CA) were used in a dilution of
1:20 and 1:50, respectively.

Characterization of Infiltrating Inflammatory Cells

Immunostains for T cells (polyclonal rabbit anti-human
CD3, DAKO), B cells (monoclonal rat anti-mouse-B220/
biotinylated; BD Biosciences, San Jose, CA), and mac-
rophages (polyclonal rat anti-mouse monocytes/macro-
phage marker F4/80; Serotec, Kidlington, Oxford, UK)
were performed using routine immunoperoxidase meth-
odology on paraffin sections in seven selected animals
with antibody-mediated rejection. Briefly, after deparaf-
finization, the sections were pretreated with DAKO target
retrieval solution in a commercially available vegetable
steamer. After 20 minutes of cooling, the sections were
treated with 3% H2O2 solution for 5 minutes. In addition to
the peroxidase block, sections stained for CD3 and for
F4/80 were additionally blocked with 10% normal goat
serum. The primary antibodies were used in the after
dilutions: i) anti-CD3, 1:200; ii) B220, 1:35; iii) F4/80, 1:
25. Secondary antibodies were goat anti-rabbit IgG (Vec-
tor Laboratories, Burlingame, CA) in 1:200 dilution for
CD3 and goat anti-rat IgG (Serotec) in 1:25 dilution for
F4/80. The monoclonal rat anti-mouse B-cell antibody is
biotinylated; therefore a secondary antibody is not
needed. Reactions were visualized using ABC Elite kit
(Vector Laboratories) and DAB� (DAKO). The number of
cells, positive with each antibody, was counted sepa-
rately in at least 10 consecutive high-power fields (HPFs)

(�40 objective) in the renal cortex. The HPFs were cho-
sen in a way that they covered the entire thickness of
renal cortex from the capsule to the corticomedullary
junction. Cells in the renal cortical tubulointerstitium were
counted, which included the PTCs. Infiltrating glomerular
cell populations were determined by counting the CD3-,
F4/80-, and B220-positive cells in at least 20 glomeruli.
The number of infiltrating cells per glomerulus was cal-
culated for the individual cell populations.

Electron Microscopy

Two kidneys collected at day 5 and day 8 after transplant
with classic morphological findings of antibody-mediated
rejection (including diffuse PTC C3d staining and the
characteristic light microscopic findings) were selected
for ultrastructural examination. Normal DBA mouse kid-
neys served as control. Tissue from the renal cortex was
cut into 1-mm cubes and immersion-fixed in 3% buffered
glutaraldehyde immediately after euthanasia. The tissues
were routinely processed for electron microscopy using
osmium tetroxide after fixation, Epon embedding, and
uranyl acetate and lead citrate contrasting. Semithin sec-
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Figure 1. Renal allograft rejection by skin-presensitized C57BL/6 recipients.
A: C57BL/6 mice were either presensitized by DBA/2 skin graft rejection (Œ,
n � 24) or left nonsensitized (f, n � 12) and then received DBA/2 renal
allografts. B: Presensitized recipients were either left untreated (Œ, n � 4) or
were depleted of CD8 T cells (F, n � 4) at the time of renal allograft
transplantation. Renal allograft rejection was considered at the time animals
displayed signs of ill health and creatinine levels greater than 70 �mol/L.
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tions were stained with methylene blue basic fuchsin and
representative areas were selected for electron micros-
copy. Ultrathin sections were examined with an EM 900
transmission electron microscope (Zeiss, Thornwood, NY).

Circulating Alloantibody Analysis

The presence of donor-reactive antibodies was deter-
mined by the ability of sera to bind to DBA/2 splenocytes.
Binding was detected by flow cytometry, using fluores-
cein isothiocyanate-conjugated goat anti-mouse IgG (�-
chain-specific) (Pierce Chemical Co., Rockford, IL), rat
anti-mouse IgG1, rat anti-mouse IgG2a, or rat anti-mouse
IgG2b (BD Biosciences) detection antibodies. Antibody
binding was measured as the mean fluorescence inten-
sity (linear values) on a 4-decade scale using DBA/2
splenocytes as targets for Ig binding. Background fluo-
rescence was determined in control experiments for each
subtype by taking the mean fluorescence intensity value
plus three standard deviations obtained from binding of five

naı̈ve C57BL/6 sera. Negative staining controls included
splenocytes plus each detection antibody with mean fluo-
rescence intensity values ranging from 9 to 31. In experi-
ments to determine cross-reactivity of alloantibodies to
other H-2 haplotypes, splenocytes from FVB/N (H-2q) and
CBA/J (H-2k) were used as targets for binding of serum
from presensitized renal allograft rejectors (n � 5). For
further control, sera were also tested for reactivity to BALB/c
(H-2d), C57BL/6 (H-2b), and BALB.B (H-2b) splenocytes.

Statistical Analysis

Antibody results were evaluated by unpaired Student’s
t-test. Differences between data of experimental groups
were considered significant if the analysis yielded P val-
ues less than 0.05.

Results

Skin-Presensitized C57BL/6 Recipients Reject
Renal Allografts

Previous studies by our group have demonstrated that
C57BL/6 mice spontaneously accept DBA/2 renal allo-
grafts with good graft function beyond 60 days after
transplant.20 In this study, C57BL/6 recipients were
presensitized to DBA/2 alloantigens by transplantation
with fully MHC-mismatched DBA/2 skin allografts,
which were rejected within 11 days after transplanta-
tion (mean skin allograft survival � 11.3 � 1.7 days).
Fourteen to twenty-one days after DBA/2 skin grafting,
presensitized recipient mice received donor-matched
DBA/2 renal allografts. Recipient native kidneys were
removed 5 days after renal allograft transplantation,
thus renal function after native nephrectomy was main-
tained solely by the allograft. As shown in Figure 1A, all
presensitized recipients (n � 24) rejected renal allo-
grafts within 19 days after transplantation (mean renal
allograft survival 8.6 � 4.3 days). Rejection was deter-
mined when the recipients displayed ill health and
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Figure 2. Creatinine levels in skin-presensitized versus nonsensitized renal
allograft recipients. Whole blood was collected and analyzed for creatinine
levels in presensitized mice (n � 24) at the time of rejection and in nonsen-
sitized mice (n � 10) 10 days after transplant. The mean creatinine level in
the serum of presensitized mice was 127.8 � 48.6 compared to 36.7 � 7.6 in
nonsensitized mice.

Table 1. Summary of Morphological Findings in Renal Allografts of Presensitized Animals

Case
no.

Post-
transplantation

day
Glomerulus
thrombosis

Diffuse
inflammatory

infiltrate

Perivascular
inflammatory
cell infiltrate Tubulitis

Interstitial
edema

Interstitial
hemorrhage

1 5 1� 1 to 2� 2� 0.5� 0.5� 1� focal
2 14 1� 2 2 0.5� 0.5� 1� focal
3 13 1� 2 to 3� 2� 1� 1 to 2� 1� focal
4 19 1� 2 to 3� 2� 1� 1� 1� focal
5 5 0 1 to 2� 1� 0.5� 0.5� 0
6 14 2� 1 to 2� 2� 1� 1 to 2� 1� focal
7* 5 2� 1� 1� 0.5 1� 3�
8 13 1� 1� 1 to 2� 0.5 1 to 2� 0.5 focal
9 19 2� 1 to 2� 2� 1� 1� 1� focal

10 14 2� 1 to 2� 2� 1� 1� 1� focal
11 5 1� 1� 1� 0.5 1� 0
12 8 2� 1� 1� 0.5 1� 0

(Continued)

Histological changes were evaluated according to the semiquantitative Banff scoring criteria: 0, absent; 1�, mild; 2�, moderate; 3�, prominent. If
changes were minimal but not absent, the score of 0.5 was applied.

*Partial necrosis. Diff: Diffuse.
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elevated creatinine levels confirmed graft dysfunction
(Figure 2). In contrast, 75% of nonsensitized recipients
(recipients receiving only renal allografts without sen-
sitization via previous skin grafting, n � 12) survived
greater than 60 days and some survived to day 150
after transplant with good graft function (Figures 1 and
2). Serum creatinine levels were significantly higher in
presensitized recipients compared to nonsensitized
recipients tested at a similar time after transplant (P �
0.0001) (Figure 2). Control experiments demonstrated
that presensitized recipients accept C57BL/6 renal
isografts longer than 60 days with good graft function
(data not shown).

Histological Evidence of Predominantly AHR

On average by 11 days after transplant, presensitized
renal allograft recipients had developed severe graft dys-
function as evidenced by significantly elevated serum
creatinine (Figure 2). Allografts were removed at this time
and prepared for histological analysis to determine the
nature of the immunologically-mediated allograft dam-
age. The morphological findings are summarized in Ta-
ble 1. As shown in Figure 3, renal allograft tissues dis-
played significant pathology including mild diffuse
interstitial mononuclear cell infiltrate with minimal tubulitis
(Figure 3A), prominent margination of inflammatory cells
within the PTCs (Figure 3B) patchy interstitial hemorrhage
and diffuse interstitial edema (Figure 3C), and presence
of some amorphous material (probably fibrin with focal
fuchsinophilic staining) in the glomerular capillaries (Fig-
ure 3D). Widely open glomerular capillaries were rarely
seen; most of them were occluded by cells (swollen endo-
thelial cells and inflammatory cells—see following para-
graph) and/or amorphous material. Most arteries did not
show evidence of inflammation indicative of acute arteritis;
mild intimal arteritis was seen in 4 of 12 light microscopically
examined kidneys. The animals revealed mild changes of
cellular rejection (mild to moderate interstitial inflammation,
mild tubulitis, and mild endarteritis) In contrast, renal allo-
grafts from nonsensitized recipients exhibited only mild his-
tological changes with cuffing of leukocytes around the

arteries and small aggregates of mononuclear cells scat-
tered within the cortex. These grafts show no evidence of
tissue destruction, endothelialitis, or tubulitis.20

Infiltrating inflammatory cells within the rejecting renal
allografts were characterized by immunohistochemistry
(Figure 4). The majority of the cells in the PTCs and
interstitium were T cells (Figure 4A). Monocytes/macro-
phages were also abundant, particularly among margin-
ating inflammatory cells in the PTCs and venules (Figure
4, C and D). B cells were scarce and, if seen, occurred
primarily in perivascular areas (Figure 4B). The number of
interstitial (including PTCs) T cells, macrophages/mono-
cytes, and B cells was 190.5 � 45.6 per HPF, 110.2 �
33.6 per HPF, and 8.4 � 3.8 per HPF, respectively.
Scattered polymorphonuclear leukocytes were also
noted in the PTCs but they were substantially less prom-
inent than T cells or monocytes/macrophages. The in-
flammatory cells infiltrating glomeruli were mainly T cells
(6.6 � 4.0 per glomerulus). Few glomerular macro-
phages (0.07 � 0.11 per glomerulus) and B cells (0.31 �
0.16 per glomerulus) were observed.

Immunofluorescent staining for the complement split
product C3d was performed on frozen sections of renal
allografts for evidence of deposition within the PTCs.
Rejected renal allografts from presensitized recipients
had diffuse, moderate to severe C3d deposition in the
PTCs (Figure 5A). Grafts from nonsensitized recipients col-
lected at day 10 after transplant were devoid of staining
within the PTCs but had positive staining within the base-
ment membranes of the tubules, a site in renal tissues
known to nonspecifically stain (Figure 5B). Immunofluores-
cence with antibodies to fibrinogen and IgG revealed
smudgy segmental glomerular fibrinogen staining in some
glomeruli and mild granular mesangial IgG fluorescence
(data not shown). The significance of the mild mesangial
IgG staining is unclear because electron-dense immune-
type deposits were not seen by electron microscopy (see
below). Glomerular capillary or PTC IgG staining was not
seen. Electron microscopy was performed on rejected renal
allografts from presensitized recipients to further character-
ize the histological damage (Figure 6).

Table 1. (Continued)

Peritubular
capillary

margination

Acute
tubular

necrosis
Interstitial
fibrosis

Tubular
atrophy

Intimal
arteritis

Arterial
thrombosis

Intimal
thickening

Peritubular
capillary

C3d

3� 2� 0 0 0 0 0 Diff
3� 2� 0 0 0 0 0 Diff
3� 2� 1� 0.5� 0.5� 0 0 Diff
3� 2� 1� 0.5� 0 0 0 Diff
3� 2 to 3� 0 0 0 0 0 Diff
3� 2 to 3� 0 0 0 0 0 Diff
3� 3� 0 0 0 3 0 Negative
3� 2 to 3� 0 0 0.5 0 0 Diff
3� 2� 0.5 0 1� 0 0 Diff
3� 2� 0 0 0.5 0.5 0 Diff
3� 3� 0 0 0 0 0 Diff
3� 3� 0 0 0 0 0 Diff
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Glomeruli

Endothelial swelling with loss of endothelial fenestration
was evident. Segmental lifting off of the endothelium from
the glomerular basement membrane and subsequent mild
electron-lucent subendothelial widening was seen. Occa-
sional platelet aggregates were present. Inflammatory cells,
mainly lymphocytes and monocytes, were attached to the
glomerular endothelium. The mesangial matrix appeared
loose, edematous, and electron lucent with signs of mesan-
giolysis. Occasional red blood cells were seen in the loose
mesangial matrix. Podocyte foot process effacement ap-
peared mild. The glomerular basement membrane showed
segmental wrinkling but otherwise it was unremarkable.

PTCs

Endothelial swelling and focal lifting off of the endothe-
lium from the underlying basement membrane were evi-
dent. Occasional platelet aggregates were seen in the
lumen and inflammatory cells (mainly monocytes) were

attached to the endothelium. The PTC basement mem-
brane was unremarkable with no lamellation.

Small Arteries/Arterioles

Smooth muscle cell necrosis and degeneration was ev-
ident in some small arteries and arterioles. Fragmented red
blood cells were focally seen among the degenerating smooth
muscle cells and in the subendothelial space. The endothe-
lium was swollen and platelet aggregates admixed with fibrin
(fibrin thrombi) were encountered in a few small arteries.

Tubules

Degenerative epithelial changes and tubular epithelial
necrosis with sloughed off necrotic epithelial cells in tu-
bular lumina was a common finding.

Circulating Donor-Reactive Antibodies

Alloantibody analysis was performed by testing reac-
tivity of recipient sera to donor splenocytes analyzed

A B

DC
Figure 3. Histological characteristics of rejected renal allografts in presensitized C57BL/6 recipients. Renal allografts were harvested at the time of rejection. A:
Low magnification shows mild diffuse interstitial inflammation (H&E). B: Most of the inflammatory cells appear to localize to the PTCs. Note the absence of
tubulitis (H&E). C: Higher magnification reveals that the inflammatory cells are not infiltrating tubules. Many of the inflammatory cells are in the PTCs (arrows)
(periodic acid-Schiff). Left arrows point to interstitial edema, which was a common finding (H&E). D: Glomerular capillaries filled by fuchsinophilc (red)
amorphous material, probably representing fibrin (Masson’s trichrome). Original magnifications: �40 (A); �400 (B); �600 (C, D).
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by flow cytometry. The temporal development of donor-
reactive alloantibodies was determined by collecting
serum from recipients (n � 4) on the day of skin trans-

plantation (d-14 relative to kidney transplantation), af-
ter 5 days (d-9), after 10 days (d-4), on the day of
kidney transplant (day 0), and at the time of severe

A B

C D

Figure 4. Characterization of inflammatory infiltrate of rejected renal allografts in presensitized C57BL/6 recipients. A: Most of the infiltrating inflammatory cells
were T cells (anti-CD3, immunoperoxidase). B: Only rare B cells were seen in the interstitium; B cells were mainly present in perivascular clusters (B220 antibody,
immunoperoxidase). C: Macrophages/monocytes were present in the PTCs and interstitium (F4/80 antibody, immunoperoxidase). D: Large numbers of
monocytes/macrophages marginating along the endothelium of a vein (F4/80 antibody, immunoperoxidase). Original magnifications: �400 (A, C, D); �40 (B).

A B

Figure 5. Immunofluorescence for C3d. A: Diffuse strong PTC C3d staining within rejected renal allografts of presensitized recipients. Arrows point to the positive
staining in the PTCs. B: PTC C3d staining is absent in renal allografts of nonsensitized recipients collected at day 10 after transplant. There is tubular basement membrane
C3d staining, which is probably a common nonspecific finding and was seen in most animals. Indirect immunofluorescence. Original magnifications, �400.
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renal allograft dysfunction (rejection). As shown in Fig-
ure 7A, high levels of donor-reactive alloantibodies are
generated by skin allograft recipients within 14 days

after transplant, the time of kidney transplantation. Fur-
ther analysis of the donor-reactive IgG antibodies
present at the time of renal allograft rejection demon-

A B

C D

Figure 6. Ultrastructural findings. A: A glomerular capillary with swollen endothelium (E). Note the platelets in the lumen (arrows). B: A swollen PTC endothelial
cell is lifting off from the underlying basement membrane (arrows). C: Platelets, admixed with fibrin (asterisk) and inflammatory cells fill the lumen of this small
artery. Note that the smooth muscle cells (sm) are intact. E, endothelia; m, monocyte. D: A small artery with necrotic smooth muscle cells. Note that RBCs (arrows)
are present in the necrotic/degenerated smooth muscle layer. Uranyl acetate-lead citrate (all images). Original magnifications: �4,400 (A, B); �3,000 (C, D).
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Figure 7. Alloantibody development in presensitized renal allograft recipients. A: Sera were collected from four individual presensitized recipients on the day of
skin transplantation (d-14 relative to kidney transplantation), after 5 days (d-9), after 10 days (d-4), on the day of kidney transplant (day 0), and at the time of severe
renal allograft dysfunction (rejection), diluted 1:16 and then tested for reactivity to donor splenocytes. B: Sera from presensitized recipients (n � 8) collected at
the time of rejection and nonsensitized recipients (n � 5) collected at day 10 after transplant were diluted 1:16 and assessed for DBA/2-reactive IgG, IgG1, IgG2a,
and IgG2b antibodies by flow cytometry. Antibody binding was measured as the mean fluorescence intensity (linear values). C: Sera from presensitized recipients
(n � 5) collected at the time of rejection was diluted 1:20 and assessed for reactivity to DBA/2 (donor, H-2d), BALB/c (H-2d), FVB/N (H-2q), CBA/J (H-2k), BALB.B
(H-2b), and C57BL/6 (recipient, H-2b) splenocytes by flow cytometry.
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strated titers �25-fold higher than those found in the
sera of nonsensitized recipients collected at day 10
after transplant (data not shown). In addition, multi-
color flow cytometry indicated these alloantibodies
bind to donor-derived, but not recipient-derived, T
cells, and are presumed to be MHC class I-specific.
These data document the presence of presumptive
MHC class I-reactive antibodies but do not exclude the
possibility that MHC class II-reactive antibodies or tis-
sue-specific antibodies are present and/or operative in
this model.

We explored whether a dominant IgG subclass of do-
nor-reactive antibody was generated by presensitized
renal allograft rejectors (n � 8). Comparison was made to
antibody binding measured in sera from nonsensitized
renal allograft acceptors (n � 5) collected 10 days after
transplant. All sera were diluted 1:16 and tested for anti-
donor IgG, IgG1, IgG2a, and IgG2b antibody subtypes
using donor splenocytes as targets. As shown in Figure
7B, at the time of renal allograft rejection, presensitized
recipients generate high levels of donor-reactive IgG an-
tibodies with no significant predominance of tested IgG
subclasses. Nonsensitized renal allograft acceptors gen-
erate significantly lower levels of anti-donor IgG antibod-
ies than presensitized kidney rejectors (P � 0.01), again
with no significant IgG subclass predominance.

Alloantibodies in the sera of presensitized renal allo-
graft rejectors were tested for donor specificity by testing
their ability to bind donor splenocytes in comparison to
splenocytes from other H-2 haplotypes. As shown in Fig-
ure 7C, sera from presensitized renal allograft rejectors
were reactive to donor DBA/2 (H-2d) as well as BALB/c
(H-2d), FVB/N (H-2q), and CBA/J (H-2k) splenocytes.
Thus alloantibodies generated in this model are broadly
cross-reactive to strains of diverse H-2 haplotypes. Re-
activity was not observed in recipient C57BL/6 (H-2b)
splenocytes or BALB.B (H-2b) splenocytes that differ
genetically only in minor histocompatibility antigens. In-
terestingly MHC cross-reactive alloantibodies are also
observed in nonsensitized renal allograft recipients with-
out rejection negating a causal relationship between this
characteristic and rejection (data not shown). We cannot
rule out qualitative differences in the alloantibodies and
are developing assays to examine the alloantibody spec-
ificities in more detail.

CD8 T-Cell Depletion Studies

To determine whether acute cellular rejection mediated
by CD8� T cells is an operative effector mechanism
contributing to renal allograft destruction in this model,
presensitized recipients were depleted of CD8� T cells
days �3, �2, �1, and �5 relative to renal transplanta-
tion. As shown in Figure 1B, depletion of CD8� T cells
had no effect on renal allograft survival by presensitized
recipients (mean renal allograft survival, 12.3 � 5.5
days). These data indicate that graft destruction in this
model is not mediated by CD8� T cells; however, these
data do not exclude a role for other possible mediators of
cellular rejection including B cells, macrophages, and
CD4� T cells.

Discussion

AHR is increasingly being recognized as a significant
cause of renal allograft dysfunction and loss. The ability
to routinely detect the presence of complement deposi-
tion on renal allograft PTC endothelium has recently en-
abled transplant physicians to more accurately detect
and diagnose alloantibody-mediated acute graft dys-
function. Still, the exact mechanism of alloantibody-me-
diated graft damage remains poorly understood. To ad-
dress these issues, we developed an experimental model
of antibody-mediated rejection using a mouse kidney
transplant model. In previous studies we have shown that
C57BL/6 mice spontaneously accept fully MHC-mis-
matched DBA/2 renal allografts with good renal function
beyond 60 days after transplant with prominent leukocyte
graft infiltration but no evidence of tissue destruction.20

Despite the presence of low to moderate levels of alloan-
tibodies in the serum of renal allograft acceptors, com-
plement is not deposited in the grafts out to 150 days
after transplant (unpublished observation). In the studies
reported here, skin presensitization induced renal allo-
graft rejection, presumably because of the presence of
circulating preformed antibodies. We observed that none
of the animals developed hyperacute rejection; however,
within 5 to 19 days, presensitized C57BL/6 recipients
rejected DBA/2 renal allografts, concomitant with the
generation of high levels of circulating donor-reactive
antibodies, and the graft tissue displayed histological
changes similar to those seen in AHR in human renal
allografts.

In addition to AHR, rejecting allografts displayed histo-
logical features of acute cellular rejection as well (some
interstitial inflammatory cell infiltrate, mild tubulitis, mild inti-
mal arteritis). This also parallels human AHR because in
human renal allograft biopsies, taken from patients with
AHR, changes of acute cellular rejection are commonly
seen.3,7,21 In our center, 65% of renal allograft biopsies
with AHR also show some evidence of acute cellular
rejection. However, in these mixed humoral and cellular
rejection cases the histological changes of cellular rejec-
tion are usually relatively mild and it is believed that in
most patients the dominating pathomechanism, respon-
sible for the graft dysfunction is AHR, although this re-
mains a matter of conjecture. In the experimental model
described herein, despite a mild cellular infiltration
present within the graft interstitium, depletion studies
demonstrated no significant effector role for CD8� T cells
in graft dysfunction and subsequent loss. Cellular rejec-
tion may be promoted by various subsets of leukocytes
including T cells,22 macrophages,22 and even B cells23

and plasma cells.24 Although our CD8 depletion data
excludes cellular rejection involving CD8 cells, it does not
rule out a contribution by these cell populations.

Deposition of the complement split product C4d in the
PTCs has been shown to be a reliable marker of AHR in
human renal allografts.1–3,7 It is evident that in a substan-
tial proportion of C4d-positive human renal allograft bi-
opsies, C3d is also diffusely present in the PTCs.25 At the
time these studies were undertaken, antibodies reactive
to mouse C4d were not commercially available, thus mu-
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rine C3d-reactive antibodies were used to detect comple-
ment deposition in rejecting mouse renal allografts. Indirect
immunofluorescence shows that there is diffuse, strong PTC
C3d staining in grafts from presensitized recipients, which
is absent in grafts from nonsensitized recipients. Although
we cannot exclude the possibility that the alternative path-
way of complement activation contributes to the presence
of C3d deposition in presensitized recipients, its absence in
the nonpresensitized recipients makes this possibility
unlikely.

Although complement deposition is a hallmark of clin-
ical AHR, there are other histological changes that are
less specific but commonly seen in human renal biopsies
with antibody-mediated rejection. Such changes include
peritubular and glomerular capillary margination of in-
flammatory cells, glomerular capillary and arteriolar fibrin
thrombi, endothelial/vascular necrosis, and interstitial
edema and patchy interstitial hemorrhage.1,3,6–8,26 The
composition of inflammatory cell infiltrate in the PTCs
(mainly T cells and macrophages, admixed with some
polymorphonuclear leukocytes) is also quite similar to
that seen in many human renal allograft biopsies with
AHR.8,26 Thus, the animal model described herein dis-
plays the salient features commonly associated with AHR
in human renal allografts. The paucity of glomerular
monocytes/macrophages (F4/80-positive cells) in our
model is intriguing and different from that seen in human
AHR. At the present time we do not know the significance
of this finding.

Ultrastructural studies in AHR are scant.27 Overall, our
ultrastructural findings confirm that the renal vasculature
(peritubular and glomerular capillaries as well as small
arteries and arterioles), is the primary site of injury in the
present model. Many ultrastructural changes, including
the platelet aggregates, fibrin, endothelial damage, frag-
mented red blood cells in the vascular wall, suggest a
low-level thrombotic microangiopathy (TMA). Some de-
gree of glomerular thrombosis was seen in many animal
kidneys by light microscopy as well; however, obvious
arterial thrombosis was noted only in 2 of 10 examined
mouse allografts. Thrombotic microangiopathy is not an
unusual complication of human AHR. In our and others’
experience, thrombotic microangiopathy is particularly
common in presensitized patients who receive a renal
allograft after desensitization.28 The ultrastructural
findings in our model are similar to those described in
human AHR.27

Characterization of the alloantibodies generated under
conditions leading to AHR can render insight into their
nature and thus the pathophysiology of their damaging
effects. We confirm that there is no relative difference
between presensitized and nonsensitized recipients with
regard to either donor-reactive alloantibody IgG subset
composition or MHC cross-reactivity. Thus we cannot
explain the lack of graft destruction in the nonpresensi-
tized recipients based on the absence of complement-
fixing IgG subtype production. However, our data do
indicate a significant augmentation in IgG levels in pre-
sensitized versus nonsensitized recipients. Based on
these data we postulate that for presensitized versus
nonsensitized recipients, an increase in antibody affinity

parallels the increased levels and that this accounts for,
or contributes to, the observed graft damage. We ob-
served that presensitized recipients undergoing renal al-
lograft rejection generate alloantibodies that are broadly
cross-reactive with MHC haplotypes. Importantly, how-
ever, these cross-reactive alloantibodies are also ob-
served in nonsensitized renal allograft recipients without
rejection negating a causal relationship between this
characteristic and rejection. It is important to note that
broadly cross-reactive MHC-specific antibodies are com-
monly observed in patients undergoing renal allograft
rejection.29 We cannot exclude qualitative differences in
the alloantibodies and are developing assays to examine
the alloantibody specificities in more detail. Further char-
acterization of the alloantibodies generated in this model
will provide insight regarding their deleterious effects and
assist in developing treatment strategies to interfere with
their generation and function.

In summary, presensitization by skin graft rejection
results in immunological deviation from the usual spon-
taneous graft acceptance to early, severe graft dysfunc-
tion and animal demise associated with significantly ele-
vated anti-donor antibody levels. Based on the report of
the National Conference to Assess Antibody-Mediated
Rejection in Solid Organ Transplantation,8 the recom-
mended criteria for humoral rejection in human renal
allografts include the following: i) clinical evidence of
graft dysfunction, ii) histological evidence of tissue injury,
iii) C4d (and/or C3d/IgG) deposition in PTCs, and iv)
evidence of anti-HLA or other donor-specific antibodies
in the recipient. All these criteria are evident in our model.
Features of mild acute cellular rejection were common in
the animals, consistent with the known clinical scenario.
These parallel findings between our model and the crite-
ria established for AHR indicate that this simple mouse
model may provide an excellent tool to explore the patho-
genesis and immunological events involved in human
renal allograft rejection. This model of AHR provides sev-
eral unique advantages over existing models including: i)
it does not involve exogenous immunosuppression and
thus perturbation with the natural immunological mecha-
nisms can be avoided; ii) high titers of donor-specific
(and perhaps organ-specific) antibodies are generated
that can be used for passive transfer experiments; iii)
recipient mice are on a C57BL/6 background, which
provides an opportunity to explore the development of
rejection in a wide variety of knockout mice lacking spe-
cific molecules that may be involved in the process; and
iv) the potential involvement of T cells can be explored.
The development of this valuable model has the potential
to advance understanding in several key areas including
local and systemic immunological events that result in
alloantibody elaboration, mechanisms of alloantibody-
mediated graft damage, and effective treatment strate-
gies to interfere with these processes.
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