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Chlamydia pneumoniae in atheroma: consideration
of criteria for causality

Allan Shor, James I Phillips, Gloria Ong, Brenda J Thomas, David Taylor-Robinson

Abstract
Aims-(1) To seek evidence of the exist-
ence of Chlamydia pneumoniae in a spec-
trum of atheromatous lesions in different
types of arteries from individuals of
different ages, using a polymerase chain
reaction (PCR) assay supported by elec-
tron microscopy and inumunocytochemis-
try; (2) to use electron microscopy to
examine interactions between C pneumo-
niae and the cells present in the arterial
tissue; (3) to assess the extent to which the
data fulfil the criteria for causality.
Methods-At necropsy examination, 35
arterial specimens were taken from 25
subjects. The grade of atheroma was
determined macroscopically and micro-
scopically and the tissues coded and
examined by the three techniques.
Results-Of the 35 specimens, 24 had
macroscopic or microscopic atheroma-
tous lesions ofvarying degree. Twenty two
of the 35 specimens were examined by
electron microscopy, C pneumoniae-like
bodies being found in 11 (50%); seven
specimens were examined by the immu-
nocytochemical method, positive staining
being detected in three; and all specimens
were examined by the PCR technique, 15
(43%) being PCR positive. Overall, of the
24 specimens with lesions, 17 (71%) were
positive by at least one of the three tests,
whereas of the 11 specimens without
lesions, only one was positive. The positive
specimens comprised 10 of 19 aortas,
three of six iliac arteries, and one coron-
ary and one pulmonary artery. C pneu-
moniae was detected in four of six
specimens in which there were early
changes and in a 20 year old subject. Con-
cerning the 25 subjects, of 17 who had
atheromatous arteries, 14 (82%) were
C pneumoniae positive and of the eight
who had normal arteries, none was posi-
tive.
Conclusions-There is a strong correla-
tion between C pneumoniae and arterial
atheromatous lesions. The organism may
contribute to the disease process by dam-
aging smooth muscle cells.
(C Clin Pathol 1998;51:812-817)
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Chlamydia pneumoniae was first described by
Grayston et al in 1986.' In common with the
other three species of the genus Chlamydia, it is
a pathogen. It causes upper respiratory tract
infections and is estimated to be responsible for

up to 10% of community acquired
pneumonia.'

Seroepidemiological studies in several coun-
tries have shown the incidence of IgG antibod-
ies to C pneumoniae to be in excess of 50% and
higher in men than in women.2 The interpret-
ation of these studies is that the majority of the
population has been exposed to the organism.
Epidemiological studies have also shown an
association of seropositivity for C pneumoniae
with coronary heart disease3 and with carotid
artery disease.'0 These findings have been
reviewed by Jackson and Grayston. "
C pneumoniae was first detected by Shor et

al,'2 using electron microscopy, in atheroma-
tous lesions of the coronary artery obtained at
necropsy from South African patients. Subse-
quent studies from several centres in different
parts of the world have shown the presence of
C pneumoniae in both postmortem and surgi-
cally obtained lesions derived from the aorta,
carotid, coronary, iliac, femoral, and popliteal
arteries." -21 Recently, viable C pneumoniae or-
ganisms were isolated from atherosclerotic
coronary22 23 and carotid24 arteries.

In view of the enormous morbidity and mor-
tality caused worldwide by atherosclerosis, and
the lack of agreement about its aetiology,25 the
association with C pneumoniae is potentially of
great importance. As C pneumoniae is a known
human pathogen, the possibility of a contribu-
tory or causative role has to be considered.
However, elucidating whether C pneumoniae
initiates, contributes to, or is incidental to
atherogenesis is a difficult "chicken or egg"
problem. Ong et al have suggested that looking
for C pneumoniae using the polymerase chain
reaction (PCR) in normal tissue and in arteries
with early and advanced atheromatous lesions
would be a sensible approach.'9 Another
approach would be to examine the interactions
of C pneumoniae using the electron microscope
to assess cell damage. A further approach
would be to apply the criteria which determine
whether an association is causal, as proposed
by Hill.26 With these issues in mind, we have
sought evidence of the existence of C pneumo-
niae in a spectrum of atheromatous lesions in
different types of arteries from individuals of
different ages, using a PCR assay, supported by
electron microscopy and immunocytochemis-
try. In addition, electron microscopy was used
to examine interactions between C pneumoniae
and the cells present in the arterial tissue.

Methods
Arterial tissue was obtained at necropsy exam-
ination from the aorta, carotid, cerebral,
coronary, femoral, iliac, and pulmonary arter-
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Table 1 Details of subjects and specimens examined

No Age Cause Artery Macro Micro EM PCR IC

1 26 Trauma Aorta 0 0 - - -
2 70 Nat Aorta 2 2 + + +
3 20 Trauma Aorta 1 1
4a 26 Trauma Aorta 1 1
4b 0 0 - - -
5 86 CCF Aorta 3 3 + + n/r
6a 37 Trauma Iliac 2 2 + + +
6b Iliac 2 2 n/r - n/r
6c Iliac 2 2 n/r + n/r
7a 57 MI Iliac 2 2 + - n/r
7b Iliac 2 2 n/r - n/r
7c Iliac 2 2 n/r - n/r
8a 75 Pneumo Aorta 2 2 + - +
8b Carotid 0 0 n/r - n/r
8c Carotid 3 3 n/r + n/r
9a 73 COPD Carotid 2 2 + + n/r
9b Carotid 0 0 n/r + n/r
9c Femoral 2 2 n/r - n/r
1Oa 79 Nat Aorta 2 2 + + n/r
1Ob 2 2 n/r + n/r
11 0 Trauma Aorta 0 0 - - n/r
12 25 Trauma Carotid 0 0 - - n/r
13 25 Trauma Aorta 0 0 - - n/r
14 30 Trauma Aorta 0 0 - - n/r
15 28 Trauma Aorta 1 1 - - n/r
16 34 Trauma Aorta 1 1 + + n/r
17 24 Trauma Cerebral 0 0 - n/r
18 52 Trauma Coronary 2 2 + + n/r
19 40 Trauma Aorta 1 1 + + n/r
20 30 Trauma Aorta 0 0 - - n/r
21 22 Trauma Aorta 0 0 - - n/r
22 ? Nat Aorta 2 2 n/r + n/r
23 ? Nat Cerebral 3 3 n/r - n/r
24 ? ? Pulmonary 2 2 n/r + n/r
25 28 Trauma Aorta 0 1 n/r + n/r

?, unknown; +, positive; -, negative; CCF, congestive cardiac failure; COPD, chronic obstructive
pulmonary disease; EM, electron microscopy; IC, immunocytochemistry; Macro, macroscopic
grade; MI, myocardial infarction; Micro, microscopic grade; Nat, natural causes; n/r = no result;
PCR, polymerase chain reaction; Pneumo, pneumonia.

ies. To reduce the risk of chlamydial DNA cross
contamination during dissection, usually only
one artery was collected from each subject
(table 1).
The cause of death in most cases was

trauma. The 35 tissue samples were from 25
males with an age range from newborn to 86
years. Collection of tissue was between 12 and
36 hours after death. The 25 subjects were
examined consecutively at necropsy by one
pathologist.
At collection, tissue was noted to be macro-

scopically normal or affected by atheroma, the
degree being graded as follows: grade 0, no vis-
ible lesion; grade 1, fatty streak; grade 2,
fibrolipid plaque; grade 3, advanced lesion with
fibrosis, calcification, ulceration, or haemor-
rhage.
Each specimen was given a code number and

divided into three, one portion being frozen
and stored at -70°C for PCR studies. A second
portion was fixed in a solution of 10%
phosphate buffered formalin for histology, and
a third portion was fixed in a 2.5% phosphate
buffered glutaraldehyde solution for electron
microscopy. Each tissue sample was given a
coded number and examined by a histo-
pathologist, electron microscopist, and staff of
the PCR laboratory, none of whom had access
to any specimen information other than a
coded number.

Tissue collected in buffered formalin was left
to fix for 48 hours and processed routinely
before being embedded in wax and sectioned at
5 pm. Sections were stained with haematoxylin
and eosin and Masson's trichrome technique.

The presence and degree of atheroma of the
intima was assessed by light microscopy and
graded as follows: grade 0, no lesion; grade 1,
smooth muscle cell damage, macrophage and
foam cell infiltration; grade 2, central necrotic
area with overlying fibrosis; grade 3, dense
fibrosis, calcification, ulceration, neovasculari-
sation, or haemorrhage.
For electron microscopy, the arterial tissue

was processed by a standard technique,27
sectioned, and stained with lead citrate and
uranyl acetate. Semithin, 1 gm sections were
stained with Azure 2 for comparison with sec-
tions for light microscopy.28 A Jeol 1200 EX 2
instrument was used to examine 90 nm
sections on 100 mesh copper grids. Compo-
nent cells and the matrix of the arteries were
identified and the presence of organisms with
chlamydial morphology was noted.

Additional sections from the wax blocks
used to examine the morphology and grade the
degree of atheroma were stained using the
chlamydia genus-specific CF-2 antibody ac-
cording to the immunoperoxidase method of
Grayston et al.20
The tissue samples for the PCR assay, iden-

tifiable only by code numbers, were sent by
courier in a frozen condition from Johannes-
burg to London, where they were stored
immediately in liquid nitrogen. The DNA
extractions and PCR assays were performed
according to the method of Ong et al.'9 When
DNA was extracted from the tissues, a negative
control-comprising a tube of extraction buffer
only-was processed in an identical manner.
Each batch of samples in the PCR cycle was
accompanied by a negative control, in which
water was substituted for the tissue DNA frag-
ments, and a positive control, to which was
added sufficient Cpneumoniae DNA for the
detection of 10 organisms. The first round
PCR primers used spanned bases 1053 to 1076
and 1518 to 1540 of the major outer
membrane protein (MOMP) gene. The second
round primers spanned bases 1053 to 1076
and bases 1254 to 1280 of the MOMP gene.
Samples which gave a positive result were con-
firmed by Southern blot analysis, using a 30
base pair oligonucleotide probe based between
the DNA sequences of the two second round
primers. The 30 base pair probe spanned bases
1106 to 1135 of the MOMP gene. Samples
that gave a negative PCR result were retested
for any inhibitors to the PCR assay by seeding
an aliquot of the sample DNA with 100 fg of
C pneumoniae DNA and repeating the assay. To
minimise aerosol contamination, the DNA
extraction from the tissue samples was carried
out in a laminar flow cabinet in a different
room from that used for the PCR assay. Mixing
of the pre-PCR reagents and the addition of the
DNA aliquot were carried out in separate cabi-
nets. In the second round PCR, the already
amplified first round DNA was added in a fur-
ther laminar flow cabinet in a different room
from that used for mixing ofpre-PCR reagents
and the addition of sample DNA. All cabinets
were swabbed with methanol and irradiated
with ultraviolet light for 30 minutes before use.
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fication, which rendered the tissue impossible
to section, or because of failure to orientate the
tissue correctly. Structures similar in morphol-
ogy and size to those of elementary bodies of
C pneumoniae were detected in 11 of the speci-
mens. They comprised membrane bound,
often pear shaped, 100 to 300 nm particles,
containing an electron-dense core measuring
up to 100 nm diameter (fig 1) and were identi-
fied in smooth muscle cells, in foam cells, and
in the extracellular debris of atheromatous
lesions. The C pneumoniae-like organisms were
observed only in areas of tissue damage, and
smooth muscle cells containing them were
always altered pathologically. The changes
observed were vacuolation of the cytoplasm
with concurrent reduction in myofilaments and
an accumulation of cytoplasmic lipid (fig 2).

an.

Figure 1 Transmission electron micrograph of an atheromatous arterial wall. Elementary
bodies of Chlamydia pneumoniae in vacuoles within a smooth muscle cell. The organisms
appear pear shaped in some profiles (arrowed) and contain a central, electron-dense core.
The scale bar represents 300 nm.
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Figure 2 Transmission electron micrograph of afoam cell in an area ofatheroma within
an artery Thefoam cell is identified as asmooth muscle cellfull of lipid droplets and
vacuoles containing Chlamydia pneumoniae. The scale bar represents 1 um.

On completion of all the laboratory investi-
gations, the specimen code number and data
were revealed to allow analysis of the data.

Results
MACROSCOPIC AND MICROSCOPIC LESIONS

Of the 35 specimens, 23 were found to have
macroscopic lesions: five of grade 1, 14 of
grade 2, and four of grade 3. Microscopic
examination of the specimens showed 24 to
have lesions: six of grade 1, 14 of grade 2, and
four of grade 3. Thus one macroscopically nor-

mal specimen, an aorta from patient No 25,
was seen to have a grade 1 microscopic lesion
(table 1).

ELECTRON MICROSCOPY

Twenty two specimens were suitable for exam-
ination by electron microscopy. Some speci-
mens were not suitable either because of calci-

IMMUNOCYTOCHEMISTRY
There was consistent background staining in
all but seven of the 35 specimens examined,
and this staining could not be completely
extinguished by routine blocking techniques.29
As a result, the histopathologist was unable to
interpret the immunocytochemically stained
sections from 28 specimens. Therefore, only
seven specimens were assessed by immunocy-
tochemistry; in these, positive staining-clearly
distinguishable from any background
staining-was detected in three. The positive
staining was observed in smooth muscle cells
and foam cells and occasionally in the central
necrotic core region.

PCR ASSAY
All the 35 specimens were subjected to analysis
by the PCR and 15 were positive for C pneumo-
niae.

CORRELATION OF THE RESULTS OF THE VARIOUS
TESTS
Of the 22 specimens examined by electron
microscopy, the result of the PCR assay was in
agreement in 19. Eight were positive by both
tests, 11 were negative by both tests, and three
were positive by electron microscopy but nega-
tive by the PCR assay. Of the seven specimens
examined by immunocytochemistry, the result
of electron microscopy was in agreement in six
specimens, as was the result of the PCR assay.
Overall, ofthe 35 specimens examined, 18 were
positive by at least one of the methods
employed. When the 25 subjects rather than
specimens are considered, 14 of the 17 who
had atheromatous arteries had vessels that were
C pneumoniae positive, whereas none of the
eight who had normal arteries was positive.

TYPE OF VESSEL AND OCCURRENCE OF
C PNEUMONIAE
Seven different arteries were represented. Of
19 aortas examined, 10 were positive for
C pneumoniae by at least one of the methods
employed. Of six iliac arteries examined, three
were positive; of five carotid arteries examined,
three were positive, as were one coronary and
one pulmonary artery. Two cerebral arteries
and one femoral artery were negative.
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GRADE OF LESION AND OCCURRENCE OF

C PNEUMONIAE

On microscopic examination, one of the
macroscopically normal aorta specimens, from
patient No 25, was seen to have a grade 1
lesion. C pneumoniae was demonstrated in this
lesion by the PCR assay. Of the 24 subjects
whose specimens had macroscopic or micro-
scopic evidence of a lesion, C pneumoniae was

detected in 17: in four ofthe six grade 1 lesions,
1 1 of the 14 grade 2 lesions, and two of the four
grade 3 lesions. Eleven of the specimens had no
lesion by macroscopic or microscopic assess-

ment. Of these, only one was positive for
C pneumoniae, in this case by the PCR assay.

This tissue sample was from a normal area

between atheromatous lesions in the carotid
artery of a 73 year old man (patient No 9b).
Unfortunately, owing to failure to orientate this
specimen correctly, this area could not be
examined by electron microscopy to determine
whether there was any cell damage.

AGE OF SUBJECT AND OCCURRENCE OF

C PNEUMONIAE

The age of three of the subjects was not avail-
able. Of the remaining 22, 10 were less than 30
years old. Four of these had grade 1 atheroma-
tous lesions, two of which were C pneumoniae
positive. Of the 12 subjects who were 30 or

more years old, 10 had atheromatous lesions,
eight ofgrade 2 or 3, and all 10 were confirmed
C pneumoniae positive.

Discussion
We are confident that the measures taken to
prevent cross contamination of arteries by
chlamydial DNA during their collection and
processing means that the results obtained by
use of the PCR assay are not spurious.
Immuno-electronmicroscopy was not used to
identify the particles seen, but their structure
and size was compatible with the elementary
bodies of C pneumoniae. Background staining
made the interpretation of the results of immu-
nocytochemistry difficult for all but seven sam-

ples. Such staining was a problem also encoun-
tered by Ong et al.'9 Nevertheless, where
interpretation was possible, the agreement of
the results obtained by immunocytochemistry
with those of the PCR assay and electronmi-
croscopy indicates that the results of immuno-
cytochemistry are not non-specific and caused,
as has been suggested,30 by cross reactivity of
the chlamydial antibody with a diseased tissue
component. Overall, there was good agreement
between the results of the three independent
techniques. Based on these, the important
observations in this study are as follows: first,
the detection of C pneumoniae in 71% of
arterial atheromatous lesions, in keeping with
the results of some previous studies in which
the organism has been detected in 60% to
100% of lesions" 1; second, the detection, for
the first time, of the organism in a lesion of the
pulmonary artery (the organism has now been
described in this artery and in lesions of the
aorta, carotid, coronary, femoral, popliteal,2'
and iliac arteries); third, the occurrence of
C pneumoniae only in areas of tissue damage as

shown by electron microscopy and immunocy-
tochemistry; and, finally, the finding that mini-
mal lesions are C pneumoniae positive as often
as severe lesions.
Whether C pneumoniae has a causal role in

atheroma is the important "chicken or egg"
issue. C pneumoniae has been isolated by
culture from atheromatous arteries22-24; how-
ever, the organism appears difficult to culture
consistently, which makes the fulfilment of
Koch's postulates difficult to achieve. However,
the question of association or causation has
been addressed by Hill,26 who highlighted nine
aspects to consider before deciding on an
interpretation of causality. These are con-
cerned with an examination of the association
in terms of its strength, consistency, specificity,
temporality, plausibility, coherence, analogy,
biological gradient, and experimental evi-
dence. We shall consider them in the light of
existing data and those provided by this study.
Apart from one report of failure to detect

C pneumoniae in coronary artherectomy
specimens,31 which has been criticised by Jack-
son et al,32 there is a strong positive and
consistent association between Cpneumoniae
and arterial atheromatous lesions. This was
evident in our present study and in reports
from several laboratories in different countries
based on the use of the PCR assay12- 1 21 3 and
culture.22 24

In relation to specificity, whereas cytomega-
lovirus has been detected in both normal and
atheromatous arteries,5 C pneumoniae has
been found more specifically in atheromatous
lesions in this and other studies.33
To fulfil the criterion of temporality, the

organism must be found in the earliest lesions.
It was clear in this study that the existence of
C pneumoniae in arteries was related to the age
of the subjects. Below the age of 30 years, fewer
subjects had atheromatous lesions and those
that had, had the less severe lesions.
Nevertheless, C pneumoniae was detected in
half of them. Thus C pneumoniae has been
documented here and elsewhere in fatty
streaks'2 which are considered to be the earliest
manifestation of atheroma. Indeed, in subject
No 25, a 28 year old, a lesion in the aorta was
noted only microscopically, but C pneumoniae
was detected by the PCR technique. Overall,
our observations are in keeping with the
findings of Kuo et al,5 who demonstrated
C pneumoniae in the coronary arteries ofyoung
adults (15 to 35 years old).

Is a causal association plausible? The answer
would seem to be in the affirmative. C pneumo-
niae is a pathogenic organism which has been
shown in vitro to be capable of infecting aortic
smooth muscle cells, endothelial cells, and
macrophages,34 35 all of which are involved in
atherogenesis.36 37 Furthermore, the results of
seroepidemiological studies have shown that
infection with C pneumoniae is common,'
occurring at an early age and at intervals
throughout life and like coronary heart
disease-more commonly in males.2
Would a causal role for C pneumoniae be

coherent with existing knowledge about
atherogenesis? For some time there has been an

815



Shor, Phillips, Ong, et al

accepted response to injury hypothesis to
explain atherogenesis, and microorganisms,
including viruses, have been proposed as initia-
tors of injury.36 37 The electronmicroscopic
findings suggest that C pneumoniae may be
contributing to the disease process by damag-
ing smooth muscle cells. Smooth muscle cells
containing C pneumoniae show vacuolation,
loss of myofilaments and an accumulation of
lipid. The resultant foam cell is a characteristic
feature of atheroma.37 In addition, an analogy
has been drawn between C pneumoniae and
C trachomatis, the latter causing chronic, fi-
brotic, and necrotic lesions in trachoma and
lymphogranuloma venereum.3" Recent reports
of an association between C reactive protein,
interleukin 6, and coronary heart disease
support the concept of an underlying inflam-
matory process, such as a chronic infection,
playing a role in atherogenesis.39
There are no data concerning a biological

gradient to fulfil Hill's criterion, but prelimi-
nary experimental evidence from mouse and
rabbit models4" 43 indicate that infection with
C pneumoniae can produce an atherosclerotic
lesion in the aorta.
With regard to experimental evidence, eradi-

cation experiments have been suggested.'9 20
Some data have been published on the effects
of antichlamydial agents on patients at risk for
coronary heart disease, and these initial results
appear to show a beneficial effect associated
with antibiotic administration.44 45 In the rabbit
model, treatment with an antichlamydial agent
prevents the development of atherosclerosis.43

In conclusion, we have confirmed a strong
positive association between C pneumoniae and
atheroma. The extent of the association has
been expanded to include the pulmonary
artery. C pneumoniae has been demonstrated in
the earliest lesions of atheroma and in subjects
as young as 20 years. The observation that
infected smooth muscle cells in the arterial wall
become vacuolated, lipid filled, and contribute
to the foam cell population is consistent with a
possible causal role for C pneumoniae in the
development of atheromatous lesions. Indeed,
from the work in this and other studies, Hill's
criteria for causation have been fulfilled to a
large extent. However, unequivocal evidence is
still lacking. IfC pneumoniae existed only in the
older lesions then no case could be made for it
as an initiator of atheroma. Demonstration of
the organism in subjects as young as 20 years
and in the earliest lesions of atheroma is
consistent with it having a causal role. Unfortu-
nately, it is still not possible to establish
whether C pneumoniae predates and initiates an
early lesion or infiltrates an early lesion after it
has begun to develop. Resolution of this
conundrum may lie in the outcome of preven-
tive measures, most notably antibiotic treat-
ment. Initial results in humans44 4 treated with
antichlamydial agents are encouraging. The
prevention of atherosclerosis in rabbits infected
with C pneumoniae and treated with
antibiotics43 strengthens the aetiological link
between C pneumoniae and atherosclerosis.
Data from more clinical trials are heeded, along

with an examination of the interaction of
C pneumoniae with arterial tissue.
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