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The terminal components of complement C5b-C9 can
cause significant injury to cardiac allografts. Using
C6-deficient rats, we have found that the rejection of
major histocompatibility (MHC) class I-incompatible
PVG.R8 (RT1.A"B") cardiac allografts by PVG.1U
(RT1.A"B"Y) recipients is particularly dependent on
C6. This model was selected to determine whether
tissue injury results from C6 produced by macro-
phages, which are a conspicuous component of infil-
trates in rejecting transplants. We demonstrated that
high levels of C6 mRNA are expressed in isolated
populations of macrophages. The relevance of mac-
rophage-produced C6 to cardiac allograft injury was
investigated by transplanting hearts from PVG.R8
(C6-) donors to PVG.1U (C6-) rats which had been
reconstituted with bone marrow from PVG.1U (C6+)
rats as the sole source of C6. Hearts grafted to hosts
after C6 reconstitution by bone marrow transplanta-
tion underwent rejection characterized by deposition
of IgG and complement on the vascular endothelium
together with extensive intravascular aggregates of
P-selectin-positive platelets. At the time of acute rejec-
tion, the cardiac allografts contained extensive
perivascular and interstitial macrophage infiltrates.
RT-PCR and én situ hybridization demonstrated high
levels of C6 mRNA in the macrophage-laden trans-
plants. C6 protein levels were also increased in the
circulation during rejection. To determine the relative
contribution to cardiac allograft rejection of the low
levels of circulating C6 produced systemically by mac-
rophages, C6 containing serum was passively trans-
ferred to PVG.1U (C6-) recipients of PVG.R8 (C6—)
hearts. This reconstituted the C6 levels to about 3 to
6% of normal values, but failed to induce allograft
rejection. In control PVG.1U (C6-) recipients that
were reconstituted with bone marrow from PVG.1U
(C6-) donors, C6 levels remained undetectable and
PVG.R8 cardiac allografts were not rejected. These

results indicate that C6 produced by macrophages can
cause significant tissue damage. (Am J Patbol 1999,
155:1293-1302)

Increasing evidence indicates that antibody and comple-
ment can contribute to the rejection processes of allo-
grafts.” We have demonstrated that a deficiency of the
terminal complement component C6,22 which prevents
assembly of the membrane attack complex (MAC), can
delay acute allograft rejection from 7 to 10 days to more
than 3 weeks in rat strain combinations that differ at major
and minor histocompatibility antigens.* The contribution
of C6 to acute graft rejection can be even more profound
in rat strains differing only at major histocompatibility
(MHC) Class | antigens.®

The liver has been identified as the primary site of
synthesis of circulating complement components includ-
ing C6.° In rats, orthotopic liver transplants from C6-
sufficient donors restore circulating C6 to >90% of donor
levels within 14 days.®>”® Conversely, an extrahepatic
source of C6 is evident when livers are transplanted from
C6-deficient donors to normal recipients; following this
procedure, C6 levels remain at 30 to 40% of pretrans-
plantation levels for more than 100 days after surgery.®”8
Bone marrow transplants from C6 sufficient donors to C6
deficient recipients demonstrated that hematopoietically
derived cells are a source of least a portion of this extra-
hepatic C6.27

Selected complement components can be synthe-
sized by mononuclear phagocytes, fibroblasts, endothe-
lial cells, gastrointestinal and genitourinary epithelial
cells, and adipocytes in vitro.%°1° Since the first reports
on the biosynthesis of complement by mononuclear
phagocytes,'" it has been documented that mononuclear
phagocytes can synthesize all of the classical pathway
components and most of the alternative pathway pro-
teins.'®'3 However, evidence that complement synthe-
sized by mononuclear phagocytes contributes to tissue
injury is limited.®
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In our previous experiments using complement-suffi-
cient rats, extensive macrophage infiltrates were found
within the acutely rejecting cardiac allografts in addition
to severe vascular injury.® The aim of the present study is
to determine whether C6 produced by macrophages
causes significant tissue injury.

Materials and Methods

Animals

The derivation of PVG congenic rat strains with a C6
deficiency has been described previously.® The 9- to
12-week-old male PVG.R8 (RT1.A®B"Y) and PVG.1U
(RT1.AYB"Y) used in these studies are mismatched at
MHC Class | antigens. C6 levels in the sera were
checked by a sandwich enzyme-linked immunosorbent
assay (ELISA) and the MHC phenotype of the rats was
confirmed by flow cytometry (see below). All animals
were cared for in accordance with National Institutes of
Health guidelines under the supervision of qualified
veterinarians.

C6 Level Analysis

The ELISA for detection of C6 was performed using
mouse anti-rat C6 monoclonal antibody 3G11 (a gift from
Dr. W. Couser, University of Washington, Seattle, WA) to
coat 96-well plates. After blocking the uncoated portions
of the wells with PBA (phosphate buffered saline (PBS)
containing 0.2% bovine serum albumin and 0.02%
NaNy), serial dilutions of rat serum samples were incu-
bated in the wells for 1 hour. Following 3 washes with
PBA, bound rat C6 was detected with a goat anti-human
C6 antibody (Calbiochem, La Jolla, CA), which cross-
reacts with rat C6, followed by sequential incubation with
biotin-conjugated donkey anti-goat IgG antibody (Jack-
son ImmunoReseach, West Grove, PA), horseradish per-
oxidase-conjugated streptavidin (Zymed, South San
Francisco, CA) and the substrate o-phenylenediamine
(Sigma Chemical Co., St. Louis, MO).

MHC Phenotyping

The MHC phenotype of all PVG.R8 and PVG.1U rats was
confirmed preoperatively by labeling peripheral blood
leukocytes (PBL) with MN4 (American Type Culture Col-
lection, Manassas, VA), an IgG mouse monoclonal anti-
body to RT1.A® antigen expressed by PVG.R8 rat lym-
phocytes and OX3 (ECACC, Port Down, Salisbury, UK),
an 1gG mouse monoclonal antibody to RT1.B“ antigen
expressed by PVG.R8 and PVG.1U rat B lymphocytes.
The bound monoclonal antibodies were detected with
FITC-conjugated rat anti-mouse IgG (Jackson Immu-
noResearch). After incubating for 30 minutes at 4°C, the
cells were washed twice, then resuspended in PBA and
measured by a FACScan flow cytometer (Becton Dickin-
son, Mountain View, CA).

Bone Marrow Transplantation

One day before grafting, bone marrow recipients under-
went total body irradiation of 1000 rad at 84.7 rad/minute
from a dual source 137Cs animal irradiator (Atomic En-
ergy of Canada Ltd., Kanata, ON). Donor rats were killed
by CO, asphyxiation at 4 to 6 weeks of age. Marrow was
flushed from the femora, tibiae, and humeri with RPMI
1640 (Flow Laboratories, MclLean, VA). The marrow cell
suspension was passed through a 21-gauge needle to
remove clumps and debris, then washed once in RPMI
1640 and adjusted to 60 X 10° nucleated cells/ml. Each
recipient was injected with 1 ml of bone marrow in the
dorsal tail vein.

Heterotopic Heart Transplantation

Hearts from male PVG.R8 (C6—) rats were transplanted
heterotopically into male PVG.1U (C6—) rats under me-
thoxyfluorane (Pitman-Moore, Inc., Mundelein, IL) inhala-
tional anesthesia.* Ice-cold cardioplegic solution (Abbott
Laboratories, North Chicago, IL) was injected into the
aortic root of the donor heart to metabolically arrest the
heart before removal. The donor aorta and pulmonary
artery were anastomosed to the recipient infrarenal aorta
and inferior vena cava, respectively, in an end-to-side
fashion with 8—0 prolene suture (Ethicon, Inc., Somerville,
NJ), and then the abdomen was closed in layers. Cardiac
graft function was evaluated daily by abdominal palpa-
tion until rejection, which was defined as total cessation
of contractions. Rejection was confirmed by direct visu-
alization and histological examination of the allograft.

Measurement of Alloantibodies

Alloantibodies were measured by flow cytometry on sin-
gle cell suspensions of cervical lymph nodes from
PVG.R8 rats as described previously.*° Briefly, the cells
were incubated with 50 wl of diluted sera (1:4, 1:16, 1:64,
1:256). The washed cells were reacted with 50 ul of PBA
containing a mixture of FITC-conjugated goat anti-rat IgG
and phycoerythrin conjugated goat anti-rat IgM (Jackson
ImmunoResearch). The cells were analyzed using a FAC-
Scan flow cytometer (Becton-Dickinson).

Preparation of RNA and RNA Quality

Total cellular RNA was isolated from snap-frozen native
and transplanted hearts that were homogenized in
TRIZOL (Gibco, Grand Island, NY), a monophasic solu-
tion of phenol and guanidinium isothiocyanate. This
method is an improvement of the single-step RNA isola-
tion method developed by Chomczynski and Sacchi.™
The quantity of RNA in samples was evaluated by the
presence of B-actin housekeeping RNA. The isolation of
RNA was performed according to the manufacturer’s
guidelines.



RT-PCR

RNA samples (5 ng) were treated with DNase |, amplifi-
cation grade (Gibco), and reverse-transcribed into cDNA
in reaction mixtures containing 0.5 ul RNasin (40 U/ml;
Promega, Madison, WI), 2.5 ul 10 mmol/L dNTP (Phar-
macia Biotech, Piscataway, NJ), 1 ng oligo-dT,,_44 (Pro-
mega), 400 U (Molony murine leukemia virus) reverse
transcriptase (Bethesda Research Lab., Bethesda, MD),
10 ul 5X reverse transcriptase buffer, and diethyl pyro-
carbonate (DEPC) water to a final volume of 50 ul. The
reverse transcription reactions were carried out at 37°C
for 90 minutes, heat-inactivated at 65°C for 10 minutes,
and cooled for 3 minutes. PCRs were set up by using 5 ul
of cDNA (the equivalent of 50 ng of RNA), 5 ul of 10X
amplification buffer, 3 ul of 25 mmol/L MgCl,, 3 ul of 2.5
mmol/L dNTP, 1 ul of 10 wmol/L of each primer, 0.25 ul of
5 U/ml Tag DNA polymerase (Promega), and dH,O to a
final volume of 50 ul. This mixture was overlaid with 100
wl of light mineral oil (Sigma). The following sense and
antisense oligonucleotide primers were used (direction 5’
to 3'): B-actin, CTATCGGCAATGAGCGGTTC and CTTA-
GGAGTTGGGGGTGGCT; rat C6, GGGGCAAGTATGAC-
CTTCTC and TGGGGACCGTTTTTCACAGT. According
to the varying contents of specific cDNA and varying
amplification efficiencies, the samples were subjected to
different cycle numbers and annealing temperatures that
were optimized empirically for each primer pair: 30 cy-
cles, 63°C (B-actin); 35 cycles, 57°C (C6). The PCR am-
plification program was designed for the initial denatur-
ation of cDNA at 94°C for 2 minutes, then cDNA was
amplified for the specified number of cycles, each con-
sisting of 1 minute at 94°C, 1 minute at the annealing
temperature, and 1 minute for extension at 72°C. The final
cycle extension was increased by 7 additional minutes at
72°C. PCRs were performed in a Hybaid OmniGene ther-
mocycler (Hybaid Ltd., Woodbridge, NJ).

Competitive Template RT-PCR

Competitive templates (CT) for rat C6 and B-actin were
designed to contain the same cDNA sequence as the
gene of interest except for deletion of 90 to 100 bp within
the competitor DNA. Using CT as internal standards in
RT-PCR allows the amplification of both the wild-type
(WT) cDNA and the CT in the same reaction with the
gene-specific primers. The individual products are sep-
arated and analyzed on the basis of size. To determine
the amount of cDNA present in each sample, the same
amplification technique was used first to measure the
expression of the housekeeping gene B-actin. Samples
of WT cDNA equivalent to 50 ng total RNA from each
individual RT reaction product were adjusted to contain
equal concentrations of cDNA, based on the expression
of B-actin in the sample. For each gene 5 ul of the
normalized RT product was coamplified with a constant
amount of the gene-specific CT. The relative amounts of
WT cDNA in the various samples were determined by
calculating their respective sample intensity ratios of WT
cDNA/CT DNA. Finally, all samples were normalized
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against the respective B-actin WT cDNA/CT DNA ratio.
This normalization controls for the quantity of cDNA
loaded in all samples. PCR samples were separated on
2% agarose gel. The intensity of ethidium bromide lumi-
nescence was measured with CCD image sensor using
EagleSight 3.0 Software (Stratagene, La Jolla, CA). This
software provides basic analysis of the relative densities
of gel images, which represent two-dimensional arrays of
pixels. Gel images were further analyzed and quantified
using NIH Image 1.54 program.

Cloning and Characterization of a Rat C6 cDNA

The fragment of rat C6 cDNA was obtained using a rat
liver cDNA library as a template and degenerate primers
designed for the most conservative sequences of human
C6 protein. The following degenerate sense and anti-
sense oligonucleotide primers were used to obtain
636-bp fragment (direction 5’ to 3'): GAYTTYGGNAC-
NCAYTAYTTY and CCARCANCCCCAYTGNCCRTC, po-
sitions 345 and 540 of the homologous human amino acid
sequence, respectively. The second pair of degenerate
sense and antisense oligonucleotide primers were used
in a nested PCR technique with a 636-bp fragment as a
template (direction 5’ to 3’): TTYATHCARGGNGCNGA-
RAA and TGYTTYTCRCARTTYTCNCCRTA. The 636-bp
fragment of rat C6 was subcloned in the plasmid pCRII
using TA cloning kit (Invitrogen, Carlsbad, CA). The re-
sultant rat C6 cDNA was sequenced, and found to be
homologous to human C6 at the DNA level and deduced
protein level (BLAST).

Isolation of Macrophages, Lymphocytes, and
Neutrophils for RT-PCR Studies of C6 mRNA

Granulocytes were isolated from heparinized whole
blood. The leukocyte-rich buffy coat was collected after
incubation of 10 ml of blood with 1.25 ml of dextran T500
solution (450 mg dextran and 450 mg glucose in 10 ml
0.9% NaCl; Pharmacia LKB, Uppsala, Sweden) for 45
minutes at room temperature. Contaminating erythro-
cytes were lysed using a hypotonic lysing buffer (Sigma)
and the cells were washed twice before labeling. Perito-
neal macrophages were harvested by peritoneal lavage,
using 20 ml of sterile PBS. Lymphocytes were separated
from single-cell suspension of lymph nodes. Cells iso-
lated from the peritoneum and lymph nodes were washed
twice and labeled.

The following monoclonal antibodies were used for
immunofluorescence analysis and cell sorting: R73-FITC
(fluorescein-conjugated mouse I1gG1 anti-TCR af,
Pharmingen, San Diego, CA), RLN-9D3 (mouse IgG2a
anti-rat B cell, Caltag, Burlingame, CA), W3/25-PE (phy-
coerythrin-conjugated mouse IgG1 anti-rat CD4, Caltag),
HIS48 (mouse IgM anti-rat granulocytes, Caltag). Macro-
phages from the peritoneum were labeled with W3/25-PE;
T and B lymphocytes from lymph nodes were labeled
with R73-FITC or RLN-9D3; and granulocytes from PBL
were labeled with HIS48. These antibodies (100 ul) were
added for 1 hour at 4°C and then washed twice in PBA.
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Cells reacted with unlabeled IgG primary antibodies were
labeled with 100 wl of FITC-conjugated F(ab’)2 fragments
of goat anti-mouse IgG-Fc (Jackson Immuno-
Research Laboratories) at 1:100 dilution. Cells reacted
with HIS48 were labeled with 100 ul of FITC-conjugated
F(ab")2 fragments of goat anti-mouse IgM n chain spe-
cific antibodies (Jackson ImmunoResearch Laborato-
ries). After 30 minutes’ incubation at 4°C, the cells were
washed twice, and positively labeled cells were sepa-
rated by fluorescent-activating cell sorting on a EPICS
752 (Coulter, Hialeah, FL). The purity of sorted popula-
tions of lymphocytes, macrophages, and granulocytes
was greater than 98% by cytospin preparations. Total
cellular RNA was isolated from purified populations of
lymphoid cells using RNeasy Mini Kit (Qiagen, Santa
Clara, CA). RNAs were reverse-transcribed into cDNA
and analyzed for the expression of C6 as described
above.

Histological Evaluation of Tissue Sections

At the time of sacrifice, adjacent full cross-sections of
rejected cardiac grafts were frozen in OCT or fixed in
10% formalin in PBS. Formalin-fixed tissue was embed-
ded in paraffin and sectioned at 7 um. Rejection was
assessed on sections that were stained with hematoxylin
and eosin. Macrophage infiltration was evaluated by im-
munoperoxidase staining with monoclonal antibody ED1
that recognizes a cytoplasmic antigen in monocytes and
most macrophages,'® and P-selectin expression was as-
sessed with an affinity-purified polyclonal rabbit antibody
to P-selectin (PharMingen, San Diego, CA).

IgM, 1gG, C3, and C3d were detected by immunoflu-
orescent stains on frozen sections of the grafts. The
primary antibodies to IgG and C3d were unlabeled, pu-
rified mouse monoclonal 1gG antibodies. The anti-C3d
was produced to human C3d (Quidel, San Diego, CA). It
also binds to iC3b, but not to C3b or whole C3. Staining
for C3d eliminates background staining of unactivated
C3, which is present in high concentrations in plasma
and interstitial fluids. This reagent cross-reacts with rat
C8 split products. The secondary antibody was an FITC-
labeled polyclonal rat antibody to mouse IgG (Jackson
ImmunoResearch). C3 was detected directly with fluores-
cein-conjugated goat anti-rat C3 (ICN, Aurora, OH). IgM
was stained directly with cyanine 3-conjugated goat anti-
rat IgM (Jackson ImmunoResearch).

In Situ Hybridization of C6 mRNA

In situ hybridization with digoxigenin-labeled sense and
antisense C6 riboprobes was performed on formalin-
fixed, paraffin-embedded tissue sections. A 387-bp frag-
ment of the C6 cDNA sequence was generated in RT-
PCR using RNA from rat liver and the following sense and
antisense primers, direction 5’ to 3': GCCGCCAGGAGC-
TACAGAAC, and GGGCTTTCCTGAGGTTGTTC, respec-
tively. The resultant cDNA fragment of C6 was subcloned
into the expression vector BlueScript Il (pCR-Script Amp,
Stratagene, La Jolla, CA) by standard techniques. Sense

and antisense riboprobes were generated by in vitro tran-
scription with a commercially available kit (Boehringer
Mannheim, Indianapolis, IN) using T7 and Sp6 RNA poly-
merases. After transcription, the probes were ethanol
precipitated, dissolved in DEPC-treated dH,O, and
stored at —80°C. Yields of the labeled probe were esti-
mated by means of an enzyme-linked immunoassay us-
ing a commercially available kit (Boehringer Mannheim)
by comparing the intensity of the colorimetric reaction of
a dilution series of labeled control RNA (10 ng, 1 ng, 100
pg, 10 pg, 1 pg) and sample probe RNA dotted onto a
positively charged nylon membrane. Tissue sections
were dehydrated in a graded series of ethanol. After
prehybridization for 1 hour, hybridization solution contain-
ing 5 ng/ml of either DIG-labeled antisense or sense
probe was added to each section. After applying cover-
slips, the slides were heated at 60°C for 5 minutes on a
heating block to denature the target sequences and then
incubated in the moist chamber for approximately 18
hours at 37°C. Following hybridization, the coverslips
were removed and the sections were washed to remove
unbound probe. Finally to achieve high stringency hy-
bridization, the sections were washed in 0.2X SSC/0.1%
SDS for 20 minutes at 54°C. Hybridization was detected
with sheep anti-digoxigenin antibody-alkaline phospha-
tase conjugate (polyclonal Fab fragments, Boehringer
Mannheim) visualized by 5-bromo-4-chloro-3-indolyl
phosphate and nitro blue tetrazolium salt (Boehringer
Mannheim).

Results

Experimental Design

C6-deficient PVG.1U rats were reconstituted with bone
marrow from congenic C6-sufficient rats. After recovery
of bone marrow function, these rats received cardiac
allografts from C6-deficient PVG.R8 donors. Using C6-
deficient rats as heart donors eliminated endothelial cells,
fibroblasts, myocytes, and passenger leukocytes as po-
tential sources of C6 production. Thus, marrow-derived
cells were the sole source of C6 in the experimental
animals. The control C6-deficient PVG.1U recipients were
reconstituted with bone marrow from syngeneic C6-defi-
cient rats. These control animals also received cardiac al-
lografts from C6-deficient PVG.R8 donors. As a result, they
underwent the same procedures but had no source of C6.

Effects of C6 on PVG.R8 Cardiac Allografts in
PVG@G. 1U Recipients

Unmodified, C6-sufficient PVG.1U (RT1.A"B") recipients
rejected cardiac allografts from MHC class | incompati-
ble PVG.R8 (RT1.A*B") donors between 6 and 7 days
(n = 8). In contrast, PVG.R8 cardiac allografts survived
longer than 30 days in C6-deficient PVG.1U recipients
(n = 5). This finding is consistent with reports that acute
rejection of cardiac allografts in this rat strain combina-
tion is antibody-dependent, as demonstrated by passive
serum transfer studies.'®"”
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Figure 1. A: Survival of PVG.R8 (C6—) cardiac allografts in irradiated PVG.1U
(C6—) recipients after reconstitution with PVG.1U(C6+) bone marrow. Cir-
culating C6 levels as measured by ELISA increased from undetectable levels
to 2 to 5% of normal C6 levels between 4 and 8 weeks after bone marrow
transplantation. Survival of individual cardiac allografts from PVG.R8 (C6—)
is demarcated by length of bars after individual symbols. Acute rejection was
accompanied by a 2.4-fold increase in circulating C6 levels (thicker lines). B:
Relative concentration of C6 mRNA recovered from individual cardiac allo-
grafts at the time of sacrifice. The amount of C6 mRNA recovered from a
cardiac transplant to a PVG.1U (C6+) serves as a positive control (+, far
right). Vertical bars indicate the range of 3 separate assays.

Verification that PVG. 1U (C6+) and PVG.1U
(C6—) Rats Are Histocompatible

To ascribe differences in graft survival to differences in
C6 production rather than differences in histocompatibil-
ity, skin grafts were exchanged between representative
PVG.1U (C6—) and PVG.1U (C6+) rats. First- and sec-
ond-set skin grafts were fully accepted in both directions
with no signs of rejection for over 180 days. Moreover, the
PVG.1U (C6—) rats that received bone marrow trans-
plants from PVG.1U (C6+) donors never showed any
signs of graft failure or of graft versus host disease in 6 to
14 weeks of observation (n = 6). Skin grafts and bone
marrow grafts are the two most stringent tests of histo-
compatibility and these results argue that no unexpected
antigenic differences were introduced to the PVG.1U rats
during derivation of the C6-deficient line.®

C6 Restoration after Bone Marrow
Transplantation

We have shown previously that bone marrow transplants
from congenic C6-sufficient donors can restore a low
level of circulating C6 in PVG rats.®>” Therefore, we mon-
itored the engraftment of the bone marrow transplants by
measuring C6 levels in the serum by ELISA. Serum sam-
ples were obtained 1 day before treatment and then
weekly beginning 14 days after bone marrow transplan-
tation.
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C6 DEFICIENT 1U RATS RECONSTITUTED WITH C6 NEGATIVE 1U BONE MARROW:
C6 LEVELS AND R8 CARDIAC ALLOGRAFT SURVIVAL
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Figure 2. Survival of PVG.R8 (C6—) cardiac allografts in irradiated PVG.1U
(C6—) recipients after reconstitution with PVG.1U (C6—) bone marrow.
Circulating C6 levels as measured by ELISA remained undetectable. All of the
cardiac allografts from PVG.R8 (C6—) were beating vigorously at the time of
sacrifice (marked by 1).

As shown in Figure 1, circulating C6 levels increased
from undetectable levels to 2 to 5% of normal C6 levels
between 4 and 8 weeks after bone marrow transplanta-
tion from PVG.1U (C6+) donors to PVG.1U (C6—) recip-
ients (n = 6). In control PVG.1U (C6—) recipients (n = 8)
that were reconstituted with bone marrow from PVG.1U
(C6—) donors, C6 levels remained undetectable (Figure 2).

Survival of Cardiac Allografts in Bone Marrow
Reconstituted Recipients

Hearts were allografted from PVG.R8 (C6—) to PVG.1U
(C6—) recipients at two intervals after reconstitution with
PVG.1U (C6+) bone marrow (Figure 1). Hearts grafted to
hosts 4 weeks after reconstitution survived 13, 25, and
>50 days (n = 3). Hearts transplanted 10 to 12 weeks
after reconstitution were rejected acutely (7-8 days; n =
3). The control PVG.R8 (C6—) hearts that were trans-
planted to PVG.1U (C6—) recipients at 4 (n = 4) or 10 to
12 (n = 4) weeks after reconstitution with PVG.1U (C6—)
bone marrow functioned vigorously until sacrifice (Figure
2). Macroscopically, these control hearts were normal in
color and size, whereas the experimental hearts were
hemorrhagic and distended.

C6 and Antibody Responses to Cardiac
Allografts in Bone Marrow Reconstituted
Recipients

The antibody responses elicited by cardiac transplants
did not differ between the PVG.1U rats that were recon-
stituted with bone marrow from C6-sufficient or C6-defi-
cient donors. However, the IgM and IgG alloantibody
responses that were elicited by hearts transplanted 4
weeks after bone marrow reconstitution were late (Figure
3). These data indicate that the lymphocyte compartment
did not recover function completely by 4 weeks after
bone marrow reconstitution.
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Figure 3. 1gM (upper panel) and 1gG (lower panel) alloantibodies in the
circulation after PVG.R8 cardiac allograft to irradiated PVG.1U (C6—) recip-
ients after reconstitution with PVG.1U (C6+) or PVG.1U (C6—) bone mar-
row. Alloantibodies were measured by flow cytometry on PVG.R8 lymphoid
cells. Serial dilutions of serum were analyzed. For clarity of presentation, only
the 1:16 dilution is depicted.

Markedly different C6 responses were stimulated by
the cardiac transplants. Hearts transplanted to PVG.1U
(C6—) recipients reconstituted with PVG.1U (C6—) bone
marrow stimulated no detectable C6 production. In con-
trast, increases in circulating C6 were stimulated by
hearts transplanted to PVG.1U (C6—) recipients recon-
stituted with PVG.1U (C6+) bone marrow. Acute rejection
was accompanied by a two- to fourfold increase in cir-
culating C6 levels (Figure 1). This increase in C6 produc-
tion was down-regulated quickly. Within a week after
rejection was completed, circulating C6 levels returned
toward pretransplantation values.

Figure 4. Immunofluorescent stains for C3d on
the endothelium of arteries, capillaries and veins
in cardiac allografts to control (C6—) and C6
reconstituted (C6+) recipients. In the reconsti-
tuted CO6+ recipients, subendothelial and
perivascular depositions of C3d are evident in
areas of vascular injury (arrows). The inset dem-
onstrates at higher magnification the disruption
of the endothelial cell layer (arrow) and deposi-
tion of C3d in the media of an artery.

Deposition of Antibody and Complement in
Cardiac Allografts

Immunofluorescent stains on frozen sections of the car-
diac allografts demonstrated deposition of IgM, IgG, C3,
and C3d on the endothelium of arteries, capillaries, and
veins in cardiac allografts to both control and experimen-
tal recipients. In areas of vascular injury there was sub-
endothelial and perivascular deposition of IgG and C3d.
These stains indicate that the alloantibodies elicited by
the transplants had bound to the target antigens and
activated the early components of the complement cas-
cade in both the control and experimental recipients
(Figure 4).

Macrophage Infiltrates in Cardiac Transplants

PVG.R8 cardiac allografts to both control and experimen-
tal PVG.1U (C6—) recipients contained extensive
perivascular and interstitial mononuclear cell infiltrates
1-2 weeks after transplantation. Immunoperoxidase
stains for the macrophage marker ED1 confirmed that
macrophages were a major component of the infiltrates in
both the control and experimental recipients (Figure 5, A
and C).

P-Selectin Release in Cardiac Transplants

Vascular endothelial cell injury and platelet aggregation
were a conspicuous feature of cardiac allograft rejection
in PVG.1U (C6—) recipients reconstituted with bone mar-
row from PVG.1U (C6+). Immunoperoxidase stains dem-
onstrated that these endothelial cells and platelets
stained intensely for P-selectin (Figure 5, D-F). P-selectin-
positive platelet aggregates filled the lumens of capillar-
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Figure 5. A and B: Control PVG.R8 cardiac allograft 7 days after transplantation to PVG.1U (C6—) recipient reconstituted with bone marrow from a PVG.1U (C6—)
rat. Immunoperoxidase stains for ED1 demonstrate extensive perivascular macrophage infiltrates (A), but only moderate expression of P-selectin on endothelial
cells and minimal platelet aggregation (B). Experimental PVG.R8 cardiac allograft 7 days after transplantation to PVG.1U (C6—) recipient reconstituted with bone
marrow from a PVG.1U (C6+) rat (C-F). Immunoperoxidase stains for ED1 delineates extensive perivascular and interstitial macrophage infiltrates (C).
Immunoperoxidase stains for P-selectin on a sequential section demonstrates expression on endothelial cells and several layers of aggregated platelets in vessels
of all sizes at low power (D) and in a capillary (E) and large artery (F) at higher magnification.

ies (Figure 4E), and several layers of P-selectin-positive
platelets were attached to the endothelial cells of both
arteries and veins (Figure 5F).

This was in marked contrast to hearts transplanted to
PVG.1U (C6—) recipients reconstituted with bone marrow
from PVG.1U (C6—). Only moderate expression of P-
selectin was detected on endothelial cells in these car-
diac allografts to control recipients and this was associ-
ated with minimal platelet aggregation (Figure 5B).

C6 mRNA in Cardiac Transplants

Competitive template RT-PCR analyses were performed
on isolated leukocytes to determine potential sources of
C6 mRNA from bone marrow-derived cells. Macro-
phages, neutrophils, and T and B lymphocytes were
separated by fluorescent-activated cell sorting of resi-
dent peritoneal cells, peripheral blood cells, and lymph
node cells, respectively (see Materials and Methods).
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Peritoneal macrophages
———————

——— CT

Figure 6. Competitive template RT-PCR analyses performed on liver and
macrophages. Macrophages were separated by fluorescent activated cell
sorting of resident peritoneal cells. Constant amounts of wild-type (WT)
cDNA were mixed with twofold serial dilutions of competitor template (CT)
cDNA in successive lanes (starting with 2.2 and ending with 0.07 pg/sample).
Macrophages and liver cells produced similar amounts of mRNA for C6.

Only macrophages had detectable amounts of mRNA for
C6 by competitive template RT-PCR analysis. This tech-
nique demonstrated that unactivated macrophages pro-
duced amounts of mMRNA similar to liver cells (Figure 6).
In situ hybridization on histological sections from the re-
jected cardiac allografts confirmed that macrophages
located in the perivascular, interstitial, subendocardial,
and epicardial infiltrates were the only cells with detect-
able cytoplasmic staining for C6 mRNA (Figure 7).

Competitive template RT-PCR analysis of sections
from the apex of the cardiac transplants documented
abundant quantities of mRNA for C6 in hearts harvested
at the time of or within a week after acute rejection (Figure
1B). In contrast, the one long-term surviving heart con-
tained scant infiltrating macrophages and undetectable
levels of C6 mRNA in the transplant at the time of harvest
(Figure 1B).

Figure 7. In situ hybridization on histological section from the rejected
cardiac allografts demonstrates cytoplasmic staining for C6 mRNA in perivas-
cular and interstitial macrophages (cells with darkly stained cytoplasm, see
arrows for examples).

Passive Transfer of C6 to Cardiac
Transplant Recipients

Although the RT-PCR and in situ hybridization studies
demonstrate an association between the amounts of C6
MRNA expressed by the macrophages infiltrating re-
jected cardiac allografts and the degree of vascular in-
jury, macrophages in other tissues are also capable of
producing C6, as evidenced by the low levels of C6
demonstrated in the circulation before transplantation.

To determine the relative contribution to cardiac allo-
graft rejection of these low levels of circulating C6 pro-
duced by macrophages, PVG.R8 (C6—) hearts were
transplanted to PVG.1U (C6—) recipients (n = 4). Begin-
ning on the day of transplantation, 1 ml of fresh serum
from PVG.1U (C6+) donors was injected intravenously
every day. This reconstituted the C6 levels to about 3 to
6% of normal values as measured by ELISA on days 3, 7,
and 14 after transplantation. All 4 hearts transplanted to
serum-reconstituted recipients continued beating until
the recipients were sacrificed for histological evaluation 7
and 14 days after transplantation.

Significant perivascular and interstitial mononuclear
cell infiltrates were present at both 7 and 14 days after
transplantation, but only focal vascular endothelial injury
and platelet aggregation was evident. Immunoperoxi-
dase stains demonstrated localized areas of capillaries
that contained P-selectin-positive platelet aggregates.
These were more frequent at 14 days than 7 days. The
expression of P-selectin in Weibel-Palade bodies of en-
dothelial cells was prominent in many arteries, but trans-
location of P-selectin to the plasma membrane was min-
imal in arteries. These data indicate that the low levels of
C6 demonstrated in the circulation before transplantation
contribute to vascular injury but are not sufficient in them-
selves to cause complete graft rejection.

Discussion

Although production of complement by extrahepatic
sources has been proposed to be important in the ex-
pansion of inflammatory responses, direct evidence of
the magnitude of this mechanism and the cells respon-
sible for complement production is sparse.*'®1° The
assessment of macrophage production of complement
components in normal animals is complicated by the fact
that numerous extrahepatic sites of biosynthesis have
been identified for individual complement components.
In fact, endothelial cells, fibroblasts, and myocytes are
among the cells that are capable of synthesizing several
complement components.®9: 10121320 Of direct rele-
vance to our studies is the report that C6 can be synthe-
sized by human endothelial cells as well as by monocytes
and macrophages.?’ C6 mRNA has also been detected
in tissue samples from myocardial infarcts in humans, but
whether this was derived from the parenchymal tissue or
reactive macrophages was not investigated.??
Macrophages are a conspicuous component of many
inflammatory processes including the infiltrates that char-
acterize reperfusion injury,'® acute rejection,®®>?* and



chronic dysfunction®®2® of transplants. The capacity of

macrophages to produce an array of inflammatory medi-
ators in vivo has been demonstrated by immunohisto-
chemistry, PCR, and in situ hybridization.'®2372¢ Estab-
lishing the function of mediators produced by
macrophages has relied largely on studying freshly iso-
lated monocytes or mononuclear cell lines in culture. As
a result, data on the actual contribution of individual
mediators produced by macrophages to the pathogene-
sis of inflammation in vivo are limited.

In the present studies, rats genetically deficient in C6
were reconstituted with bone marrow from congenic C6
sufficient rats. These rats received cardiac allografts from
C6 deficient donors. This choice of donor eliminated
endothelial cells, fibroblasts, myocytes and so-called
passenger leukocytes as a potential source of the C6
production. With marrow-derived cells as the sole source
of C6, the cardiac allografts incurred irreversible acute
rejection. In situ hybridization on histological sections
from the rejected cardiac allografts demonstrated C6
mRNA in the cytoplasm of macrophages that were lo-
cated in the perivascular, interstitial, subendocardial, and
epicardial infiltrates. Competitive template RT-PCR anal-
ysis documented abundant quantities of mMRNA for C6 in
hearts harvested at or within 1 week after acute rejection.
Moreover, the macrophage production of C6 was ex-
tremely responsive to the inflammatory cytokines stimu-
lated by the rejection process. This was reflected by the
two- to fourfold increase in circulating C6 levels stimu-
lated by hearts transplanted 10 to 12 weeks after bone
marrow reconstitution.

MAC would be predicted to have multiple effects in the
vascular and extravascular compartments. Deposition of
sublytic quantities of MAC on endothelial cells and plate-
lets in vitro initiates a calcium-dependent series of acti-
vation responses. MAC stimulates the translocation of
P-selectin from platelet « granules to the plasma mem-
brane and the secretion of mediators from storage gran-
ules.?”?8 Similarly, MAC causes the translocation of P-
selectin from Weibel-Palade bodies in endothelial cells to
the plasma membrane and the release of von Willebrand
factor.?® In addition, MAC-stimulated endothelial cells
have been found to synthesize and release interleukin-1
and tissue factor.*°® These responses to MAC would be
predicted to cause an acute transformation of an antico-
agulant to a procoagulant environment.

Our model demonstrates the in vivo consequences of
the effects of MAC on endothelial cells and platelets.
Platelet aggregation was sparse in hearts transplanted to
C6-deficient rats, but was a prominent feature in hearts
transplanted to PVG.1U (C6—) recipients reconstituted
with bone marrow from PVG.1U (C6+) rats. C6 reconsti-
tution was associated with increased P-selectin expres-
sion on the vascular endothelial cells of the allograft and
on the platelets attached to the endothelial cells of arter-
ies, capillaries, and veins.

Infiltration of macrophages into the perivascular and
interstitial compartments of the inflamed tissue provides a
mechanism to concentrate complement production in ex-
travascular locations. By migrating through the vascular
endothelial cell barrier where there is a high expression of
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complement regulatory molecules, the macrophages can
ferry active complement components directly into the
parenchyma. This may be of critical importance for com-
plement components such as C6 that are present in
limiting concentrations in the circulation. Limited concen-
trations of C6 can thwart lysis of nucleated target cells in
vitro®" because multiple MAC lesions are required to
cause lysis of nucleated cells and MAC channels have a
half-life of approximately 1 minute on nucleated cells.®?

Our studies demonstrated that the C6 produced by the
macrophages caused extensive tissue injury as evi-
denced by vascular endothelial injury and platelet aggre-
gation as well as interstitial edema and hemorrhage. This
finding of in vivo functional activity is particularly important
because monocyte-derived C3 has been reported to
have only 10% of the hemolytic activity of plasma C3,
which is primarily hepatocyte-derived. '

In summary, we have shown previously that hepatic
biosynthesis is responsible for the majority of C6 in the
circulation.® This study demonstrates that functional C6
produced by macrophages can be a significant factor in
tissue injury as exemplified by allograft rejection.
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