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ncreased erythrocyte C4D is associated with known
lloantibody and autoantibody markers of antibody-mediated
ejection in human lung transplant recipients
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BACKGROUND: Immune responses to mismatched donor human leukocyte antigens (HLA) are im-
portant in the pathogenesis of chronic rejection. This study evaluated whether erythrocyte-bound C4d
(E-C4d) is associated with known alloimmune and autoimmune markers of antibody-mediated rejection
after human lung transplantation (LTx).
METHODS: Flow cytometry was used to analyze 22 LTx recipients and 15 healthy individuals for E-C4d.
Development of antibodies to donor-mismatched HLA (donor-specific antibody [DSA]) and antibodies to HLA
were determined using the solid-phase method by Luminex. Development of antibodies to self-antigens, K-�-1-
tubulin (KA1T) and collagen V (Col-V), were measured by enzyme-linked immunosorbent assay. C3d deposition
in lung biopsy specimens was determined by immunohistochemical staining.
RESULTS: Percent E-C4d (%E-C4d) levels were 19.9% in LTx patients vs 3.7% in healthy individuals
(p � 0.02). DSA� patients had higher E-C4d levels than DSA� patients (34.1% vs 16.7%, p � 0.02).
In 5 patients with preformed anti-HLA, E-C4d levels were not significantly different vs 13 patients
without detectable anti-HLA (p � 0.1). E-C4d levels were higher in patients who developed antibodies
to KA1T (p � 0.02) and Col-V (p � 0.03). Recipients with C3d-positive tissue deposition had higher
E-C4d levels than patients with C3d-negative biopsy results (p � 0.01).
CONCLUSIONS: Increased %E-C4d levels are found in patients with positive DSA, high antibody
titers to KA1T and Col-V, and have C3d� lung biopsy findings. Therefore, %E-C4d can serve as a
potential marker for antibody-mediated rejection after LTx.
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Pre-existing antibodies (Abs) specific to mismatched do-
or human leukocyte antigen (HLA) have been strongly
orrelated with acute and/or chronic rejection and their
resence has generally been accepted as a contraindication
or solid organ transplantation.1,2 More recent evidence sug-

ests that post-transplant development of donor-specific Ab
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DSA) against mismatched donor HLA has a crucial role in
cute and chronic rejection of lung allografts.3–5

Ab-mediated rejection (AMR) in renal allografts has
een well characterized by DSA in circulation and C4d
eposition in the allograft at the time of rejection.6–8 In
ontrast, AMR is not a well-defined entity in lung trans-
lantation (LTx).9 Although a diagnosis for cellular rejec-
ion can be made from the biopsy specimen, the often-
ebulous diagnostic criteria for AMR include clinical,
istologic, and immunologic evidence. Specifically, histo-
ogic evidence of capillary injury and neutrophilic infiltra-
ion, staining for C4d in endothelial cells, and the presence
f DSA in serum in conjunction with clinical evidence of
llograft dysfunction are used to reach a diagnosis.9 The
iagnosis of AMR in the setting of superimposed cellular
ejection is challenging.

Our laboratory has previously demonstrated that not only
lloimmune responses to donor HLA but also the autoim-
une response to self-antigens, namely K-�-1-tubulin

KA1T) and collagen V (Col-V), is a risk factor for the
evelopment of chronic rejection (bronchiolitis obliterans)
n LTx.10–12 There is considerable evidence that de novo
evelopment of Abs to donor HLA, as well as to self-
ntigens, are important in the pathogenesis of human lung
llograft rejection.3,13 However, it is less clear if the detec-
ion of DSA and tissue deposition of complement degrada-
ion products such as C4d can be used as markers of hu-
oral activation after LTx. Hence, this study was conducted

o investigate whether E-C4d is associated with allo-Ab and
uto-Ab makers of AMR in human LTx recipients.

In systemic lupus erythematosus (SLE), a circulating
reakdown product in the complement activation process
ound to erythrocytes has been proven to be an important
djunct to patient management.14 Specifically, studies have
hown cell-bound complement activation products such as
rythrocyte C4d (E-C4d) and erythrocyte complement re-
eptor 1 (E-CR1) are biomarkers for monitoring disease
ctivity in patients with SLE.14 The advantage of using an
rythrocyte-bound product is that it is more stable and has
n increased half-life than its more transient circulating
ounterpart.

With recent reports that have suggested a predictive role
f the E-C4d/E-CR1 ratio in cardiac transplantation,15 we
nvestigated whether an increased percentage E-C4d� red
lood cells is an indicator of AMR in post-LTx patients16

nd correlates with other established markers of AMR, such
s DSA, Abs to the self-antigens KA1T and Col-V, and C3d
eposition in lung biopsy specimens.

aterials and Methods

tudy population

rom May 2006 to July 2007, 22 consecutive LTx patients
t Barnes-Jewish Hospital–Washington University were
rospectively enrolled in the study in accordance with a

rotocol approved by the Institutional Review Board. The C
nclusion criteria were patients who agreed to enroll after
roviding informed consent and patients with no active
nfection or primary graft dysfunction at time of study
nrollment. The exclusion criteria included age older than
5 years, a body mass index (BMI) greater than 40 kg/m2,
cold ischemia time greater than 6 hours at the time of LTx,

ncreased levels of liver enzymes (elevated transaminases or
yperbilirubinemia), abnormal thyroid test results, and pre-
iously documented hypertension. Also recruited as con-
rols were 15 healthy volunteers.

Fresh ethylenediamine-tetraacetic acid (EDTA) anti-
oagulated blood was collected, and E-C4d testing was
erformed on whole blood samples immediately after the
pecimen was received. Serum and peripheral blood lym-
hocytes were separated and stored at �135°C. Lung biop-
ies were performed according to protocol. Blood samples
or E-C4d measurements were obtained simultaneously
ith the tissue samples.
A diagnosis of AMR was made based on clinical, histo-

ogic, and serologic criteria. Clinical symptoms suggestive
f AMR included lung allograft dysfunction manifest by
iminished forced expiratory volume in 1 second (FEV1),
educed partial pressure of oxygen (PO2)/fraction of inspired
xygen (FIO2) ratios in ventilated patients, and lack of re-
ponse to immunosuppressive therapy directed towards cel-
ular rejection. Histologic criteria, including intra-alveolar
nd septal wall fibrin, thrombi, and presence of neutrophils,
as noted with absence of conclusive features of cellular

ejection. Given that not only the presence of donor-specific
LA Ab but also the development of Ab to self-antigen can

ead to humoral activation, serologic evidence such Ab in
Tx recipients in this study comprised the serologic criteria

or AMR.

etection of Abs to HLA

he presence of Abs to mismatched donor HLA (DSA) and
ther HLA (anti-HLA) in post-transplant sera was iden-
ified using a solid-phase assay by Luminex technology
BioSource International Inc, Camarillo, CA). In brief, pri-
ary Ab-coated beads and incubation buffer were placed

nto 96-well filter plates. Samples and standards were incu-
ated with the primary Ab beads at room temperature on an
rbital shaker. The wells were washed, and biotinylated-
etector Abs were added for a further 30-minute incubation.
he wells were washed again and streptavidin-R-phyco-
rythrin solution was added and incubated for 15 minutes.
he wells were washed and data read using a dual-laser flow
nalyzer, the Luminex-100 v1.7 system. Data analysis was
erformed using the MasterPlex QT 1.0 system (MiraiBio,
outh San Francisco, CA), and a 5-parameter regression
ormula was used to allow detection compared with stan-
ard curves.

etection of Abs to self-antigens KA1T and Col-V

he sera were tested for the presence of Abs to KA1T and

ol-V by enzyme linked immunosorbent assay (ELISA). A
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6-well plate (Nunc, Rochester, NY) was coated with 1
g/ml recombinant purified KA1T or commercially avail-
ble Col-V (Chemicon, Temecula, CA) in phosphate-buff-
red saline (PBS) overnight at 4°C. The antigen-coated
ells were blocked for non-specific binding with 1% bovine

erum albumin (BSA) for 2 hours. Sera from post-HTx and
ealthy volunteers were tested at 2 specific titers (1:500 and
:1000) for the presence of Abs against KA1T and Col-V.
ommercially available anti-KA1T and anti-Col-V Abs
ere used as positive controls. Specific binding was de-

ected with anti-human immunoglobulin (Ig) G, IgM bound
o horseradish peroxidase (Jackson ImmunoResearch Lab-
ratory Inc, West Grove, PA), and developed with tetram-
thylbenzidine substrate (Millipore Corp, Temecula, CA).
mmunosorbance was detected at 460 nm. The concentra-
ion of Ab was calculated based on a standard curve using
he binding of known concentration of commercial anti-
A1T/anti-Col-V Abs (Santa Cruz Biotechnology Inc,
anta Cruz, CA).

etection of E-C4d

resh EDTA anti-coagulated blood (10 �l) was washed
wice in 1 ml of fluorescent-activator cell sorter (FACS)
ash buffer. The buffer was prepared by using 0.1% BSA

nd 0.02% sodium azide in PBS. The washed pellet was
esuspended in 200 �l of FACS buffer. Five microliters of
he resuspension was mixed with 20 �l of FACS buffer and

�l of murine monoclonal anti-human C4d (Quidel, San
iego, CA) and incubated for 20 minutes at 4°C. Mouse

gG1k was used as an isotype control. The pellet was
ashed twice with FACS buffer and treated with fluorescein

sothiocyanate (FITC) conjugated goat anti-mouse IgG in a
ilution of 1:100 for 20 minutes at 4°C.

After 2 washes with FACS buffer, the cells were resus-
ended in 500 �l of FACS buffer and read on a FACS
aliber machine with instrumental settings for erythrocytes.
he red blood cells were electronically gated based on

orward and side scatter properties to include only single
ells. Percentage binding was read in comparison with
sotype control. Percentage of E-C4d (%E-C4d) was calcu-
ated by determining the percentage of total red blood
ells with a positive mean fluorescence shift (MFIanti-C4d �
FIisotype IgG1). A 2 standard deviation from the mean

uorescence shift obtained in the control population was
sed as a positive cutoff value to calculate %E-C4d in the
ost-LTx patients. To ensure reproducibility, each sample
as run through the FACS machine 3 times and the devi-

tion was within 5% of each measurement.

mmunohistochemical staining for C3d

mmunohistochemical studies were conducted using forma-
in-fixed paraffin-embedded lung allograft biopsy speci-
ens from 22 HTx recipients. The paraffin-embedded tissue
as cut (4- to 6-�m thick) and placed on Superfrost Plus

lides (Fisher Scientific, Hampton NH). The slides were

laced in a 60°C oven for 1 hour, cooled, deparaffinized in t
ylene, and then rehydrated using sequential immersion in
raded ethanol solutions, and finally in water. The endogenous
eroxidase activity was blocked by 3% hydrogen peroxide for
0 minutes. Before addition of the primary Ab, slides were
locked for non-specific staining using a serum-free protein
or 15 minutes at room temperature (DakoCytomation,
arpinteria, CA). Primary Ab (C3d rabbit polyclonal Abs,
akoCytomation) was diluted 1:500 and tissue was incu-
ated overnight. The detection system, a labeled polymer
ystem, Envision Plus Dual Link (DakoCytomation) was
sed, and staining was visualized with diaminobenzidine
DAB) chromogen (DakoCytomation). The slides were then
ounterstained with hematoxylin, dehydrated through
raded ethanol solutions, followed by xylene, and cover-
lipped with mounting media.

tatistical correlation

rism 4 software (GraphPad, San Diego, CA) was used to
nalyze data. Statistical correlation with patient outcome
as performed using the Mann-Whitney test. Mean data are
resented with the standard deviation. A value of p � 0.05
as considered to be statistically significant.

esults

atient demographics

he study cohort consisted of 22 patients (11 men) who
nderwent LTx from May 2006 to July 2007. Mean age at
Tx was 50.7 years. Fourteen patients were Caucasian, 6
ere African American, and 2 were classified as other. The

ndication for LTx included chronic obstructive pulmonary
isease in 8 (36%), idiopathic pulmonary fibrosis in 4
18%), �-1-antitrypsin deficiency in 3 (14%), primary pul-
onary hypertension in 2 (9%), cystic fibrosis in 2 (9%),

diopathic interstitial lung disease in 1 (5%), and sarcoidosis
n 1 (5%). Bilateral LTx was performed in 20 patients
92%). Mean follow-up after LTx was 20.1 � 3.4 months
median, 21.5 months). Of the 22 patients, 5 patients expe-
ienced at least 1 episode of biopsy-documented cellular
ejection. Although patients with active infection at time of
tudy enrollment were excluded, systemic infections devel-
ped in 3 patients, 2 bacterial and 1 viral.

he %E-C4d is significantly increased in the
irculation of LTx recipients

-C4d levels were measured on the circulating erythrocytes
y flow cytometry in 15 healthy volunteers and 22 post-LTx
ecipients on freshly collected EDTA anti-coagulated blood.
he test for E-C4d was performed at a mean of 15.3 � 4.2
onths from the time of LTx. The mean E-C4d levels were

.7% � 2.2% in the healthy cohort and 19.9% � 9.7% in
he LTx cohort (p � 0.02; Figure 1). This demonstrates that

he %E-C4d level is higher in LTx recipients than in con-
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rols. To determine whether this is due to an increase in
SA developing in patients, which changes the %EC4d in

he LTx recipients, we analyzed for development of DSA as
ell as Abs to HLA.

he %E-C4d is significantly increased in LTx
ecipients with DSA

he presence of DSA is associated with humoral immune
ctivation in LTx recipients. Mean time to DSA detection
rom time of LTx was 13.4 � 2.9 months for the study
ohort. To determine whether the development of DSA will
orrelate with an increase in EC4d, we determined E-C4d
evels in 3 patient groups: 4 patients with DSA (Group 1),
patients who developed anti-HLA but not DSA (Group 2),

nd 13 patients who remained negative for both DSA and
nti-HLA (Group 3; Figure 2). Mean E-C4d was 34.1% �
.9% in Group 1, 13.9% � 8.4% in Group 2, and 17.7% �
.7% in Group 3. There was a significant difference be-
ween DSA and anti-HLA� patients (Group 1 vs 2; p �
.02), DSA and anti-HLA� patients (Group 1 vs 3; p �
.03), and DSA and non-DSA patients (Group 1 vs Group 2
nd 3; p � 0.02). There was no significant difference be-
ween anti-HLA� and anti-HLA� patients (Group 2 vs 3,
� 0.1). These data demonstrate that %E-C4d is higher in
SA� LTx patients compared with those who are DSA�.
urthermore, %E-C4d is not significantly different in
nti-HLA� recipients without DSA compared with anti-
LA� recipients. These preliminary results demonstrate

hat patients with DSA also develop an increase in
EC4d, and therefore, this could be used as a marker for
MR after LTx.

he %E-C4d is significantly increased in LTx
ecipients who develop Abs to self-antigens KA1T
r Col-V

ost-LTx development of Abs to self-antigens has been

igure 1 An increased percentage of the erythrocyte-bound
omplement degradation product C4d (E-C4d) fraction was found
n the peripheral circulation of 22 post-lung transplant (LTx)
ecipients compared with 15 healthy controls. Results are ex-
ressed in mean � SD.
ssociated with development of chronic rejection after hu- c
an LTx. Mean time to Ab to self-antigen detection from
ime of LTx was 17.8 � 2.5 months for the study cohort.
urther, it has been suggested that alloimmune responses
an induce an immune response to self antigens.10,12 We
herefore measured the E-C4d levels in patients who devel-
ped Abs to KA1T and Col-V (Figure 3).

A LTx recipient was considered to have developed Abs
o self-antigens if the titer to a self-antigen was greater than
n the healthy cohort mean � (2 � healthy cohort standard
eviation). Similarly, a LTx recipient had a low Ab titer to
given self-antigen if the level was less than in the normal
ean cohort � (2 � healthy cohort standard deviation). The
ean levels in healthy individuals were 194 � 52 �g/ml for
A1T and 111 � 42 �g/ml for Col-V. In 22 LTx recipients,

he titer to KA1T was high (�298 �g/ml) in 11 patients and
ow (�90 �g/ml) in 3. Similarly, the titer to Col-V was high
�195 �g/ml) in 14 patients and low (�27 �g/ml) in 3. The
ean E-C4d was 23% � 10.5% in recipients with high
A1T titers and 3.4% �1.4% in the group with low titers

p � 0.02). Similarly, the mean E-C4d was 22.9% � 9.7%
n recipients with high Col-V titers and 3.4% � 1.4% in
hose with low titers (p � 0.03). These data demonstrate
hat %E-C4d is higher not only in patients who developed
SA after LTx but also in patients who developed Abs to

elf-antigens.

igure 2 Increased %E-C4d in post-LTx recipients with donor-
pecific antibody (DSA) compared with DSA� patients with or
ithout detectable anti-human leukocyte antigen (HLA) antibodies

Abs). Group 1 comprised 4 patients with DSA, Group 2 com-
rised 5 patients who developed anti-HLA but not DSA, and the 13
atients in Group 3 remained negative for both DSA and anti-
LA. There was a significant difference between DSA and anti-
LA� patients (Group 1 vs 2; p � 0.02), DSA and anti-HLA�
atients (Group 1 vs 3; p � 0.03), and DSA and non-DSA patients
Group 1 vs Group 2 � 3; p � 0.02). The difference between
nti-HLA� (Group2) and anti-HLA- patients (Group 3) was not
ignificant (p � 0.1). %E-C4d is higher in DSA� LTx patients

ompared with those who are DSA� (p � 0.02).



T
r
o

P
a
r
(
M
T
C
e
t

C

O
b
h
w
K
b

D

L
p
r
a
c

A
p
t
p
C
d

c
t
d
a
(
e
L
c
D
r

l
D
b
s
D
a
i
L
b
i
h
a
a
a
c
C

o

F
c
t
1
2
0
i
E

F
c
(
h
t
t
(
2
(
2
(

414 The Journal of Heart and Lung Transplantation, Vol 29, No 4, April 2010
he %E-C4d is significantly increased in LTx
ecipients who demonstrated deposition of C3d
n lung biopsy tissue

ositive C3d staining in lung biopsy tissue of recipients is
ssociated with humoral immune response.17 Of 22 LTx
ecipients, 9 patients were C3d� and 13 patients were C3d�
Figure 4). Mean E-C4d in C3d� patients was 26.1 � 10.1.

ean E-C4d in C3d� patients was 15.5 � 6.8 (p � 0.01).
herefore, higher %E-C4d is noted in patients who are
3d� on immunohistological staining and provides further
vidence that E-C4d is a biomarker for AMR in LTx pa-
ients.

linical correlation

ne patient in our cohort of 22 was diagnosed with as
ronchiolitis obliterans syndrome (BOS), and 7 had clinical,
istologic, or serologic features consistent with AMR. DSA
as detected in 3 of 7 patients with AMR, and Abs against
A1T and Col-V were detected in 6. Only 3 patients had
oth DSA and Abs to KA1T and Col-V.

iscussion

Tx is accepted as an effective treatment modality for
atients with end-stage lung disease.18,19 AMR is typically
esistant to conventional immunosuppressive strategies
nd has recently emerged as a potential cause of acute and

igure 3 Increased %E-C4d in post-lung transplant (LTx ) re-
ipients with high antibody titers to self-antigens, K-�-1-tubulin
KA1T) and collagen V (Col-V). Of 22 LTx recipients, 11 patients
ad a high titer to KA1T (�298 �g/ml) and 3 patients had a low
iter to KA1T (�90 �g/ml). Similarly, 14 patients had a high tier
o Col-V (�195 �g/ml) and 3 patients had a low titer to Col-V
�27 �g/ml). Mean E-C4d in recipients with high KA1T titers was
3%�10.5%; in the low KA1T titer group, it was 3.4% � 1.4%
p � 0.02). Similarly, E-C4d in recipients with high Col-V titers was
2.9% � 9.7%; in the low Col-V titer group, it was 3.4% � 1.4%
p � 0.03). Mean data are shown with the standard deviation.
hronic graft dysfunction after LTx.20–22 DSA to HLA and p
bs to self-antigens are both thought to be involved in the
athogenesis of rejection and graft failure. Several labora-
ories, including ours, have confirmed the role of DSA,
re-formed anti-HLA, and Abs to self-antigens (KA1T and
ol-V) in the pathogenesis of chronic rejection, clinically
iagnosed as BOS in post-LTx patients.3,23,24

A recent national conference was convened to propose a
lassification to assess AMR in solid organ transplanta-
ion.25 There was a consensus that the 4 criteria needed to
iagnose AMR include: (1) detection of DSA or pre-formed
nti-HLA in circulation, (2) C4d deposition in the biopsy,
3) histologic evidence of tissue injury, and (4) clinical
vidence of graft dysfunction. But the diagnosis of AMR in
Tx is more nebulous compared with its better-defined
ounterpart in cardiac and renal allografts.9 The detection of
SA is strongly correlated with the development of chronic

ejection after LTx.
Many patients, however, do not demonstrate detectable

evels of DSA in the circulation. It has been suggested the
SA may appear transiently in serum because it is likely
ound to the allograft at the time of rejection.12,23 Several
tudies have revealed that even in the absence of circulating
SA, there is evidence of complement deposition in the

llograft, suggesting that Abs to non-HLA may be involved
n the development of AMR.23,24 In fact, induction of post-
Tx de novo Abs to self-antigens KA1T and Col-V has
een correlated with development of BOS.12,16 Recent stud-
es in BOS patients in our laboratory (unpublished data)
ave validated the more resilient nature of Abs to self-
ntigens compared with serum DSA in BOS patients. Using
n animal model of BOS, we have also demonstrated that
lloimmunity mediated by anti-major histocompatibility
omplex class I can lead to autoimmunity against KA1T and
ol-V, which results in chronic rejection.10

C3d and C4d deposition in the allograft tissues is a sign
f humoral immune activation leading to tissue damage and

igure 4 Increased %E-C4d in post-lung transplant (LTx) re-
ipients who demonstrated deposition of C3d on lung biopsy
issue. Of 22 lung transplant recipients, 9 patients were C3d� and
3 patients were C3d�. Mean E-C4d in C3d� patients was
6.1�10.1. Mean E-C4d in C3d� patients was 15.5 � 6.8 (p �
.01). The higher %E-C4d noted in patients who were C3d� on
mmunohistological staining further demonstrated that increased
-C4d is a biomarker for antibody-mediated rejection in post-LTx

atients. Mean data are presented with the standard deviation.
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llograft dysfunction.17 In conjunction with serum markers,
he complement activation products C3d and C4d have been
sed as markers of Ab-mediated injury in LTx recipients.
owever, C3d and C4d deposition has been documented to
e mediated by Ab-independent mechanisms of comple-
ent activation, such as the mannose-binding lectin path-
ay.26,27 Furthermore, staining for C4d, in particular, is not

pecific for the presence of AMR because it has also been
oted in patients with primary graft dysfunction and infec-
ion 28 C4d staining in lung allograft biopsy specimens also
oes not consistently identify acute or chronic humoral
ejection.29,30

E-C4d has been used as a novel marker for monitoring
he activation of humoral immune responses in autoimmune
iseases such SLE.14 Similarly, the measurement of the
C4d/E-CR1 ratio has been correlated with AMR in cardiac

ransplantation and can serve as a marker for AMR in these
ecipients.15

In our study, there was an increased % E-C4d level in
ost-LTx recipients compared with healthy volunteers
19.9% � 9.7% vs 3.7% � 2.2%; p � 0.02; Figure 1). We
ategorized the LTx recipients based on presence of DSA
nd pre-formed anti-HLA Abs. Among the 22 post-LTx
atients, 4 (18%) were DSA�, 5 (23%) had pre-formed
nti-HLA Abs, and the remaining 13 (59%) had no detect-
ble anti-HLA Abs. The %E-C4d was higher in the DSA�
roup vs the DSA� group (34.1% � 5.9% vs 16.7% �
.2%, p � 0.02; Figure 2). It is of significance that only
SA� LTx recipients—but not those who developed anti-
LA—had significant increase in the EC4d (Figure 2),
emonstrating the potential value of monitoring for EC4d in
he diagnosis of AMR.

Anti-HLA was not detectable in 13 patients; of these, 4
atients had high Abs titers to KA1T and 7 patients to
ol-V. Further, Abs to KA1T and Col-V are detectable in
irculation in the absence of anti-HLA Abs in these patients.
he 4 patients in our study with no detectable anti-HLA and
igh titers to both KA1T and Col-V had a high %E-C4d
evel compared with the 6 patients with no detectable anti-
LA and no anti-KA1T and anti-Col V Abs (24.4% � 7.1%
s 12.8% � 1.9%; p � 0.01). Three patients who were
SA� had high titers of Abs to KA1T and Col-V and
emonstrated C3d deposition in lung biopsy tissue. The %
-C4d levels for these 3 patients were 31.4% � 2.6%. One
SA� patient had high titers of Abs to self-antigens, neg-

tive C3d staining, and a high %E-C4d (29%), and was
iagnosed with BOS. This suggests that %E-C4d can be
sed as a sensitive marker of humoral activation in the
bsence of C3d/C4d staining after LTx on the biopsy spec-
men. Our results agree with a published report in cardiac
ransplant recipients where the E-C4d/E-CR1 ratio was used
s a non-invasive marker for detecting AMR.15

Current immunosuppressive regimens are targeted to ad-
ress T-cell–mediated rejection. Rejection episodes in pa-
ients who are receiving appropriate immunosuppressive
herapy are typically secondary to humoral mediated allo-
mmune and autoimmune responses. We note that autoim-

une responses (manifest by presence of Abs to the self-
ntigens Col-V and KA1T) independent of alloimmune
esponses (manifest by presence of DSA or anti-HLA Abs)
an cause chronic rejection. Therefore, %E-C4d can be used

non-invasive marker to monitor humoral activation in
ost-LTx patients. However, it is important to consider that
omplement independent pathways of humoral alloimmune
nd autoimmune responses can induce graft injury.

A major limitation of our cross-sectional study is that we
ave a small cohort of patients from a single institution and
ur preliminary results warrant further investigation to eval-
ate the correlation between circulating E-C4d levels and
istologic evidence of complement deposition. The inherent
election bias of a small, single-institution patient cohort
as been partially obviated by our use of specific inclusion
nd exclusion criteria. It is not clear what happens to E-C4d
n terms of inflammation and infection. In any process in
hich complement is activated—be it infection or inflam-
ation—we would expect that the E-C4d would be in-

reased. Our exclusion criteria for the study included pa-
ients with active infections at the time of enrollment.
urthermore, of the 3 patients who later developed bacterial
r viral infection, we did not have any blood samples within
months of developing the infection. Hence we do not have

he data to comment definitively on the effect of infection
n E-C4d.

In terms of inflammation early after LTx, we excluded
atients with primary graft dysfunction from study enroll-
ent. Hence, our study was not designed to address early

ost-LTx inflammation or ischemia injury parameters. The
eliability of E-C4d in the context of sensitivity and speci-
city can be only explored with the enrollment of patients in
large, prospective multi-center study.
In summary, our study findings demonstrate that in-

reased %E-C4d is strongly associated with known markers
f alloimmune and autoimmune humoral responses noted in
MR and that the test has the potential to be used as a

imple and reliable method of monitoring the activation of
omplement-dependent Ab-mediated responses in patients
fter LTx.

isclosure statement

he study was supported by National Institutes of Health
NIH) Grant 1 R01 HL56643 to Thalachallour Mohanaku-
ar, PhD, and NIH Training Grant T32 HL07776 to Dilip
. Nath, MD.

None of the authors has a financial relationship with a
ommercial entity that has an interest in the subject of the
resented manuscript or other conflicts of interest to dis-
lose.

eferences

1. Terasaki PI. Humoral theory of transplantation. Am J Transplant

2003;3:665-73.



1

1

1

1

1

1

1

1

1

1

2

2

2

2

2

2

2

2

2

2

3

416 The Journal of Heart and Lung Transplantation, Vol 29, No 4, April 2010
2. Masson E, Stern M, Chabod J, et al. Hyperacute rejection after lung
transplantation caused by undetected low-titer anti-HLA antibodies.
J Heart Lung Transplant 2007;26:642-5.

3. Sundaresan S, Mohanakumar T, Smith MA, et al. HLA-A locus mis-
matches and development of antibodies to HLA after lung transplan-
tation correlate with the development of bronchiolitis obliterans syn-
drome. Transplantation 1998;65:648-53.

4. Girnita AL, McCurry KR, Iacono AT, et al. HLA-specific antibodies
are associated with high-grade and persistent-recurrent lung allograft
acute rejection. J Heart Lung Transplant 2004;23:1135-41.

5. Girnita AL, Duquesnoy R, Yousem SA, et al. HLA-specific antibodies
are risk factors for lymphocytic bronchiolitis and chronic lung allograft
dysfunction. Am J Transplant 2005;5:131-8.

6. Collins AB, Schneeberger EE, Pascual MA, et al. Complement acti-
vation in acute humoral renal allograft rejection: diagnostic signifi-
cance of C4d deposits in peritubular capillaries. J Am Soc Nephrol
1999;10:2208-14.

7. Feucht HE, Schneeberger H, Hillebrand G, et al. Capillary deposition
of C4d complement fragment and early renal graft loss. Kidney Int
1993;43:1333-8.

8. Feucht HE. Complement C4d in graft capillaries—the missing link in
the recognition of humoral alloreactivity. Am J Transplant 2003;3:
646-52.

9. Stewart S, Fishbein MC, Snell GI, et al. Revision of the 1996 working
formulation for the standardization of nomenclature in the diagnosis of
lung rejection. J Heart Lung Transplant 2007;26:1229-42.

0. Fukami N, Ramachandran S, Saini D, et al. Antibodies to MHC class
I induce autoimmunity: role in the pathogenesis of chronic rejection.
J Immunol 2009;182:309-18.

1. Bharat A, Fields RC, Trulock EP, Patterson GA, Mohanakumar T.
Induction of IL-10 suppressors in lung transplant patients by
CD4�25� regulatory T cells through CTLA-4 signaling. J Immunol
2006;177:5631-8.

2. Goers TA, Ramachandran S, Aloush A, Trulock E, Patterson GA,
Mohanakumar T. De novo production of K-alpha1 tubulin-specific
antibodies: role in chronic lung allograft rejection. J Immunol 2008;
180:4487-94.

3. Jaramillo A, Smith MA, Phelan D, et al. Development of ELISA-
detected anti-HLA antibodies precedes the development of bronchi-
olitis obliterans syndrome and correlates with progressive decline in
pulmonary function after lung transplantation. Transplantation 1999;
67:1155-61.

4. Manzi S, Navratil JS, Ruffing MJ, et al. Measurement of erythrocyte
C4d and complement receptor 1 in systemic lupus erythematosus.
Arthritis Rheum 2004;50:3596-604.

5. Lee KC, Chang CY, Chuang YC, et al. Measurement of human

erythrocyte C4d to erythrocyte complement receptor 1 ratio in cardiac
transplant recipients with acute symptomatic allograft failure.
Transplant Proc 2008;40:2638-42.

6. Iwata T, Philipovskiy A, Fisher AJ, et al. Anti-type V collagen hu-
moral immunity in lung transplant primary graft dysfunction. J Immu-
nol 2008;181:5738-47.

7. Westall GP, Snell GI, McLean C, Kotsimbos T, Williams T, Magro C.
C3d and C4d deposition early after lung transplantation. J Heart Lung
Transplant 2008;27:722-8.

8. Woo MS. Overview of lung transplantation. Clin Rev Allergy Immu-
nol 2008;35:154-63.

9. Orens JB, Garrity ER Jr. General overview of lung transplantation and
review of organ allocation. Proc Am Thorac Soc 2009;6:13-9.

0. Ng CY, Madsen JC, Rosengard BR, Allan JS. Immunosuppression for
lung transplantation. Front Biosci 2009;14:1627-41.

1. Allan JS. Immunosuppression for lung transplantation. Semin Thorac
Cardiovasc Surg 2004;16:333-41.

2. Reinsmoen NL, Bolman RM, Savik K, Butters K, Hertz MI. Are
multiple immunopathogenetic events occurring during the develop-
ment of obliterative bronchiolitis and acute rejection? Transplantation
1993;55:1040-4.

3. Schulman LL, Ho EK, Reed EF, et al. Immunologic monitoring in lung
allograft recipients. Transplantation 1996;61:252-7.

4. Scornik JC, Zander DS, Baz MA, Donnelly WH, Staples ED. Suscep-
tibility of lung transplants to preformed donor-specific HLA antibodies
as detected by flow cytometry. Transplantation 1999;68:1542-6.

5. Takemoto SK, Zeevi A, Feng S, et al. National conference to assess
antibody-mediated rejection in solid organ transplantation. Am J
Transplant 2004;4:1033-41.

6. Diujvestijn AM, Derhaag JG, van Breda Vriesman PJ. Complement
activation by anti-endothelial cell antibodies in MHC-mismatched and
MHC-matched heart allograft rejection: anti-MHC-, but not anti non-
MHC alloantibodies are effective in complement activation. Transpl
Int 2000;13:363-71.

7. Awad MR, El-Gamel A, Hasleton P, Turner DM, Sinnott PJ, Hutchin-
son IV. Genotypic variation in the transforming growth factor-beta 1
gene: association with transforming growth factor beta 1 production,
fibrotic lung disease, and graft fibrosis after lung transplantation.
Transplantation 1998;66:1014-20.

8. Morrell MR, Patterson GA, Trulock EP, Hachem RR. Acute antibody-
mediated rejection after lung transplantation. J Heart Lung Transplant
2009;28:96-100.

9. Magro CM, Pope Harman A, Klinger D, et al. Use of C4d as a
diagnostic adjunct in lung allograft biopsies. Am J Transplant 2003;
3:1143-54.

0. Wallace WD, Reed, EF, Ross D, Lassman CR, Fishbein MC. C4d
staining of pulmonary allograft biopsies: an immunoperoxidase study.

J Heart Lung Transplant 2005;24:1565-70.


	Increased erythrocyte C4D is associated with known alloantibody and autoantibody markers of antibody-mediated rejection in human lung transplant recipients
	Materials and Methods
	Study population
	Detection of Abs to HLA
	Detection of Abs to self-antigens KA1T and Col-V
	Detection of E-C4d
	Immunohistochemical staining for C3d
	Statistical correlation

	Results
	Patient demographics
	The %E-C4d is significantly increased in the circulation of LTx recipients
	The %E-C4d is significantly increased in LTx recipients with DSA
	The %E-C4d is significantly increased in LTx recipients who develop Abs to self-antigens KA1T or Col-V
	The %E-C4d is significantly increased in LTx recipients who demonstrated deposition of C3d on lung biopsy tissue
	Clinical correlation

	Discussion
	Disclosure statement
	References


