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ORIGINAL ARTICLE

Lack of C4d deposition may reveal susceptibility for ascending
aortic dissection

EETU NIINIMAKI?, TIMO PAAVONEN?, TIMO VALO?, MATTI TARKKA!
& ARI MENNANDER!

1 Heart Center, Tampere University Hospital, Tampere, Finland, > Department of Pathology, Fimlab Laboratories,
Tampere University Hospital and Tampere University, Tampere, Finland

Abstract

Objectives. Complement activation as evidenced by C4d deposition indicates immunological tissue reactivity. We sought to
study the vascular reactivity of the aortic wall by characterizing C4d deposits. Design. Aortic wall histology and immuno-
histochemistry for C4d, leukocytes, T- and B-lymphocytes, plasma cells, macrophages, endothelial cells, smooth muscle
cells, cell proliferation, elastase, and Van—Gieson-staining were performed to 91 consecutive patients that underwent surgery
for ascending aorta, and the samples were grouped according to presence of C4d deposits. Results. Fifty-three out of 91
patients had C4d deposits mainly within the adventitia (C4d +), whereas 38 patients lacked C4d deposits (C4d—) includ-
ing decreased staining of intra-aortic vessels (p<<0.005). Intimal thickness and cellularity, together with inflammation
consisting of plasma cells were increased in C4d— as compared with C4d + (p <0.05). Receiver operating characteristic
curve (ROC) analysis showed that C4d was associated with stabile nondissecting ascending aorta (AUC 0.792; SE 0.053;
p=0.000; 95% CI 0.688-0.895), but not with presence of aortitis per se (AUC 0.523; SE 0.069; p=0.752; 95% CI
0.388-0.658). Conclusions. Lack of C4d may indicate active remodeling of the aortic wall leading to aortic dissection (AD).
Immunologic complement factors may be amenable to diagnosis of instability after aortic surgery.
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Introduction compared to healthy arteries (6,7). Increased amounts

Prompt surgery is required for ascending aortic dilata-
tion (AA) prone to rupture to prevent life-threatening
aortic dissection (AD) (1). While an arbitrary border-
line of 5-cm enlargement of the diameter of the ascend-
ing aorta has been shown to increase the risk for AD,
there is increasing awareness that aortic remodeling and
subsequent AD may occur at an earlier stage of AA
occasionally with aorta diameters less than 4.5 cm (1).
Risk for AD may be associated with different molecular
mechanisms of the aortic wall as compared with AA
alone (2,3). AD is considered to initiate from a sudden
tear in the aortic wall endothelium due to decreased
resiliency (4).The origin may occur in the vasa vasorum
of the aortic wall, which leads to intramural hematoma
that induces subsequent AD (5).

Increasing evidence suggest that complement fac-
tors are involved during inflammatory remodeling of
the arterial wall (6). Significant amounts of comple-
ment components are found in atherosclerotic lesions

of complement end products are associated with devel-
opment of intracranial saccular aneurysms (8). Patho-
genesis of aortic valve stenosis (7) and experimental
aortic dilatation (9) have been associated with comple-
ment activity. These findings may implement that com-
plements play a crucial role in the extension of chronic
lesion formation devoid of arterial wall rupture.

We hypothesized that the complement cascade is
present during AA and AD indicating aortic wall remo-
deling. In this study, we define aortic wall remodeling
as histologically confirmed aortic wall changes during
AA and AD.

Materials and methods
Study protocol and surgery

After IRB approval, ascending aortic wall resection
of 102 consecutive patients undergoing surgery for
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ascending aorta was obtained and processed for
histology. AA was preoperatively confirmed and eval-
uated with computer tomography (CT). According
to our institutional policy, AA included aortic diam-
eter more than 5.5 cm wide or aortic growth more
than 1 cm in a year. This definition was adjusted to
presence of Marfan syndrome, gender, patient size,
and symptoms including AD according to The Yale
Center criteria (10). Surgery was performed between
December 2006 and August 2009 in the Heart
Center of Tampere University Hospital, and all cases
of AA including AD processed for histology were
enrolled. The samples of 11 patients were excluded
due to technical failure during preparation of the
samples.

Decision on the extension of resection and surgi-
cal technique was at the discretion of the operating
surgeon. When AA including the sinotubular junc-
tion (STJ]) was estimated as the reason for aortic
regurgitation, ST] was tailored for a suitable graft in
a supracoronary fashion. Whenever dilatation
included the aorta root, a radical resection of the
dilated ascending aorta together with the root and
the aortic valve was performed in all but four patients,
in whom a David-type valve-sparing operation was
achieved. The graft size was estimated by the princi-
pal surgeon. Resection of the aortic arch was carried
out depending on extension of distal aortic dilata-
tion. Since the surgical procedure was performed
upon surgical decision, the sample was procured
from the middle of the resected diseased area of the
ascending aorta at the vicinity of STJ.

Histology and immunochemistry

Two to five blocks of resected ascending aorta were
embedded in paraffin and cut to 4-um-thick seg-
ments and stained with hematoxylin and eosin
(H&E), Verhoeff-van Gieson (VVGQG), elastase-van
Gieson (EVG) and periodic acid-Schiff (PAS). A rep-
resentative 1-cm-long piece of ascending aortic wall
corresponding to all different staining was evaluated
systematically for all resected samples procured dur-
ing surgery. The heights of different layers (adventi-
tia, media, and intima) were calculated for each
sample. Inflammatory cells, intensity of inflamma-
tion, medial degeneration, intima cellularity, and
thickness were estimated as previously described and
expressed as point score units (PSU) (2).
Immunohistochemistry was performed using
Ventana Lifesciences Benchmark XT© Staining
module. Vasa vasorum were evaluated using Poly-
clonal Rabbit antibody for Von Willebrand factor
(dilution 1:2500) (DakoCymation). Lymphatic ves-
sels were evaluated using Podoplanin (dilution 1:50)
(Angiobio Co.) and monoclonal mouse antibody

D2-40 (dilution 1:50) (DakoCymation) (11, 12).
C4d (dilution 1:50) (Biomedica Gruppe) was stained
for slides, accordingly. Ventana Lifesciences Antibody
Dilution Buffer© was utilized for dilution media.

Statistical analysis

C4d + staining was predominantly found in the
adventitia, at the border of the media including
endothelial cell lining of small vessels (Figure 1).
In order to seek for clinical relevance associated
with histology, the patients were divided into two
groups according to presence of C4d staining of
small vessels of the aortic wall. Patients with
C4d + staining of the ascending aortic wall were
referred as C4d +, and those without C4d staining
as C4d—. Quantitative variables are listed as mean
and standard error of the mean. Categorical vari-
ables are stated as count and percentage. Statisti-
cal analysis was performed with SPSS version
19.0. Mann—Whitney-test was used for continuous

Figure 1. Representative photograph (X 40) of aortic adventitial
wall immunohistochemistry of C4d during ascending aortic
dilatation (A) and during ascending aortic dissection (B). Note
positive C4d staining (arrows) in A suggesting stabile aortic wall
during aortic dilatation.



variables and chi-square-test for categorical analy-
sis. The predictive value of C4d to identify AD
among patients with AA only was assessed by
receiver operating characteristic curve (ROC)
analysis. P-values less than 0.05 were considered
statistically relevant.

Results
Patient characteristics (1able I)

There were twice as many male than female in the
study. The study population consisted of 61 male and
30 female. Mean age for the patients was 62 * 13
years. Hypertension was diagnosed in only 28
patients, and no difference in its prevalence between
the groups was found. There were seven patients
(8%) with Marfan syndrome, of whom the majority
had C4d positivity. The one patient with a nonspe-
cific vasculitis in our study group was also C4d +.
The frequency of preoperative inflammatory state,
such as myositis and arthritis, showed no difference
between the groups. The mean diameter of the
ascending aorta at the sinotubular junction was

Table I. Patient demographics.

All patients C4d+ C4d—

Number of patients 91 (100%) 53 38

Age (years) 62+13 61*+13 64+13
Male, n (%) 61 (67%) 37 24
Hypertension, n (%) 28 (31%) 15 13
Diabetes, n (%) 4 (5%) 2 2
Hypercholesterolemia, n (%) 11 (12%) 7 4
Marfan, n (%) 7 (8%) 5 2
Obese, n (%) 3 (4%) 2 1
Myasthenia, n (%) 1 (1%) 1 0
Myositis, n (%) 3 (4%) 1 2
Arthrosis, arthritis, n (%) 10 (11%) 4 6
Dry eye sydrome, n (%) 1 (1%) 1 0
Diverticulitis, n (%) 4 (5%) 3 1
Vasculitis, n (%) 1 (1%) 1 0
Gastritis, n (%) 1 (1%) 1 0
Gingivitis, n (%) 2 (2%) 1 1
Abdominal aneurysm, n (%) 3 (4%) 2 1
Myocardial coronary artery 16 (18%) 9 7
disease, infarction, n (%)
Previous cardiothoracic operation
Coronary artery bypass 6 (7%) 4 2
surgery, n (%)
Aortic valve replacement, n (%) 3 (4%) 2 1
Correction of aortic 3 (4%) 3
coarctation, n (%)
St post AAA operata 2 (2%) 1 1
Mid-ascending aorta diameter, mm 57 =9 558 60*17

3-cusp aortic valve, n (%) 65 (72%) 33 32
Aortic valve insufficiency

Moderate to severe, n (%)
Aortic valve stenosis

Moderate to severe, n (%)

44 (49%) 28 16

28 (31%) 21 7
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57 =9 mm for all patients. Interestingly, moderate to
severe aortic valve stenosis (AVS) was found to be
more frequent in C4d+group with 21 patients
(40%) in contrast to 7 patients (19%) with C4d
negativity, whereas aortic valve insufficiency (AVI)
was equally present among the groups. The majority
of the patients had tricuspid aortic valve. Ten patients
with C4d positivity and 4 patients with C4d negativ-
ity underwent a previous cardiothoracic operation.

Operative technique (Table II)

Graft replacement for the ascending aorta was per-
formed either with root replacement (in 52 patients),
or without encompassing the root (in 39 patients).
The extension of root dilatation together with dilata-
tion of the ascending aorta from STJ] was remarkably
equally distributed among the patients in both groups
being 57% and 58% in C4d +and C4d —, respec-
tively. A valve-sparing operation David operation was
offered for four patients. Concomitant coronary
artery bypass grafting was required to 12 patients.

Perioperative findings, histology and
immunohistochemistry (Tables III and IV)

Confirmed by histology, the aorta had acute or chronic
dissection in 17 out of 38 patients (45%) with
C4d — staining of the aorta. In contrast, only one patient
had acute and three patients had chronic dissection in
the group with C4d positivity (11%). Though dissec-
tion was undeniably diagnosed histologically, in six
patients (five with C4d positivity and one with C4d
negativity), the adventitia was difficult to evaluate for
every inflammatory cells in every sample block due to

Table II. Operative details according to surgical evaluation of
extension of diseased aorta.

All patients C4d+ C4d—

91 (100%) 53 38
Graft replacement of root and
ascending aorta

Mechanical conduit 33 (37%) 19 14

Biological conduit 15 (17%) 7* 8*

David operation 4 (5%) 4 0
Graft replacement of ascending

aorta

Mechanical valve + prosthesis 11 (12%) 9 2

Biological valve + prosthesis 8 (9%) 6 2

Prosthesis 20 (22%) 8" 12*
Additional procedures

Thymectomy 1 (1%) 1 0

Ablation 2 (2%) 2 0

Mitral valve plasty 1 (1%) 0 1

Coronary artery bypass surgery 12 (13%) 7 5

“Includes 1 patient with prosthesis extending up to the aortic arch.
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Table III. Histology and quantitative immunohistochemistry.

Mean grade

of staining All patients C4d + C4d— p-value

Adventitia
T cells 1.6 0.8 1.5£0.7 1.7+0.8 Ns
B cells 0.9+0.9 0.8+0.8 1.0x1.1 Ns
Macrophages 1.8+0.8 1.7£0.8 1.8+£0.7 Ns
Plasma cells 1.1+0.9 1.1£0.8 1.2+1.1 Ns
Inflammation 1.9 +0.7 1.8+0.5 2.0+0.8 Ns
Thickness 5.5+4.8 50+2.5 6.2*+6.9 Ns
Proliferation 1.1+0.8 1.0+0.8 1.2+1.0 Ns

vWF density 20.3+12.3 25.0*+11.7 14.3+£10.9 <0.0001

D240 density 4.1+3.8 5.1*4.0 25*+2.8 <0.003
Podo density 4.2+4.5 5.4%*5.2 25+2.6 <0.004
Media
T cells 0.6 0.9 05+0.8 0.7%x1.0 Ns
B cells 0.2*+0.5 0.1+0.4 0.2%0.6 Ns
Macrophages 1.3+0.9 1.1£0.8 1.5%1.0 Ns
Plasma cells 0.2*+0.7 03*£0.7 0.2%0.6 Ns
Inflammation 1.2+0.9 1.0+£0.8 1.3x1.0 Ns
Proliferation 1.1+£0.9 0.9£0.8 1.2+x1.0 Ns
Degeneration 1.7+ 1.0 1.6+1.0 1.8+1.0 Ns
Elastase 1.5+x1.0 1.4+1.0 1.6+1.1 Ns
vWF density 0.6*+1.1 05%£0.8 0.7%x1.3 Ns
D240 density 0.1 +0.2 0.1+0.1 0.1£0.3 Ns
Podo density 0.1 +0.2 0 0.1+0.3 Ns
Intima
T cells 1.3+0.9 1.2+0.9 1.4%£0.9 Ns
B cells 0.2+0.5 0.2+0.5 0.2*0.4 Ns
Macrophages 1.6 +0.9 1.5+0.9 1.8+0.9 Ns
Plasma cells 0.4*0.7 0.3+0.6 0.6+0.9 <0.05
Inflammation 1.5+0.9 1.3£0.9 1.8%£0.9 <0.05
Proliferation 0.9+0.8 0.8+0.7 1.0+0.8 Ns
Thickness 1.9£0.9 1.7+0.9 2.1£0.9 <0.05
Cellularity 1.7+0.7 1.5+0.7 19%0.7 <0.05
vWF density 0.2+1.2 0.1+0.6 03*1.6 Ns
D240 density 0.1+0.6 0.1+0.5 0.1+x0.7 Ns
Podo density 0.1 +0.4 0.1£04 0.1x04 Ns

blood stains and artifact. Altogether, 13 patients with
C4d positivity and 6 patients with C4d negativity had
histological findings of aortitis. Four patients died
immediately, including 3 patients with AD and C4d
negativity. In contrast, only one C4d + patient with a
history of previous coronary artery bypass operation
died due to perioperative heart failure.

In C4d — aortas, vasa vasorum small vessels of the
adventitia, as detected by vIWF density, were decreased

Table IV. Immediate postoperative outcome.

All patients C4d + C4d—

91 (100%) 53 38
Acute dissection 15 (17%) 1 14
Chronic dissection 6 (7%) 3 3
Aortitis 19 (21%) 13* 6
Pulmonary embolism 1 (1%) 1 0
Mediastinitis 1 (1%) 1 0
Mortality 4 (5%) 1 3

“Includes 1 patient with giant cell aortitis and 1 patient with
temporal arteritis.

innumberascompared with C4d + aortas (p <0.0001).
Also, small lymphatic vessels were less numerous in
C4d — group as observed with D2-40 and podoplanin
stainings and compared with C4d + aortas (p <0.003
and p <0.004, respectively). The intima did not show
any positivity of C4d, and C4d + vessels were observed
in the media only whenever they were present in the
adventitia. Intimal thickness and cellularity were
increasedin C4d —aortas (2.1 £+ 0.9PSUand 1.9 £ 0.7
PSU, respectively) as compared with C4d + aortas
(1.7£0.9 PSU and 1.5*+0.7 PSU, respectively),
mostly owing to presence of inflammatory plasma
cells in the intima (p <0.05).

ROC curve analysis (Figure 2)

The predictive value of C4d + staining to identify AD
from operated AA only was assessed by ROC analy-
sis. C4d staining was significantly associated with
nondissecting AA (AUC 0.792; SE 0.053; p = 0.000;
95% CI 0.688-0.895), but not with histologically
identified ascending aortitis per se (AUC 0.523; SE
0.069; p=0.752; 95% CI 0.388-0.658).

Discussion

In this study, C4d positivity was frequently present in
patients who underwent surgery for ascending aorta.
Patients with AA without AD showed clear C4d depo-
sition indicating aortic wall remodeling associated
with complement activation. Instead, C4d deposition
was predominantly lacking in patients with AD.

The majority of the patients in our study were
male, in whom hypertension was well-controlled.
The extension of aortic dilatation, for example, to
the root was not predictable by aortic wall C4d
positivity. Histopathology revealed significant aor-
titis in 19 patients, of whom 7 had Marfan syn-
drome. Neither aortitis nor previous thoracic
operation was statistically associated with either
C4d positivity or negativity. C4d complement
deposition was present during remodeling phase of
the aortic wall without major aortic inflammation
or intimal reactivity. According to ROC curve,
C4d deposition predicted AA, but not aortitis.
Activation of complement reaction has been pro-
posed as an initiator of lesion formation, as modi-
fied lipoproteins initiate complement cascade in
in vitro models (13). While the ascending aorta is
relatively rarely affected with atherosclerosis as
compared with the descending aorta, presumably
due to embryological differences of the sites of the
aorta (14), clinical observations approve for a pro-
tective nonactive aortic wall against AD during the
degenerative AA (6,9).
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Figure 2. Receiver operating characteristic curve (ROC) analysis
of C4d associated with stabile nondissecting ascending aortic
dilatation (A) and histologically defined aortitis (B). C4d is
significantly associated with the prevalence of nondissecting
ascending aortic dilatation (AUC 0.792; SE 0.053; p=0.000;
95% CI 0.688-0.895, A), but not with aortitis (AUC 0.523; SE
0.069; p=0.752; 95% CI 0.388-0.658, B).

Frequently, C4d depositions were devoid in
patients with AD, while an important decreased
number of adventitial lymphatic and vasa vasorum
vessels together with inflammatory plasma cell
infiltration in the intima were observed. The main
difference in pathogenesis between AA and AD
may be associated with vasa vasorum. Disturbances
in media and adventitia vasa vasorum induce
remodeling of the whole arterial wall (5). Rupture
of aortic wall vasa vasorum vessels cause intramu-
ral hematoma, which eventually affects the integ-
rity of aortic wall and leads to AD (5). It is
tempting to suggest that lack of C4d deposition is
associated with changes of complement activation
of the aorta during AD.

This study also revealed aortic disease undetected
clinically before surgery. As stated above, diagnosis for
AD was always confirmed by histology. Meticulous
and systematic histopathological analysis was per-
formed for all samples (Table III), and included widely
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acknowledged immunohistochemical methods to
evaluate inflammatory cells. We acknowledge the chal-
lenge for the resection to include impeccably all three
layers of aortic wall during AD; indeed, though AD
was undeniably diagnosed histologically, the adventi-
tia was difficult to evaluate for every inflammatory
cells in every sample block due to blood stains and
arterfact in six patients. We did not, however, exclude
these patients, since statistical analysis was not con-
founded with or without these patients. Interestingly,
immediate death occurred in four patients, including
three with C4d negativity. All these three had AD,
while only one C4d + patient with a history of previ-
ous coronary artery bypass operation died but only
due to perioperative heart failure. Obviously, it is too
early to associate early mortality with histology of the
aortic wall, least to mention with C4d negativity, and
subsequent follow-up of our patients is warranted.

To our best of knowledge, the association of com-
plement factors has not been studied earlier during
AA and AD. Complement factors are ubiquitous
molecules, which are produced mainly in the liver,
though some local production is observed during
target tissue inflammation (15). Complement cas-
cade has been proved to play an important role in
cardiovascular diseases (13,16). Intracranial saccular
aneurysms show increased complement activation
(8). The protective ability of complement activation
may involve solubilization and degradation of cell
debris and apoptotic cells that are proinflammatory
by nature (17). A study using rats devoid of comple-
ments showed that experimental arterial lesions con-
sisted of increased number of apoptotic cells as
compared with control rats owing intact classical
complement pathways (18). C4d positivity may
therefore indicate vascular wall stiffness through a
mechanism initiated within the adventitia (6). Vascu-
lar wall stiffness is tentatively defined as increased
aortic wall degeneration related to atherosclerosis
(6). Instead of a traditional “inside-out” theory of
intima endothelial cell activation and subsequent
aortitis, a potential “outside-in” mechanism of vas-
cular stiffness during periadventitial activation of
inflammatory adipose tissue may produce C4d depo-
sition that bind to collagen and elastin fibers through
covalent thiolester bonds leading to increased aorta
wall stiffness (6). End products of complements,
such as C5b-9, are prominent during atherosclerosis
and aortic valve stenosis (19). Interestingly, 21 out
of 53 patients (40%) with C4d aortic wall deposition
and thus AA had also moderate to severe aortic valve
stenosis, in contrast to 7 out of 38 patients (19%)
without C4d aortic wall deposition. It remains to be
investigated whether presence of important aortic
valve stenosis and C4d aortic wall deposition are
both associated with AA but not with AD.
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A protective role of complements has previously
been associated with the classical complement path-
way (14). As C4d is the end product for classical and
lectin pathways, the activation mechanics for C4d
cannot be further differentiated (16,20). The com-
plement activation of the alternative pathway may
also be involved (20). To date, there has not been
found any physiological role or receptor for C4d, but
it is considered a remnant of C4b. On the other hand,
complement activation may be associated with dif-
ferent complements than C4d. It is unfortunately
beyond the scope of this study to further differentiate
different complement pathways associated with AA
and AD. Again, our study group is relatively small
and postoperative follow-up includes only c.a. 1 year.
However, as presence of complement C4d deposi-
tion seems beneficial for the integrity of aortic wall
during AA, further investigation on complement
activation associated with aortic remodeling is much
appreciated based on this systematic pilot analysis.

Taken together, immunologic complement fac-
tors may be amenable to follow-up after surgery for
AA. Since C4d is the end product of complement
reaction and has a relatively long half-life due to its
ability to form covalent bindings among other mol-
ecules, we speculate whether evaluation of presence
of C4d deposition via immunohistochemistry enables
one to identify aortic wall prone to AD. It remains
to be investigated whether intervening with comple-
ment cascade may add an armament against AD.
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