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Abstract

The application of modem research tools has broadened our understanding of the chlamydiae and
their role in disease. Chlamydial genome analysis showed the presence of genes for ATP and
peptidoglycan synthesis, contradicting the common belief that chlamydiaelack the ability to produce
these compounds. Phylogenetic tree analysis suggests that chlamydiae could have evolved from an
intracellularexistencein amoebae. Newly discovered obligateintracel lular organi smswith chlamydia-
like life-cycles have been classified as chlamydiae by rRNA homology with existing chlamydial
species. A proposed new classification adds three new families to the order Chlamydialesas well as
creates two genera and nine species within the family Chlamydiaceae.

Chlamydiae are incriminated in an increasingly large spectrum of diseases both in humansand in
animals. The emergence of multi-drug resistant C. trachomatis strains forewarns therapeutic
problems with this organism. While C. pneumoniaeremains a significant respiratory pathogen, the
role it playsin the pathogenesis of atherosclerosis and ischaemic heart disease awaits definition.
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INTRODUCTION

The chlamydiae are intriquing organisms.
Although discovered almost a century ago, their
biodiversity and multifarious pathogenicity are
still unfolding. The advent of technically
advanced researchtool shasenabl ed sophisticated
studies on the biology and genetics of these
organisms and their association with a wide
spectrum of disease. A vast body of new
informationhas been gatheredin the past decade.
Thisreview briefly reportson current knowledge
and recent developments in chlarnydiology.

MOLECULAR
CLASSIFICATION

The chlamydiae were first described by
Halberstaedter and von Prowazek as intra-
cytolasmic inclusions in giemsa-stained
conjunctival smearsfrom patientswithtrachoma.’
They were first thought to be protozoans and
then viruses? because of their small size and
obligate intracellular existence. Subsequently,
they were recognized to be bacteria3possessing
both DNA and RNA, a complex cell wall and
metabolic enzymes. Unlike other bacteria,
however, the chlamydiaehaveaunique, biphasic
life-cyclein which the organism alternates as an
extracellular, infectious form called the
elementary body (EB) and an intracellular,
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metabolically-active, non-infectiousform called
the reticulate body (RB). Following attachment
to glycosaminoglycan receptors on the host cell
surface, the EB istaken in by endocytosisto lie
within a vacuole bound by a membrane that can
resist phagolysosomal fusion. In this vacuole
known asan inclusion, the EB differentiatesinto
the RB that replicates by binary fission. At the
end of the developmental cycle, the RBs are
reorganized back into EBs before they are
released through host cell rupture or fusion of
the inclusion membrane with the host plasma
membrane, to start fresh cycles of infection.”

Genome analysis

The molecular determinants of this complex
biology are being studied by theanalysis of gene
sequencing data. Under the Chlamydia Genome
Project funded by the Nationa Institutes of
Health, USA, the entire genome of one species,
Chlamydia trachomatis, has been sequenced.’
Thisis acircular DNA of 346 mm length, 660
Mdal molecular weight®and roughly onemillion
base-pairs encoding several hundred proteins.
Sequence data suggest that, like other bacteria,
the chlamydiae have their own genetic code for
DNA replication, repair, transcription, transation
and aerobic respiration. In addition, genes have
beenidentifiedthat probably govern key functions
like the initiation of the different stages of the

Address for correspondence and reprint requests: Professor YF Ngeow, Department of Medical Microbiology, University of Malaya, 50603 Kuala

Lumpur, Malaysia



MalaysianJ Pathol

developmental cycle, nutrient acquisition from
the host, transmission of regulatory signals to
the host, virulence and the production of
chlamydia-specific outer membrane proteins.
On the other hand, severa genes thought to be
universally present in bacteria are not found in
chlamydiae, including those considered
absolutely necessary for prokaryoticcell division.
Also absent are many genes for the production
of important metabolicenzymesand thesynthesis
of purine and pyrimidine nucleotides. This lack
confirmsthedependenceof chlamydiaeon host-
derived metabolitesand islikely to bethe result
of theadaptationof thebacteriatoanintracellular
existence in metabolite-rich host cells.
Chlamydial cell division mechanisms are also
likely to be different from those in other
prokaryotes.

A surprising finding from the sequence data
analysis is the presence of genes potentially
involved in de novo adenosine triphosphate
(ATP) synthesis.’ [t has always been thought
that chlamydiae have to acquire ATPfrom host
cells because they lack the ability to synthesize
their own. It now appears that chlamydiae are
genetically equipped to generate ATP on their
own, but it remains to be seen how much and
under what circumstances this high-energy
compound is produced.

Another unexpected feature is the presence
of afull complement of genesfor the synthesis
of peptidoglycan. By biochemical analysis, the
chlamydial cell wall contains less than 0.04%
muramic acid’ and thisfinding has been takento
imply that chlamydiae lack peptidoglycan that
isthe backboneaf the eubacterial cell wall. The
stability of the chlamydia cell wall is believed
to be maintained by a disulfide cross-linked
proteincomplex that is uniqueto thechlamydiae.”
However, it has aso been observed that the
production of EBs can be blocked by drugs that
inhibit peptidoglycan synthesis, like D-
cycloserine,” bacitracin and penicillin.!® In
addition, chlamydiae produce three penicillin-
binding proteins(PBPs) that are associated with
peptidoglycan production.” With the detection
of peptidoglycan synthesis genes, these
paradoxical observations may now have a
molecular basis. It is likely that chlamydiae do
produce some peptidoglycan or structures very
similar toit.

The most interesting finding from the
Chlamydial Genome Project comes from
phylogenetic tree analysis which suggests
horizontal gene transfer to chlamydiae from
bacterial ancestors as well as from eukaryotic
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hosts.’ There are twenty eukaryotic genes in
chlamydiae compared to three to four in other
bacteria. Some of these "eukaryotic™ genes are
plant-like and could have been acquired from
amoebaeas chlamydia-likeorganismshave been
isolated from Acanthamoebae.'> * Hence, it is
postulated that chlamydiae were parasites or
symbionts in plant-like single-cell amoebae
beforethey evolved to beintracellular parasites
of vertebrate hosts.’

Proposed new classification

DNA sequenceinformation has been effectively
applied totheclassification of chlamydiae. Until
1998, the order Chlamydiales to which the
chlamydiaebel ong comprised only of onefamily,
Chlamydiaceae, with just one genus Chlamydia
and four species C, trachomatis, C. psittaci, C.
pneumoniae and C. pecorum.* Thisclassification
isbased largely on limited geneticand phenotypic
characteristics, antigenicity and host range.
Recently, however, more obligate intracellular
parasites have been found with chlamydia-like
replication cycles and 16S rRNA genes that are
>80% related to those in typical chlamydiae.
These organisms have been included in a new
classification scheme that recognizes four
families, five genera and twelve species based
on 168 and/or 23S rRNA sequence similarity
(Table 1). For strains identified as chlamydiae,
the rRNA sequence identity is>99% within the
same species, >97% within the same genus,
>90% within the same family and >80% within
the order Chlamydiales.

Theoldest family of Chlamydiaceae consists
of the genus Chlamydia with three species and
Chlamydophilawith six speciesin human, avian
and mammalianhosts. All membersof thefamily
sharecommonlipopolyssacharide (L PS) antigens
but have different outer membrane protein
epitopes and vary in their resistance to
sulfadiazine. Glycogen is produced by species
of Chlamydia but not by Chlamydophila
Extrachromosomal plasmidshavebeenidentified
in almost all species of Chlamydiaceae but
plasmidlessvariantsalso occur in all species.’>!?

The families of Parachlamydiaceae,
Simkaniaceae and Waddliaceae have so far,
only one specieseach. Thesechlamydiae are not
recognized by Chlamydiaceae-specific anti-LPS
monoclonal antibodies. Parachlamydia
acanthamoebae are endocytobionts of
acantharnoebae. Amoebaecarryingthisorganism
have been isolated from nasa mucosa,'* from
humansin an outbreak of humidifier fever and
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TABLE 1 Classficationof the chlamydiae proposed by Everett, Bush and Andersen, 1999.'

Order
Chlamydiales

Family
Chlamydiaceae

Parachlamydiaceae
Simkaniaceae
Waddliaceae

Genus Species
Chlamydia trachomatis
suis
muridarum
Chlamydophila pneumoniae
psittasi
pecorum
abortus
caviae
felis
Parachlamydia acanthamoebae
Simkania negevensis
Waddlia chondrophila

also from asymptomatic women.’> Simkania
nevegensiswasfirst discovered asacontaminant
incell cultures; its natural hostisnot yet known.
It hasbeenisol atedfrom adultswith community-
acquired pneumonia and from infants with
bronchiolitis.”® Thereisalsoserologicalevidence
that it may be widespread among humans.
Waddlia chondrophila was isolated from an
aborted bovine foetus.* No human infection by
this organism has yet been reported.

CLINICAL INFECTIONSOF CHLAMYDIA
AND CHLAMYDOPHILA SPECIES

Chlamydiae cause a wide-spectrum of diseases
in their vertebrate hosts. They have also been
shown to interact synergistically with viruses or
with other bacteria, increasing the virulence of
these organisms.?

Chlamydia trachomatis

In the genus Chamydia, C. trachomatis causes
human infections, C. suisinfects swine and C.
muridarum, hamster and mouse. C. trachomatis
is grouped into three biovars, trachoma,
lymphogranulomavenereum (LGV) and mouse
pneumonitis. The former two biovars are
pathogenic in humans, the latter, in mice. LGV
strains infect a variety of cell types including
mononuclear phagocytes and cause invasive
disease spread by lymph and blood vessels.
Strains of the biovar trachoma parasitize mostly
mucous membranes of the eye and the genital
tract where different serovars are associated
with endemic trachoma and sexually-acquired
oculo-genital infections such as inclusion
conjunctivitis, non-specific urethritis and

mucopurulent cervicitis with attendant
complications in the upper genital tract. In
addition, these organisms have been implicated
asthecause of pneumoniain adults,? pneumonia
inimmunocompromised patients,” " otitismedia,
meningoencephalitis,? reactivearthritis, Reiter’s
syndrome,? myocarditis,” culture-negative
endocarditis,”® perihepatitis® and peritonitis.*
They have been detectedin cryopreserved semen
and thus pose an infection risk in artificial
insemination.>- 3 Chlamydial genital infections
are associated with a 3-5-fold increased risk of
humanimmunodeficiency virusacquisition® and
have beenidentified by Finnish researchersasa
risk factor for invasive squamous-cell cervical
cancer that is independent from smoking and
infection with oncogenic types of the human-
papillomavirus.™*

Prevalence studies on C. trachomatis
infections have been greatly facilitated by the
use of nucleic acid amplification techniques.
Mass screening of populations reveadled alarge
silent reservoir of infection in both males and
females.* * Thedetectionof chlamydial nucleic
acidsin culture-negativeclinical specimens has
also provided evidence for persistent infection
in the pathogenesis of sequelae associated with
chlamydial infections. ¥ * Under the influence
of host factors like hormones, cytokines and
antimicrobials that inhibit or modify the
chlamydial developmental cycle, thechlamydiae
are believed to be able to survive indefinitely as
viable but non-cultivatable altered forms until
exogenous conditions are favourable for the
resumption of active growth and production of
infectiousparticles.* These abnormal, persistent
forms can be used to explain many features of
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chlamydial infection: the prolonged, insidious
or asymptomatic course in some infections;
difficulty to isolate chlamydiae from diseased
tissues; frequent relapse of chlamydial infection
following apparently adequate chemotherapy;
and different behaviour in different anatomical
locations and disease syndromes.

Chlamydial proteins associated with
pathogenicity include outer membrane and heat
shock proteins. The mgor outer membrane
protein(MOMP) of C trachomutis, besidesacting
as an adhesin,” is an immunoprotective antigen
that induces neutralizing antibodies and
protective T-cell responses. B-cell epitopes on
M OM Pantigens have been mapped with theuse
of monoclonal antibodies, DNA sequence data
and the Pepscan® epitope mapping technique
that allowssingleaminoacid resolution of critical
antibody binding sites. Recombinant DNA
technol ogy has been used to mass produce these
proteinsfor vaccine studiesin animal models.*"
42 Chlamydial heat shock proteinsare believed
to beimportant in the pathogenesisof trachoma,
PID, ectopic pregnancy, tubal infertility and
some cases of pregnancy failure. The 60 kDa
heat shock protein (hsp60) of chlamydia shows
high aminoaci d sequencehomol ogy with human
hsp60. It has been postul ated that tissue damage
in chlamydial infections is due to molecular
mimicry and the autoimmunity that develops
following an infection.**#

Traditionally, C. trachomutisinfectionshave
been treated with tetracyclines or macrolides.
Although treatment failures are not uncommon,
they have always been attributed to re-infection.
However, over the past decade, strains with
relative resistance to erythromycin and
tetracyclinehave beenidentified in the U.S.A 4
*% In 1997, the first tetracycline-resistant C.
trachomatis with aMIC and MBC of >64 mg/l
was isolated in France, from an asymptomatic
woman whofailed with tetracyclinetherapy but
was subsequently cured with pristinamycin.*’
Thepatient's medical history suggested that this
was a case of persistent infection and not re-
infection. More recently, researchers from the
CDC in Atlanta reported three isolates with
multi-drug resistance to doxycycline,
azithromycin and ofloxacin at concentrationsin
excess of 4 mg/l. Two of the strains were not
eradicated by standard azithromycin therapy.®®
It appearsthat in time to come, drug resistance
may become an important therapeutic problem
in the management of chlamydial infections.
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Chlamydophila psittaci

C. psittaci wasisolated by SPBedson and others
in 1930 (19).* This species originally included
a heterogeneous group of strains found
widespread in nature in a variety of hosts, and
produci ngdiseasessuch as psittacosi s,ornithosis,
feline pneumonitisand abortionamong domestic
animals.® However, these organisms can be
separated into four groups that are
phenotypically, genetically and pathogenically
distinct. In the new classification proposed by
Everett, only avian strains are retained in the
speciesCpsittaci. C. caviaeiscreated toinclude
strains causing guinea pig conjunctivitis; strains
causing endemic conjunctivitis and rhinitis
among house cats are caled C. felis and those
endemic among ruminants and causing abortion
insheep, cattleand goatsarerenamedC. abortus.
The latter have also been isolated from horses,
rabbits, guineapigs, mice, aswell asfromwomen
who work with sheep.’! C. psittaci serovars are
endemic among psittacine birds and a wide
variety of other avian hosts. Outbreaks have
occurred among pet birds as well as in poultry
processing plants. Human infections are
incidentally acquired by inhalation of bird fecal
aerosolsor respiratory dropletsthat contaminate
the environment. Infected patients typically
acquireaflu-likeillnessor anatypica pneumonia
syndrome, but may occasionally present as a
systemic infection with liver and renal
dysfunction, conjunctivitis and
glomerulonephritis® or as potentially fatal
culture-negative endocarditis.

Chlamydophila pecorum

C. pecorumis a species created in 1992 % and
consistsof strainsdistinguished from C. psittaci
by genetical, immunological and biological
characteristics. This species was first isolated
from the brain of a caf with sporadic bovine
encephalomyelitis but has since been isolated
from brains, lungs, joints, embryonic kidneys,
faeces, and other parts of cattle and sheep for
which the organism is a frequent cause of
pneumonia, polyarthritis, encephalomyelitisand
diarrhoea.® No human infections have been
reported so far. Besides ruminants, these strains
have also been isolated from swine, koala bears
and from the faeces of heathy animals. In
"stressed" populations of koala bears, they are
associated with reproductive disease, infertility
and urinary tract infection.



Chlamydophila pneumoniue

Like C. pecorum, C. pneumoniae was also
classified as C. psittaci beforeit was established
asaseparate speciesin 1989.% Initially thought
to be a strict human pathogen, it is now also
associated with infection in animals, having
been isolated from ocular and urogenital sitesin
koalabears, from the respiratory tract of ahorse
and from a giant barred frog from Australia. In
an epizootic of fatal chlamydiosis in a
commercial colony of African clawed frogs
imported to the USA from western Africa, C.
pneumoniae was seen and isolated from
inclusionsin the livers of the infected frogs.*

In humans, C. pneumoniae is a significant
respiratory pathogen with a 50-70%
seropreval ence, world-wide.* Primary infection
is usually acquired in childhood while re-
infections are common in adults. The disease
spectrum rangesfrom asymptomatic’’ to serious
pulmonary infection requiring mechanical
ventilation. In the upper respiratory tract, it is
considered an etiologic agent of sinusitis, acute,
chronic and recurring pharyngitis®* and otitis
media.®! Persistent cough lasting two weeks to
three months is a common symptom in both
children®% and adults.® In thel ower respiratory
tract, it is associated with chronic bronchitis,
asthmatic bronchitis,’¢" acute exacerbation of
chronic obstructive pulmonary disease, diffuse
pan-bronchiolitis,®® epidemic ¢ and endemic
pneumonia, community-acquired pneumoniain
older persons, pneumonia in hospitalized
patients,”’? and acute chest syndromein sickle
cell disease.™

Besides respiratory diseases, C. pneumoniae
has also been implicated as a cause of
culture-negative endocarditis,” Guillain-Barre’
Syndrome,” sarcoidosis,’®”” erythemanodosum,
Reiter’s syndrome,”™ Alzheimer’s,” and coronary
artery disease.’®

Theroleof C. pneumoniaeinthe pathogenesis
of atherosclerosisand ischaemic heart diseaseis
gtill controversial athough there has been an
increasing body of literature suggesting a
possible relationship. The presence of C.
pneumoniae has Been documented in
atheromatous plagues in coronary, carotid,
internal mammary, pulmonary, iliac, femoral
and popliteal arteries, aswell asinthe aorta, and
non-rheumatic stenotic aortic valves.® 8
Detection methods used include transmission
€lectron microscopy,* immunocytochemistry,”
immunofluorescence antibody staining,®® DNA
amplification by polymerase chain reaction,®-*
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and isolationin cell Detection ratesin
pathological specimens range from 0 to almost
100% versus 0-1% in normal vascular tissue.®*
92.93 Thiswidevariation in thedetection rate has
been attributed mostly to the patchy distribution
of the organism in lesions and to the use of
different detection methods. The organism has
been found in subjects as young as 15 years
old,* in Western and Asian patients,” and in
associationwith different clinical manifestations
of vascular disease like angina, myocardial
infarction, transient ischaemic attack, stroke,
claudication and aortic aneurysm and rupture.
6% Although the presence of the organism per
se does not prove causality, C. pneumoniae has
been demonstrated to grow in vascular
endothelium, smooth muscle cells and
monocytes, which are all components of the
vessel wall.”? In addition, theorganismstimul ates
endothelial proliferation, causes the appearance
of adhesive molecules on the surface of
endothelial cells and promotes the formation of
foam cells.!® 19" Hence, it has been postul ated
that C. pneumoniae that is phagocytosed by
macrophagesin the lung may betrappedin sub-
endothelial tissues where it stimulates the
formation of thefatty streak that is subsequently
converted to atheroma,'®

The association between C. pneumoniae
infection and atheroslerotic disease was first
noticed by thefinding of el evated antibody titres
andimmunecomplexesin patientswith coronary
heart disease or myocardia infarction.®:%
Subsequently, many investigatorsfound ahigher
frequency and level of chlamydial antibodiesin
patients with chronic CHD than in matched
healthy controls. Seropositivity has aso been
linked to an increased risk of myocardial
infarction,'™ ischaemic stroke!® and increased
intima-media thickness in the common carotid
artery in hypertensive men."* In a study on
patients undergoing percutaneous transluminal
coronary angioplasty, antibodies to chlamydia
lipopolysaccharide rose within one month after
the procedure, suggesting that the immune
response was induced by chlamydia antigens
released from plaquesthat were ruptured during
angioplasty.'” However, several prospective
studies have not demonstrated an association
between chlamydial infection and incident
myocardial infarction and death from ischaemic
heart disease.'®

Investigationsin anima models have shown
that, in the presence of elevated serum
cholesterol, repeated intranasal inoculation with
C. pneumoniae results in early changes of
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atherosclerosis, and treating animals with
macrolideantibioticscan either reduceor prevent
these changes.'® In human subjects, however,
thereareconflictingreportson theeffectiveness
of azithromycin or roxithromycin trestment in
the reduction of recurrent adverse cardiac
events. 10 111 112 Gimjlarly, retrospective case-
control analyses on the effect of tetracycline
exposureintheprimary preventiondf myocardial
infarction have yielded inconsistent
findings.'311* The controversy over the use o
antibioticsfor interventionhasto beresolved by
further evidence from laboratory studies and
large-scale, well-controlledhumanclinical trids.

CONCLUSI ON

Although much has been discovered about the
chlamydiae, these organisms continue to
fascinate as their saga continues with the
discovery of new members, further vertebrate
hosts and an expanding disease spectrum. The
role of these bacteria in human disease is not
dways agpparent as subclinical infections are
common. However, as severe sequelae can
complicate infection, the development of an
effective vaccine is of public hedth interest.
Towardsthisgoal, research efforts arefocussed
on obtainingabetter understandingaf chlamydia
biology, immunogenicity and mechanisms of
pathogenicity. Current vaccine development
drategy is to use purified chlamydial antigens
sdlected for their ability to induce protectionbut
not immunological reactions that can give rise
to hypersensitivity. Should the causativerole of
C. pneumoniae in atherosclerosi sand ischaemic
heart disease be established, therace will beon
for avaccinethat can eradicatethesepotentially
fatal illnessesthat affect millions of individuals
world-wide.
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