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ALLOGRAFT VASCULOPATHY
4d Deposition in Cardiac Allografts Correlates With Alloantibody
ex Neal Smith, MD,a Nicole Brousaides, BS,a Luanda Grazette, MD,b Susan Saidman, PhD,a

arc Semigran, MD,b Thomas Disalvo, MD,b Joren Madsen, MD,c G. William Dec, MD,b

ntonio R. Perez-Atayde, MD,d and A. Bernard Collins, BSa

ackground: The presence of C4d along the peritubular capillaries in kidney allografts correlates with the
presence of anti-donor serum alloantibodies. We applied C4d staining to cardiac allograft and
non-allograft biopsies to determine if C4d staining in heart allografts correlates with anti-donor
serum alloantibodies.

ethods: We stained for C4d all available frozen tissue biopsies from cardiac transplant recipients between
1997 and 2002, including autopsies. Two hundred twenty-one tissue samples from 124 patients
were analyzed. Included in both groups were a variety of International Society for Heart and Lung
Transplanatation (ISHLT) grades of rejection plus post-implant cardiac ischemic injury (PIMI), and
biopsies from patients who had received OKT3. Patients were matched by age, gender and interval
after transplantation. Forty-four additional controls were included from patients biopsied for
non–transplant-related cardiac disease.

esults: C4d staining of the myocardial capillaries correlated well with the presence of anti-donor
alloantibodies. Twenty-one of 25 biopsies from patients with anti-donor alloantibodies showed C4d
staining (84%), whereas only 7 of 60 without anti-donor alloantibodies stained for C4d. C4d staining
did not correlate with ischemia or OKT3 therapy. Only 4 of 44 non-transplant biopsies stained for
C4d (9%). An example of the clinical utility of C4d staining in patient care is presented.

onclusions: C4d staining of the capillaries in cardiac allografts correlates well with anti-donor serum alloanti-
bodies, is a useful assay to verify alloantibody deposition, and can be used to establish one of the
criteria for antibody-mediated cardiac rejections. J Heart Lung Transplant 2005;24:1202–10.

Copyright © 2005 by the International Society for Heart and Lung Transplantation.
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atients with heart allografts receive right ventricular
iopsies to monitor for episodes of allograft rejection,
nd their pathologic diagnoses assist with patient man-
gement.1 Complicating their interpretation are inflam-
atory infiltrates, post-transplant ischemic injury and
uilty lesions that may mimic rejection histologically.2,3

n addition, the clinical care of patients with biopsies
howing moderate-grade rejection (International Soci-
ty for Heart and Lung Transplantation [ISHLT] Grade
) is unclear because treatment protocols vary due to
ncertainty about the effect of treatment on clinical
utcome.4–6

Also complicating both the interpretation of allograft

rom the aDepartments of Pathology, bCardiology and cSurgery,
assachusetts General Hospital, Boston, Massachusetts; and

Children’s Hospital and Harvard Medical School, Boston, Massachu-
etts.

Submitted March 26, 2004; revised June 16, 2004; accepted July 4,
004.
Reprint requests: Rex Neal Smith, MD, Department of Pathology,
assachusetts General Hospital, 501D Warren Building, Boston, MA

2114-2696. Telephone: 617-726-1835. Fax: 617-726-2365. E-mail:
mith.rex@mgh.harvard.edu
opyright © 2005 by the International Society for Heart and Lung
ransplantation. 1053-2498/05/$–see front matter. doi:10.1016/
a.healun.2004.07.021

202
iopsies and patient treatment is that, on occasion,
lloantibodies can deposit in vivo in allografts and cause
spectrum of pathologic injury, from acute humoral

ejection to possible chronic rejection.7–12 In some
ases, the presence of alloantibody may have no imme-
iately detectable pathologic or clinical consequences,

.e., accommodation.13 In heart allografts, the presence
f anti-donor–specific alloantibodies seems to prejudice
ardiac allograft survival, both short and long term.14–18

Presently there is no reliable histologic marker to
erify cardiac allograft antibody deposition that can
dentify and monitor those patients at risk for antibody-

ediated rejection. To detect histologically antibody
eposition in cardiac allografts, investigators have used

ndirect immunofluorescence of tissue immunoglobu-
ins (IgM and IgG) and complement (C3, C1q).15,19

hese studies readily identify immunoglobulins and
omplement deposition in cardiac capillaries, arterioles
nd sometimes myocytes. This methodology seems to
how a poor correlation between fluorescence and the
ctual presence of anti-donor–specific antibodies,15,19

specially as fluorescence is commonly observed in
iopsies from patients without antibodies.20 This is
imilar to the experience in kidney biopsies, in which
taining of IgG and C3 correlates poorly with anti-donor

ntibodies.21
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Dramatic improvement in our ability to diagnose
umoral rejections in kidney allografts is provided by
4d staining of the peritubular capillaries in renal
llografts.7,9,10,22,23 C4d, an inactive split product of C3
onvertase and complement activation, covalently
inds to proteins near sites of complement activation
fter Factor I inactivation of the convertase. Thus, C4d
eposition indicates recent complement activation
hrough the classical pathway. Indirect immunofluores-
ence of C4d on kidney allograft biopsies shows a
trong correlation with the presence of anti-donor–
pecific antibodies,7,22,24 including ABO.25 C4d stain-
ng, by itself and alone, predicts poorer graft survival in
enal allografts12,26–28 and in heart allografts.29 C4d
eritubular capillary staining also identifies a sub-set of
enal allograft patients with chronic rejection, most of
hom have anti-donor antibodies.10,11 To determine
hether deposition of alloantibody within cardiac allo-

rafts is detectable by C4d staining and to investigate
he utility of C4d staining in cardiac allograft rejection,
e correlated C4d staining in endomyocardial allograft
iopsies with anti-donor–specific alloantibodies.

ATERIALS AND METHODS
ases

e assayed all available frozen tissue biopsies from
ardiac transplant recipients between 1997 and 2002.
wo hundred twenty-one tissue samples from 124
atients were analyzed. Also included were autopsy
issue samples from patients who had died after cardiac
ransplantation. Included in both groups were biopsies
ith a variety of ISHLT grades of rejection plus post-

mplant cardiac ischemic injury (PIMI), and biopsies
rom patients who had received OKT3. Patients were
atched for age, gender and interval after transplanta-

ion, a factor known to affect the probability of rejec-
ion.3 Forty-four additional controls were included from
atients biopsied for non–transplant-related cardiac dis-
ase, including 18 patients with idiopathic dilated car-
iomyopathy, 11 with hypertrophic cardiomyopathy, 1
ith hemochromatosis, 3 with coronary artery disease,
with cardiac amyloid, 3 with myocarditis and 1 lupus
atient with cardiac leukocytoclastic vasculitis. Five

nfarcts from non-transplant patients were also stained.
ecause C4d staining can disappear a few weeks after
emoval of antibody, and antibody has a half-life of
bout 1 month, we required that the serum sample for
ntibody analysis and the tissue sample be within 1
onth of each other. We identified 9 patients with

lloantibodies. These 9 patients with circulating alloan-
ibodies form a heterogeneous group, both pathologi-
ally and clinically. One was a pediatric patient, ABO-
ncompatible, who died from chronic rejection on Day
06. Another patient died of acute humoral rejection 5

ays after transplantation due to sensitization while c
waiting transplantation. Three patients died of acute
ellular rejection with prominent endothelialitis. Two
atients were clinically unsuspected and had ISHLT
rade 0 rejection. Two patients had survived episodes
f acute cellular rejection (ISHLT Grades 3a and 4) with
lloantibodies after intensive therapy.

4d Staining by Immunofluorescence

iopsy sections were stained using a 3-step immunoflu-
rescence technique developed in our laboratory. Four-
icrometer frozen sections were incubated in

00 �g/ml avidin D (Vector Laboratories, Burlingame,
A) to block endogenous biotin. Sections were washed
nd excess avidin was bound by adding 10 �g/ml
-biotin (Sigma Chemical Co., St. Louis, MO). Monoclo-
al antibody to C4d (Clone 10–11; Biogenesis, San-
own, NH) was applied for 30 minutes at a 1:100
ilution. Sections were washed and incubated sequen-
ially, first with biotinylated horse anti-mouse IgG (1:
00) (Vector Laboratories) and then, after washing,
ith fluorescein isothiocyanate (FITC)–streptavidin (1:

0) (Biomeda, Foster City, CA), each for 30 minutes.7

4d Staining by Polyclonal Anti-Sera

our-micron thickness sections on Superfrost Plus slides
ere baked at 60°C for 30 minutes, deparaffinized and

e-hydrated. For antigen retrieval, slides were heated in
decloaking chamber for 3 minutes in Antigen De-

loaker Solution (Biocare Medical), cooled and rinsed in
hosphate-buffered saline (PBS). Slides were blocked
ith normal goat serum at 1:50 dilution for 20 minutes

t room temperature. For tissues rich in endogenous
iotin, 2 drops of avidin D in 100 �g/ml PBS was added
o each slide for 20 minutes. Polyclonal anti-C4d11 was
dded at 1:50 in Renaissance Background Reduction
olution (Biocare Medical) and incubated at 4°C over-
ight. After PBS washing, Universal Link (Biocare Med-

cal) was added for 20 minutes. After washing in PBS,
treptavidin–horseradish peroxidase (Biocare Medical)
as added and incubated for 20 minutes. Slides were

insed in distilled water and Romulin AEC Chromogen
Biocare Medical) was added and the slides incubated
or 2.5 to 5 minutes. The slides were rinsed in distilled
ater and stained and counterstained, dehydrated in

lcohol and xylene, and coverslipped with permanent
ounting media.

lloantibodies

irculating donor-specific antibodies were assayed in the
epartmental tissue typing laboratory by using T- and
-cell cytotoxicity assays and/or flow cytometry.9,10,23

re-transplant donor-specific antibodies were tested in all
atients by anti-human globulin cytotoxicity assays. Circu-

ating anti-donor antibodies are not sought routinely after

ardiac transplantation but were assayed in patients with
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ardiac dysfunction that was thought to be rejection-
elated (biopsy-proven or not).

tatistical Analysis

aired data sets were analyzed using chi-square analysis
SPSS Software).

ESULTS
orrelation of C4d Staining and the Presence of Serum
lloantibodies

e correlated C4d fluorescence on frozen allograft
ardiac tissue with serum anti-donor antibody using 85
issue samples (biopsies and autopsies) from 38 pa-
ients. We were able to identify 9 patients who had
oth antibodies and concurrent tissue samples (N �
5). For patients with alloantibodies, we stained 2 or 3
issue samples per patient between 21 and 100 days
ost-transplant. We also compiled an additional set of
0 paired data sets from 29 patients without serum
lloantibodies, also matched for age and gender, in
hich C4d staining of tissue and alloantibody could be

ompared. Two frozen biopsies at different timepoints
ost-transplant were assayed per patient and matched

or interval after transplantation with the intervals of
he antibody-positive group. C4d staining was found
ining the walls of capillaries, on the endothelium of
rterioles, in intravascular plasma, and occasionally on
schemic myocardium. Only capillary C4d staining cor-
elated with presence of serum alloantibody (Figure 1).
f 25 tissue samples paired with positive antibodies, 21

howed capillary C4d staining (84%) (Table 1). Four
iopsies from 4 alloantibody-positive patients were
egative for C4d staining. However, the negative C4d
Figure 1. Capillary staining for C4d
taining observed on 2 biopsies from 2 patients with
lloantibody turned C4d-positive on their next biopsies.
n the renal literature it is well accepted that C4d
taining in a minority of cases may precede or follow
he detection of alloantibody. Fifty-three of 60 samples
ithout antibody were negative for C4d (88%). The

ssociation of C4d capillary staining in allografted hearts
nd alloantibodies was statistically significant (p �
.001). Arteriolar positive staining was identified in
iopsies from patients with and without alloantibodies
p � 0.2). In 4 cases, myocytes clearly stained and
orrelated with areas of ischemic injury. In 65 cardiac
llograft biopsies, which could not be correlated with
lloantibody, 7 of 65 were positive for C4d and 58 were
egative.

4d Staining in Patients Receiving OKT3

otentially, C4d deposition could be related to therapy
ith OKT3, which could cause complement activation

nd possible C4d in vivo deposition.30,31 To test this
ypothesis, we correlated the biopsies of 18 patients who
ad received OKT3. Biopsies were taken between 7 and
1 days after transplantation. Eight of 18 of these patients
ad alloantibodies, and 10 of 18 did not. Seven of 8
atients with alloantibody were C4d-positive, but 0 of 10
ithout alloantibody showed C4d staining (Table 2). This

ssociation was statistically significant (p � 0.001). To
onfirm this correlation pathologically, we stained the
llografted heart and native kidney for C4d from a patient,
ho had anti-donor alloantibodies and died from acute
umoral rejection and who also had received OKT3 as
art of therapy. In Figure 2, the capillaries in the al-

ografted heart stained for C4d (Figure 2A). This is similar
(original magnification � 400).
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o the pattern of peritubular capillary C4d staining in an
llografted kidney from a case of acute humoral rejection
f the kidney (positive control, Figure 2B). In contrast, a
iopsy with ISHLT Grade 3a rejection, from a patient who
id not have alloantibodies, lacked capillary C4d staining
Figure 2C). There was no C4d staining in the native
idney from the patient with acute humoral cardiac
ejection (Figure 2D). These data suggest that cardiac
apillary C4d staining is associated with anti-donor anti-
odies deposited in the cardiac allograft and is not attrib-
table to OKT3 therapy or generalized C4d deposition.

4d Staining and Post-Transplant Ischemic Injury

ince ischemic myocardial tissue can stain for comple-
ent,32–34 biopsies from patients with or without antibod-

es, but with diagnoses of post-transplant ischemic injury,
ere stained for C4d. Of 33 cases in which the biopsies

howed post-transplant myocardial ischemia, 5 of 7 biop-
ies from patients with serum alloantibody were C4d-
ositive. However, 25 of 26 (96%) without alloantibody
id not stain (Table 3). This correlation was statistically
ignificant (p � 0.001). In the absence of alloantibody,
apillaries are unlikely to stain diffusely for C4d in heart
llograft biopsies with diagnoses of post-transplant isch-
mia.

4d Staining in Frozen and Paraffin-Embedded Tissue

4d staining was initially performed on frozen sections
nd has now been extended to include formalin-fixed and
araffin-embedded sections of kidney.12 To validate C4d
taining on formalin-fixed and paraffin-embedded tissue,
e analyzed those specimens for which both frozen and
araffin tissue were available. Of 38 specimens available

or review, 13 positive for C4d on frozen sections were
lso positive on paraffin (Figure 3). Of 25 that were
egative on frozen sections, only 1 was positive on
araffin. This pattern of staining of the 4 samples in Figure
A–D were the same when C4d staining of corresponding
ormalin-fixed and paraffin-embedded sections were used.

dditional Controls

o evaluate additional controls, we performed C4d
taining on 44 non-transplant patients who received

able 1. Correlation of Capillary C4d and Serum Alloantibody

Serum antibody

TotalNegative Positive

4d staining
Negative 53 4 57
Positive 7 21 28

otal 60 25 85

� 0.001.
ardiac biopsies for various diseases, including cardiac p
myloid, dilated cardiomyopathy, hypertrophic cardio-
yopathy, coronary artery disease, hemochromatosis,
yocarditis and cardiac leukocytoclastic vasculitis, in a

upus patient. Using the criterion of diffuse capillary
taining, only 4 were positive (9%) (all dilated cardio-
yopathy cases). The 3 patients with myocarditis were
egative, including 1 who received a transplant and has
emained alloantibody and C4d-negative. Some addi-
ional staining patterns of uncertain significance were
bserved, including plasma staining and arteriolar en-
othelial staining. Amyloid in 6 of 7 patients with
ardiac amyloid stained for C4d. Four of 44 (9%)
on-transplant biopsies were C4d-positive on paraffin-
mbedded formalin-fixed tissue. These are presumed to
epresent false-positive results, but the presence of
nti-cardiac autoantibodies was not excluded (nor
ought after) in these patients. Capillary-specific stain-
ng was not identified in autopsied hearts with infarcts
N � 5).

hronic Allograft Rejection

n chronic renal allograft rejection, a significant per-
entage (34% to 61%) showed C4d staining of their
iopsies,11 correlating mostly with the presence of
erum alloantibody.10 Chronic rejection in heart allo-
raft manifested as vasculopathy may also be associated
ith alloantibodies.35 To test the hypothesis that

hronic cardiac allograft vasculopathy, like chronic
llograft nephropathy, may be associated with C4d
taining, we evaluated 33 samples from 33 patients
ithout chronic cardiac vasculopathy (264 to 4,828
ays after transplantation) and 43 samples from 25
atients with chronic cardiac vasculopathy (106 to
,277 days after transplantation). Chronic cardiac vas-
ulopathy (CCV) is defined as luminal narrowing of
oronary arteries detected by intravascular ultrasound
r intimal hyperplasia of coronary arteries at autopsy.

able 2. C4d Staining and Serum Alloantibody in Patients
eceiving OKT3

Serum alloantibody

OKT3 therapy

TotalNo Yes

o
C4d staining

No 45 10 55
Yes 1 0 1

Total 46 10 56
es

C4d staining
No 1 1 2
Yes 9 7 16

Total 10 8 18
otal 56 18 74
� 0.001.
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even of 33 samples without CCV were positive for C4d
21%), whereas 8 of 43 samples with CCV were positive
or C4d (23%). This correlation is not statistically signif-
cant (p � 0.9). We lack sufficient serum alloantibody
ata for additional correlations.

linical Utility of C4d Staining

he prospective utility of C4d staining is illustrated in a
9-year-old man who received a heart transplant for

schemic cardiomyopathy. For over 1.5 years he was
linically stable on prednisone, imuran and cyclospor-
ne. At Day 605 post-transplant, on routine follow-up,
e was clinically stable. His biopsy was Grade 0 with 3
uilty B lesions. His trough cyclosporine level was 120
g/ml, slightly low for this patient, who may have been
artially non-compliant. During the next 3 weeks, he
ecame progressively more symptomatic and presented

igure 2. (A) Capillary staining in the cardiac allograft from a patient
eritubular capillary staining in a kidney allograft with acute humoral r

n a cardiac allograft biopsy from a patient with ISHLT Grade 3a rejectio
idney from the same patient who died of acute humoral cardiac allo
n Day 629 with severe orthopnea and an inability to b
alk 2 to 3 feet. Urgent right-heart catheterization
howed a right atrial pressure of 29 mm Hg and a wedge
ressure of 32 mm Hg, with output of 4.2 liters/minute.
roponins were normal. Echocardiogram showed an
jection fraction of 25% (from 66% previously). Right
entricular endocardial biopsy showed moderate ISHLT
rade 2 rejection. The frozen C4d assay showed diffuse
apillary fluorescence, consistent with in vivo deposi-
ion of alloantibody. Levels on the paraffin block iden-
ified an additional focus of lymphocytic infiltrate with
yocyte necrosis. The diagnosis was changed to ISHLT
rade 3a rejection. A retrospective panel-reactive anti-
ody (PRA) was positive at 60% and showed anti-
onor–specific titers of Class I (1/8) and Class II (1/256)
lloantibodies. The patient was treated for 10 days with
KT3, 5 days of plasmapheresis, and then an infusion of

ituximab (anti-CD20) on Day 680.36 On Day 690, his

o died of acute humoral rejection (original magnification � 200). (B)
ction (original magnification � 200). (C) Absence of capillary staining
(D) Absence of staining for C4d in the peritubular capillaries of a native
ft rejection.
wh
eje
n.
iopsy showed an ISHLT Grade 0 rejection, but re-
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ained positive for C4d. He received plasmapheresis
gain with a decline in antibody titers. He is now
linically stable on tacrolimus, mycophenolate mofetil,
rednisone and anti-cytomegalovirus prophylaxis with
ersistence of some anti-donor alloantibodies. Retro-
pective C4d on frozen tissue (Day 13 post-transplant)
nd paraffin-embedded tissue (Days 13, 264, 305, 361
nd 444 post-transplant) were all negative. The patient’s
RA was negative before transplantation. However,
iopsies on Days 605, 629, 643 and 676 were positive
or C4d (Figure 4). The most recent biopsy on Day 676
howed capillary C4d staining consistent with persis-
ent anti-donor alloantibodies (Figure 4). Another re-
ent report also highlighted the utility of C4d staining in
ardiac transplant humoral rejection.37

able 3. C4d Staining vs Post-Transplatation Ischemic Injury

Serum antibody

Ischemic injury

TotalNo Yes

o
C4d staining

No 47 25 72
Yes 1 1 2

Total 48 26 74
es

C4d staining
No 2 2 4
Yes 19 5 24

Total 21 7 28
otal 69 33 102

� 0.001.
igure 3. Capillary staining for C4d using formalin-fixed paraffin-embedd
ISCUSSION

f the 254 heart transplant patients evaluated, we
dentified only 9 with alloantibodies. The exact inci-
ence in our population is unknown because alloanti-
ody screening is not routinely performed on all cardiac
ransplant patients post-transplantation, so a few anti-
ody-positive, but clinically stable patients may have
een missed. The true incidence is likely to be low
ecause transplanted patients usually lack sensitization
nd alloantibodies before transplantation. Nevertheless,
rom this patient population we have been able to test
nough tissue samples to show that C4d capillary
taining of cardiac biopsies correlates well, although
ot perfectly, with the presence of serum anti-donor
lloantibodies. The sensitivity is 84% and the specificity
s 89%. This correlation is similar to that identified with
enal biopsies.7–10,24 Other patterns of cardiac staining,
ncluding plasma, arteriolar endothelial, ischemic myo-
ardial and amyloid, were also identified, but their
ignificance is unclear and do not correlate with the
resence of alloantibodies. The interpretation of these
ata may be limited by the difficulty of accruing suffi-
ient numbers of cardiac allografted patients with al-
oantibodies.

Diagnostic criteria for the pathologic diagnosis of
ardiac humoral rejection, either acute or chronic, have
ot been established.38 Few studies correlate the pres-
nce or absence of anti-donor alloantibodies with
athologic findings. Criteria differ among cen-
ers.15,39–42 Nevertheless, reliable identification of
hose patients with alloantibodies and cardiac allograft
issue injury is vital to: (1) establish a diagnosis of acute
ed tissue from a patient with acute cardiac acute humoral rejection.
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umoral rejection38,43; (2) identify mixed rejections in
hich the presence of alloantibodies may exacerbate

ellular rejections44,45; and (3) determine if chronic
ejection (or a sub-set, thereof) is mediated in part by
lloantibodies that may contribute to shortening graft
urvival in chronic rejection.14,19

In our small group of antibody/C4d-positive patients,
he presence of alloantibody correlated with C4d cap-
llary staining but did not identify a homogeneous
roup, either clinically or pathologically. Our findings
re similar to those of Behr et al,29 who showed positive
4d staining in a pathologically heterogeneous group

hat included biopsies both with and without inflamma-
ion. In our study 1 patient died of chronic rejection
ssociated with C4d staining and anti-B ABO alloanti-
ody. This patient had no histologic evidence of acute
ellular (lymphocytic infiltrate) or humoral rejection
neutrophils, endothelial injury or intravascular macro-
hages). Two patients were identified with alloantibod-

es and C4d staining, who were clinically stable and
ith ISHLT Grade 0 rejection. Their biopsies had no
istologic evidence of acute cellular or humoral rejec-
ion. These 2 patients with alloantibody and C4d stain-
ng, but without acute tissue injury, might represent
xamples of accommodation.13 Six patients suffered
evere clinical injury (4 of the 6 died), and met the
riteria (alloantibody, C4d deposition, pathologic tissue
njury and clinical compromise) for antibody-mediated
ejection.38,43 One of these 6 patients had acute hu-
oral rejection with capillary injury, intravascular mac-

ophages and patchy myocytonecrosis in the absence of
ellular rejection. The other 5 patients had mixed
ejection with acute cellular rejection (destructive
ulti-focal lymphocytic infiltrates and endothelialitis)

nd histologic evidence of antibody-mediated injury
intravascular macrophages and endothelial injury, with
ocal capillary neutrophils). Positive capillary C4d stain-
ng is not the sole criterion, but is among 4 criteria used

580 600 620 640 660 680 700 720 740 760
0

128

256

384

512

640

DAYS POST TRANSPLANTATION

C
L

A
S

S
 II

 T
IT

E
R

IS
H

LT
 0

/4
, C

4d
+ 

R
E

T
R

O
S

P
E

C
T

IV
E

LY

IS
H

LT
 3

A
/4

, C
4d

+,
 O

K
T

3 
T

H
E

R
A

P
Y

IS
H

LT
 0

/4
, C

4d
+

P
L

A
S

M
A

P
H

E
R

E
S

IS

A
N

T
I -

 C
D

 2
0

ISHLT 0/4, C4d +
PLASMAPHERESIS

ISHLT 0/4
C4d +

igure 4. Anti–Class II titer and therapy after cardiac transplantation.
o diagnose antibody-mediated rejection.38,43
C4d tissue allograft staining may occur in the absence
f detectable serum alloantibodies. The anti-HLA titer
ould be low or undetectable because the alloantibod-
es are absorbed entirely into the allograft. Alternatively,
he alloantibodies are non-HLA and not detectable by
outine tissue-typing techniques.46–48 In some cases,
4d deposition might occur by complement fixation

hrough mechanisms of innate immunity.49 C4d depo-
ition without tissue injury—that is, accommodation—
ight occur if complement-regulatory proteins termi-
ate or regulate complement fixation so that
hemotactic factors and the lytic components of the
omplement cascade are not present to cause tissue
njury.34,49 If this were the case, C4d, but not C3d,

ight be deposited.50,51 The presence of both C4d and
3d capillary staining may detect more severe patho-

ogic injury with more serious clinical compromise.50,52
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