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ABSTRACT

Background. Complement activation has been recognized as a contributing factor to
cardiac allograft dysfunction. Combined measurement of erythrocyte C4d (E-C4d) and
complement receptor 1 (E-CR1) are potential biomarkers to monitor complement activity
in patients with autoimmune diseases. We conducted a prospective study using CR1-2B11
monoclonal antibody to detect the E-C4d to E-CR1 ratio among our cardiac transplant
recipients with acute symptomatic allograft failure.

Materials and methods. Eight recipients with acute cardiac allograft failure and 72
healthy controls were included in this study. Levels of E-C4d and E-CR1 were measured
by indirect immunofluorescence and flow cytometry. The results were utilized to determine
the association between patient C4d staining, histological features, and clinical outcomes.

Results. Eight patients with nine episodes of sudden onset of graft failure and suspected
antibody-mediated rejection (AMR) were included in this study. One patient who received
emergent mechanical circulatory support was treated with plasmapheresis for his unstable
hemodynamic status. The mean pretreatment left ventricular ejection fraction was 30.3%.
No histological study demonstrated cellular rejection or AMR in any patient. There were
two patients with positive C4d immunostaining. Three patients had four episodes of acute
rejection with sudden death at home. The mean E-C4d/E-CR1 ratio in the study group
(n =9)was 0.22 = 0.07, and 0.12 = 0.10 in the control group (n = 72). As comparing both
groups, we found the ratios were significant higher in the study group (P = .0003).

Conclusions. Measurement of the E-C4d/E-CR1 ratio may be a noninvasive method for
detecting acute rejection after cardiac transplantation.

ARDIAC TRANSPLANTATION is an effective treat-
ment for end-stage heart failure. However, acute
cardiac allograft rejection can result in a poor prognosis or
even a patient’s sudden death.! With advances in immuno-
suppressive agents, the diagnosis and treatment for cellular
rejection has become more effective. But for the diagnosis
and treatment of antibody-mediated rejection (AMR) are
still obscure.> The histological features that allow us to
identify this type of rejection on endomyocardial biopsies
(EMB) have been defined in the ISHLT-WF2004. How-
ever, a recent report suggested that the sensitivity of the
histological criteria is too low to serve as a screening
parameter for AMR; the authors recommended the addi-
tion of immunostaining to screen for the presence of
AMR.?
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Complement activation has recently been considered to be
a factor contributing to early and late graft failure in cardiac
transplantation. Several possible markers of AMR have been
investigated, especially C4d, the cleavage product of C4. In
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renal and cardiac allografts, complement fragments C4d de-
posit in the microvasculature, a marker for AMR.*~3

For decades the phenomenon of complement activation
has been observed in patients with autoimmune diseases.
The proteolytic fragments of complement C4, generated
during activation of the classical pathway, are present on
the surfaces of normal erythrocytes. Abnormalities in com-
plement activation and clearance of immune complexes by
erythrocytes are fundamental to the pathogenesis of sys-
temic lupus erythematosus (SLE). These abnormalities
include reduced levels of CR1 on erythrocytes, deficiency in
components of the classical pathway including C4, and
saturation of CR1 by preexistent immune complexes.”~"?

Based upon these observations, we supposed that abnor-
malities in complements activation specific to SLE may be
reflected by molecular events involving both receptors and
ligands on erythrocyte surfaces. Identification of such abnor-
mal patterns may be useful for a noninvasive diagnosis of
AMR in patients with cardiac allograft dysfunction. Therefore,
we performed a prospective study in recipients with acute
cardiac allograft dysfunction to detect the erythrocyte C4d
(E-C44d) to erythrocyte complement receptor 1 (E-CR1) ratio
using CR1-2B11 monoclonal antibody in addition to routine
histological studies and immunostaining.

MATERIALS AND METHODS

From July 1988 to November 2007, there were 286 orthotopic heart
transplantations (HTx) performed in our institution. Before HTx,
all patients were referred to our immunologist to exclude the
presence or high likelihood of autoimmune disease. Azathioprine
(Aza; 1 mg/kg) was administered 1 hour before the operation.
Methylprednisolone (500 mg) was infused before release of the
aortic cross-clamp, and another 500 mg in the intensive care unit.
After surgery, we used rabbit antithymacyte globulin (ATG) for
induction therapy (the prophylactic dose = 1.25 mg/kg per day) for
2 to 3 days with dose adjustment by daily flow cytometry to
determine T lymphocytes, as well as enumerated white blood cells
(WBC) and platelets. Oral Aza, given at the initial dose of 1 to 3
mg/kg per day and then the steady-state dose of 0.5 to 2.0 mg/kg per
day, was adjusted to maintain the WBC count between 4000 and
9000/mm?>. Prednisolone (0.3 to 0.5 mg/kg per day), which began on
the second posttransplant day, was tapered to 5 to 10 mg/d 1 month
later. Oral cyclosporine (CyA), which also began on the second day,
was adjusted according to recipient renal function and blood CyA
trough and peak levels. During the first 3 months, the trough CyA
level was maintained at 350 to 450 ng/mL and then shifted to 100
to 250 ng/mL 6 months later. If CyA was relatively contraindicated,
then oral tacrolimus was prescribed at 0.15 to 0.3 mg/kg per day
and then the dose was adjusted to keep the initial trough level
around 10 to 20 ng/mL and the maintenance level at 5 to 10 ng/mL.
Since 1997, we have used mycophenolate mofetil (MMF) at the dose
of 1 to 2 g/d to replace Aza. Its dose has also been adjusted according
the recipient WBC count. Prophylactic anti-cytomegalovirus (CMV)
therapy with intravenous ganciclovir was administered for 14 days,
at a dose based on the recipient’s renal function. After HTx, the
recipient underwent EMB weekly for four times, biweekly for eight
times, bimonthly for 6 months, and yearly thereafter. If patholog-
ical results of EMB showed grade II rejection (ISHLT-WF1990) or
more, the recipient would be hospitalized for the pulse therapy
with methylprednisolone. Strict diet control and counter measure
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medications were used to treat hyperlipidemia, diabetes, and
hypertension. A coronary angiogram was performed annually to
assess recipient cardiac allograft vasculopathy. If any patient
developed a major adverse cardiac event, such as heart failure,
arrhythmia, or significant electrocardiograph change, EMB and
coronary angiogram were performed as soon as possible for
assessment. Since 2003, panel reactive antibody (PRA) levels and
crossmatching were routinely performed in our recipients. The
doses of immunosuppressants were adjusted according to the
recipient PRA and crossmatch.

From August 2007 to April 2008, there were nine patients who
experienced a sudden onset of severe allograft dysfunction without
any sign of acute cellular rejection or myocardial ischemia; they were
admitted to our intensive care unit for therapy. Eight patients with
nine events were included in this study. One female patient was
excluded because her subsequent diagnosis of cardiac amyloidosis was
established by re-HTx. All patients received emergent coronary an-
giograms and EMB upon admission. They all experienced blood
sampling for this study before any treatment for allograft dysfunction.
Written informed consent was obtained from our patients before
blood sampling; informed consent form and the study protocol had
been approved by our Institutional Review Board.

All patients with suspected acute rejection episodes were treated
with inotropic agents, methylprednisolone pulse therapy (1 g/d for
3 days), and increased dosages of MMF immediately. Infusion of
ATG was indicated if the pulse therapy showed a suboptimal
immediate response. If these treatments failed to show any satis-
factory response, then the patients received plasmapheresis until
graft recovery. Mechanical circulatory supports, such as intra-aortic
balloon pumping or extracorporeal membrane oxygenation, were
used in patients with profound shock and unstable hemodynamic
status. Afterward, their immunosuppressive regimens were modi-
fied by increased MMF doses higher target trough levels of CyA or
replacement by tacrolimus.

Healthy Controls

A total of 72 subjects of healthy controls were recruited through
local advertisements posted in areas around the Tri-Service Gen-
eral Hospital. The demographic data, including age, race, and
gender, as well as their past medical history were collected for these
healthy controls, to confirm their disease-free status.

Flow Cytometric Characterization of Erythrocytes

A 3-mL sample of blood obtained from each study participant and
collected in a Vacutainer tube (Becton Dickinson, Franklin Lakes,
NJ, USA), containing ethylenediamine-tetraacetic acid as an anti-
coagulant, was used for experiments on the day of collection.
Whole blood was diluted in phosphate-buffered saline (PBS)
containing 1% bovine calf serum. The erythrocytes were pelleted,
washed with PBS containing bovine calf serum, and aliquoted for
antibody staining. Mouse monoclonal antibodies specific for CR1
(CR1-2B11),'* human C4d (reactive with all C4d-containing frag-
ments of C4; Quidel, San Diego, Calif, USA), or the isotype-
matched control TS1 were added to the erythrocytes at a concen-
tration of 5 ug/mL. Fluorescein isothiocyanate-conjugated goat
anti-mouse immunoglobulin-specific polyclonal antibody (Multiple
Adsorption; BD Pharmingen, NJ, USA) was added at a concentra-
tion of 0.5 mg/mL. The cells were analyzed with a FACSCalibur
flow cytometer (Becton Dickinson Immunocytometry System, San
Jose, Calif, USA). The erythrocytes were electronically gated based
on forward and side scatter properties to include only single cells.
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Surface expressions of E-CR1 and E-C4d on the gated cells were
expressed as specific mean fluorescence intensity (MFI). The
E-C4d/E-CR1 ratio was calculated using the following equation:
(E-C4d MFI — isotype-matched control MFI) + (E-CR1 MFI —
isotype-matched control MFTI).

Statistical Analysis

Nominal and ordinal variables were tabulated for frequency distri-
butions. Scale variables were summarized as mean values *
standard deviations or medians (range). Mann-Whitney test was
used to compare the E-C4d levels between the two study groups
and their E-CR1 levels. Statistical significance was set at P values
below .05.

RESULTS

Based on the above criteria, there were nine suspected
episodes of AMR in eight patients. One patient (No. 8)
experienced two episodes of acute allograft dysfunction.
The pre-HTx characteristics of our study group were tabu-
lated in Table 1. There was one woman and seven men in
this study with an overall mean age of transplantation of
33.4 years. For the reason described above,'* patient No. 8
had a longer ischemia time during HTx. Because of his poor
medical compliance, the patient also had more events of
CMV infection and acute cellular rejection. There was no
high PRA or positive crossmatching in our study group
(n = 7). The mean time to suspected AMR after HTx was
27.3 months (range: 1-52 months).

The mean left ventricular ejection fraction in acute graft
failure was 30.3% (Table 2). All patients received the
support of inotropes; mechanical circulatory support was
used in patient No. 8 for his sudden onset of hemodynamic
collapse during the treatment of graft failure. All patients
received steroid pulse therapy. ATG was infused in three
patients, and plasmapheresis in patient No. 8. The histolog-
ical study demonstrated no obvious acute cellular rejection
or AMR. Two patients showed positive immunostaining of
C4d, and the two other patients also had positive C4d
staining during their outpatient clinic visits. All eight pa-
tients recovered and were discharged after successful treat-
ment. However, during their follow-up, three patients sud-
denly died at home. One patient suffered another AMR
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with positive C4d staining on the time of writing this article.
He received 10 sessions of plasmapheresis and his cardiac
function unfortunately only showed partial recovery.

The mean E-C4d MFI was 3.62 = 0.55 in the study group
(n = 9), and 3.39 £ 0.78 in the control group (n = 72);
(P = .1111) the results of E-C4d/E-CR1 ratios, it was 0.22 =
0.07 in the study group, and 0.11 = 0.10 in the control group
(P = .0003). If we defined the study group by the diseased
status, then we found the E-C4d/E-CR1 ratio was a signif-
icant predictor for the diseased status (odds ratio = 2560,
P = .010). However, when we divided our study patients
into groups with good (patients No. 1, 2, 3, and 5) and poor
(patients No. 4, 6, 7, 8-1, and 8-2) prognoses, we found the
ratio could not predict the prognosis of our patients with
AMR (P = .2207).

DISCUSSION

Immunosuppression largely modulates the T-cell compo-
nent, preventing cellular rejection due to the sensitivity of
the T-cell biological cycle to CyA or tacrolimus. These
drugs interrupt cell proliferation. The function of B cells
and, hence, AMR, then becomes a priority.'> Last, it was
believed that most AMR occurs early, but now it is known
that AMR can, and most commonly does, occur months and
even years after transplantation.'®'” Our study showed that
AMR can develop from 1 to 52 months after HTx. Al-
though AMR is well recognized and accepted in the field of
renal transplantation, it has not gained universal consensus
in the cardiac field, despite numerous studies from cardiac-
related literature of basic science, immunology, clinical
medicine, and pathology.'® The antibodies used in the
evaluation of immunofluorescence changed over time. Pos-
itive immunofluorescence of IgG, IgM, C3, Clq, and fibrin-
ogen do not always correlate with hemodynamic compro-
mise or development of cardiac allograft vasculopathy,
which has resulted in declining use of these tests.” Since the
sensitivity of histological criteria is too low to serve as a
screening parameters for AMR, most reports recommend
the addition of immunostaining to screen for the presence
of AMR.'"*"'7 Because complement may be activated dur-
ing procedures, such as extracorporeal circulation during

Table 1. Characteristics of Acute Allograft Failure in the Eight Heart Transplant Patients

Patient Age (y)/ Time after Donor Ischemia Preoperative Episodes of  Episodes of Acute Cellular Coronary Lesion or Cardiac
No. Gender HTx (mo) Age(y) Time (min) PRA (%) Crossmatching CMV Infection Rejection ((J]Grade Il) Allograft Vasculopathy
1 28/M 52 22 113 NA NA 0 0 No
2 12/F 47 25 241 4.0 — 2 0 No
3 32/M 42 33 216 2.2 - 0 2 No
4 52/M 8 43 141 1.1 - 0 0 Yes'
5 21/M 10 44 225 2.4 — 1 0 No
6 54/M 7 44 250 53 - 0 0 No
7 54/M 1 49 210 2.5 - 0 0 No
8-1* 14/M 36 47 779 0.9 — 6 4 No
8-2¢ 14/M 43 47 779 0.9 - 6 4 No

HTXx, heart transplantation; PRA, panel-reactive antibody; NA, not available; CMV, cytomegalovirus.

*The same patient had two episodes of acute allograft failure.
T40% stenosis over middle left anterior descending coronary artery.
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Table 2. Outcome of Acute Allograft Failure in the Eight Heart Transplant Patients
Patient Immunosuppressive Grading of Cellular  Histological E-C4d/ Recovery of Current
No. EF (%) + HS Treatments Rejection* AMRT C4d Staining E-CR1 Graft Function Status
1 30 + 1 Pulse therapy 1A - - 0.26 Yes Alive
2 30 + 1 Pulse therapy 1B - — 0.11 Yes Alive
3 28 + 1 Pulse therapy 1B —* 25% positive 0.16 Yes Alive
4 35 + 1 Pulse therapy + ATG 1A - - 0.24 Yes SD
5 35 + 1 Pulse therapy 1A - 5% positive 0.23 Yes Alive
6 35 + 1 Pulse therapy 1A - —* 0.18 Yes Re-AMR
7 35+ 1 Pulse therapy + ATG B - —* 0.2 Yes SD
8-1 30 + 1 Pulse therapy 1B - - 0.34 Yes SD
8-2 15 + 1 + IABP +  Pulse therapy + ATG + 1A - - 0.30 Yes SD

ECMO support plasmapheresis

EF, ejection fraction; HS, hemodynamic support; |, inotropic agents; IABP, intra-aortic balloon pumping; ECMO, extracorporeal membranous oxygenation; ATG,

anti-thymocyte globulin; AMR, antibody-mediated rejection; SD, sudden death.
*As defined in the ISHLT-1990.
TAs defined in the ISHLT-2004.
*Positive C4d staining during subsequent follow-up.

surgery, by ischemia-reperfusion injury, and by induction
therapy before transplant with ATG, the mere presence of
C4d and/or C3d in capillaries should not be equated with
AMR. According to the report of Tan et al,'® the use of C4d
immunostaining alone is not a reliable tool. They suggested
that it should include staining for both C4d and C3d;
immunostaining for C4d alone can be misleading because
about 10% of the patients showed either C4d or C3d
deposits alone in capillaries without clinical evidence of
allograft dysfunction. However, in our patients with clinical
evidence of allograft dysfunction, the incidence of positive
immunostaining for C4d was quite low, which meant that
the sensitivity and specificity of C4d immunostaining for the
diagnosis of AMR needs further investigation. Some stud-
ies'® have measured the plasma level of C4d fragments,
concluding that it was not a useful noninvasive method to
detect AMR after HTx.

In our study, we also observed that patient E-C4d mean
fluorescence intensity did not display a significant difference
compared with the control group. E-C4d/E-CR1 ratios
increased significantly in the study group. According to the
reports of complement activation specific in SLE, we be-
lieve that measurement of E-C4d/E-CR1 plasma levels are
a more objective method to identify complement activation
in patients with AMR after HTx. Nevertheless, from out
study, this ratio was not a significant prognostic factor for
the AMR among our heart transplant patients, which may
be attributed to the limited sample size. Accurate enumer-
ation of cell surface CR1 is also crucial for the detection of
complement activation. We believe that it can be improved
by using specific mouse monoclonal antibodies (CRI1-
2B11).*°

This study is just in the early stage of detection for the
E-C4d/E-CR1 ratio in the patients with AMR; there are
still study limitations. First, we need to collect more data
from the group of cardiac transplant recipients without
evidence of rejection for further analysis. Second, we need
to examine the change in the E-C4d/E-CR1 ratio among
patients who receive treatment and recover from AMR.

The final purpose of this study is to clarify the correlation
between circulating and histologically depositing comple-
ment fragments.

In Conclusion, we concluded that the measurement of the
E-C4d/E-CR1 ratio may serve as a noninvasive method to
detect acute cardiac allograft dysfunction. However, we need
further investigation to clarify the correlation between circu-
lating and histologically depositing complement fragments.
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