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Abstract

Chlamydiae are gram-negative bacteria which cause diverse diseases of humans and
animals. Chlamydia trachomatis, the focus of this work, causes the blinding eye diseasc
trachoma, and reproductive tract infections. Trachoma affects 500 million individuals of
whom seven million are blind. Chlamydia is the most common reproductive tract
infection and can cause pelvic inflammatory disease and tubal infertility. In both cases
treatment with antibiotics is effective but they may not be available, recurrent infection

1s common and the long-term complications irreversible. A vaccine i1s needed but

attempts at developing one have met with limited success. The recent discovery of a

family of antigenic surface proteins, the polymorphic membrane proteins, has

revitalised the search for potential vaccine candidates.

One member of this family, pmpG, was cloned 1n two fragments and the recombinant
products expressed and purified. Humoral and cellular responses to these and other
chlamydial antigens, and to common recall antigens, were examined 1n human subjects
in The Gambia using immunoblotting, whole blood assay and cytokine ELISA
techniques. Children with active trachoma, adults with trachomatous scarring and

women with tubal infertility were examined, together with matched controls.

PMPG was shown to be a target of both humoral and cellular responses. These responses
were more commonly directed towards the amino- (PMPGa), rather than carboxyl-
terminal (PMPGc) fragment. Antibodies to PMPGa were associated with a reduced risk of

active trachoma but antibodies to PMPGc were associated with conjunctival scarring.

PMPGa stimulated the production of TNFo, IFNy and TGFP. Children with active

trachoma produced higher levels of TNFa and IL-10 than controls in response to
pMPGa. High levels of IL-10 i response to both chlamydial and common recall
antigens were noted in children with active trachoma and this may be a mechanism by
which Chlamydia survives intracellularly. Responses to other chlamydial proteins were

characterised and an association between intestinal helminth infection and conjunctival

scarring was noted.
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Background

1 Background

1.1 Chlamydia, the organism

Chlamydiae are a phylogenetically unique group of gram-negative bacteria responsible
for a large variety of diseases in humans, animals and birds. Four species are currently
recognised: Chlamydia trachomatis, Chlamydia pneumoniae, Chlamydia psittaci and
Chlamydia pecorum.  Chlamydia trachomatis and Chlamydia pneumoniae are
principally pathogens of humans however Chlamydia trachomatis can also infect
rodents and pigs and Chlamydia pneumoniae can infect horses, koalas and frogs”.
Chlamydia psittaci 1s primarily a pathogen of lower vertebrate mammals, koalas and
birds with humans being accidental hosts. Chlamydia trachomatis is the focus of this
work. There has recently been some discussion regarding radical changes to the

taxonomy of Chlamydiacae’, however this remains contentious’ and for the purposes of

this thesis the current classification will be used.

Within the host, Chlamydia exist in a non-acidified vacuole (inclusion) which does not
fuse with the cell’s lysosomes. Here the bacteria sustain a unique intracellular
developmental cycle. Shortly after entry, the intectious but metabolically 1nert
elementary bodies (EBs) differentiate to the metabolically active reticulate bodies (RBs)
which undergo several rounds of multiplication before differentiating back to EBs. The

host cell 1s then lysed to release the infectious EBs.

1.2 Epidemiology and disease

1.2.1 Trachoma

Chlamydia trachomatis is the causative agent of trachoma, the commonest infectious
cause of blindness and, some consider, the most common preventable cause of
blindness. It is thought to account for an average of 15.5 per cent of blindness in
developing countries, with figures ranging from 6.8% in Latin America and the
Caribbean, to 19.4% in sub-Saharan Africa and 25.7% in the Middle East and central
Asia.” Some 500 million individuals are affected by trachoma of whom 7 million are
blind®. Although not restricted to the tropics, trachoma is most prevalent in these

regions through which it is widely distributed. Active disease is usually seen n children
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with transmission occurring either through close contact or by flies, and thus it is
assoclated with overcrowding, poor sanitation, substandard levels of hygiene and

medical care and poor standards of living.

Infection begins in early childhood with conjunctivitis. Repeated cycles of trachomatous
conjunctivitis and secondary bacterial infections follow. Over a number of years this
leads to scarring of the conjunctiva and the eyelids (Figure 1-1). Scarring of the
underside of the eyelids causes them to turn inwards so that the eyelashes abrade the
cornea causing pain, inflammation, further bacterial infections and ultimately blindness.
Antibiotic treatment 1s effective, though often not available, but the infection recurs

rapidly leading to progressive eye damage.

Trichiasis & corneal
opacity

~ Active trachoma Scrring

Figure 1-1: Clinical progression of trachoma

The field-work for this study took place in The Gambia. Here the second National
Survey of Low Vision and Blindness in 1996 showed that 5.9% of children under 10
years of age had active trachoma whilst 3.3% of adults had trichiasis. The situation 1s
improving due to an excellent national eye care program and these are significant
improvements from the initial study some 10 years earlier, for example the prevalence
of active trachoma has decreased by 54%." However recent reports of the emergence of

- 8
drug-resistant mutants are cause for concern.

1.2.2 Chlamydia trachomatis urogenital tract infection

Chlamydia trachomatis infections are the most common bacterial sexually-transmitted
infections (STIs) causing mostly urethritis and cervicitis. In United States there are an
estimated 4 million cases occurring each year.”'’ The cost of treating these infections
and their sequelae approached $1.4 billion a year in 1987 and must be considerably
more now. Estimates of the prevalence of chlamydial infection vary widely and most
studies tend to collect data from individuals attending STD or ante-natal clinics where
the prevalence is clearly very different form that in the general population. One recent

study investigated the prevalence of infection in a variety of venues including Chinese
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food markets, Peruvian barrios, Zimbabwean villages and student dormitories in Russia.
Overall the prevalence was 7.4%. The prevalence in women ranged from 13.9% in
Russia to 3.7% 1in Zimbabwean villages. In men the prevalence ranged from 6.9% in
Peruvian barrios to 1.6% in Zimbabwean villages.'' In the United Kingdom, as part of a
national survey of sexual attitudes and lifestyles (Natsal 2000), 11,161 randomly
selected, sexually active men and women aged 18-44 were screened for Chlamydia
trachomatis by a ligase chain reaction (LCR) test on urine. Overall 2.2% of men and
1.5% of women tested positive for Chlamydia trachomatis with the highest prevalence

being 1n the 25-34 year olds where 3% of men and 3.1% of women had a positive

antigen test for Chlamydia trachomatis."?

Approximately 10% of women who acquire Chlamydia trachomatis urogenital tract
infections develop upper genital tract complications, such as salpingitis and pelvic
inflammatory disease (PID), chronic inflammation and subsequent fallopian tube
scarring which greatly increases the risk of ectopic pregnancy and tubal infertility.”
Epididymitis and prostatitis may complicate urogenital infection in men and Chlamydia
trachomatis has been implicated in male infertility.'*'> Chlamydial urogenital infection

may also be associated with a reactive arthritis.

The L1,L.2 and L3 strains of Chlamydia trachomatis cause another sexually transmitted
disease, lymphogranuloma venereum, characterised by i1nguinal and sometimes

generalised lymphadenopathy, and systemic symptoms such as fever, headache and

myalgia.

1.2.3 Other chlamydial infections

In addition to trachoma and urogenital tract infections which are the focus of this work,

Chlamydia trachomatis also causes inclusion conjunctivitis in both adults and neonates,

and pneumonta 1n infants.

Chlamydia psittaci is primarily a pathogen of lower vertebrate mammals and birds but

humans are sometimes infected and suffer a pneumonic illness, psittacosis, which may

be severe.

16

Chlamydia pneumoniae is an important cause of community-acquired pneumoma - and

. . . . . . 17
is currently the source of much interest due to its association with atherosclerosis.

Saikku first demonstrated higher titres of anti-Chlamydia pneumoniae antibodies 1n

18

patients with atherosclerosis, ° and subsequently the organism has been detected 1n
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atherosclerotic lesions by a immunohistochemistry, electron microscopy, polymerase

19,20

chain reaction (PCR) and culture. Animal models have shown that Chlamydia

pneumoniae infection initiates vascular atheromatous changes in rabbits,”’ promotes

22

atheroma development in mice,” and that antibiotic treatment of infected rabbits

inhibits these atheromatous changes.” Large studies are now underway in humans to

see 1f antibiotic treatment of patients with coronary heart disease may be of benefit.*

1.3 Immune responses

There 1s clear evidence of a degree of immunity developing in individuals with
chlamydial infection. Pathology 1s often due to repeated or recurrent infections, with
epidemiological evidence suggesting that solid immunity is acquired slowly and may be
strain specific™. For example, active trachoma and the isolation of live organisms from
the conjunctiva is seen principally in childhood*®, and isolation rates in genital disease
fall with age’’ or increasing duration of exposure””. This immunity appears to operate
through both humoral (antibody mediated) and cellular mechanisms (in which antigen
specific T-cells play the principal role), and there appear to be differences in the

response to a primary and secondary infection.

1.3.1 Innate responses

The first line of defence against most bacterial infections are the phagocytes of the

innate immune system, the neutrophils and the macrophages.

Neutrophils appear to be important in controlling primary infection with Chlamydia
where depletion of neutrophils results in a much higher bactenal load and more severe

disease?®*” but are of lesser importance in secondary infection where mice depleted of

neutrophils are as able as a wild type mice to eradicate infection.”

Chlamydia are effectively phagocytosed by macrophages and monocytes’' and induce
the differentiation of monocytes 1nto macrophages,”” which then act as antigen
presenting cells and release interleukin-12 (IL-12) thus activating T-cells and tniggering

the adaptive immune response. However Chlamydia may persist within

macrophages,” > and macrophages activated by Chlamydia produce interferon 7y

(IFNy).,3 * nitric oxide™ and matrix metalloproteinases.36 Chlamydia may also replicate

inside monocytes or macrophages triggering the production of pro-inflammatory
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cytokines such as tumour necrosis factor o (TNFo), nterleukin-1 (IL-1) and

interleukin-6 (IL-6).%’

1.3.2 Humoral responses

The mmportance of humoral responses to chlamydial infection has been the subject of

much contention. Initially 1t was felt that humoral responses were of primary
importance in defence against chlamydial infection. Certainly immature plasmablasts,
or antibody secreting cells, responsive to chlamydial major outer membrane protein

(MOMP), heat-shock protein-60 (HSP60) and whole EBs have been detected in the

blood of patients with chlamydial urogenital disease and individuals with both active

and scarred trachoma,®

and Chlamydia-specific 1mmunoglobulin-G (IgG) and
immunoglobulin-A (IgA) are detected in urethral swabs from men with Chlamydia
trachomatis urethritis.”” Women with cervical infection and high anti-chlamydial IgG
levels are protected against subsequent salpingitis*’ and mice immunised intra-nasally
with Chlamydia organisms developed antibody responses and were protected against
subsequent genital infection and infertility*"**. In the guinea pig model of genital tract
infection also, Chlamydia-specific antibody seems to play a significant role in immunity

as guinea-pigs given pooled immunoglobulins from immune amimals had a lower

organism load on subsequent genital infection with Chlamydia®.

However, humoral responses are not essential in combating chlamydial intection. The

presence of anti-chlamydial antibodies in mice correlates poorly with protection from

re-infection,”* indeed mice deficient in B-cells and antibody develop strong immunity to

re-infection with Chlamydia trachomatis both 1n short and long-term.®

The evidence seems to suggest that humoral factors may be more important 1n
resistance to re-infection than in combating primary infection. A study m B-cell
knockout mice showed that cell-mediated immunity alone was sutticient to clear
primary infection but that the B-cell deficient mice were then more susceptible to re-
infection®®, whilst Fc-receptor knockout mice were able to clear primary infection as
well as wild-type mice but tended to have a more severe secondary infection.”’ A
similar study showed that B-cell deficient mice demonstrate no difference in immunity
to re-infection to wild type mice to Chlamydia trachomatis 45 days after primary
infection,”® but after 70 days B-cell deficient mice are more susceptible to colonisation
and re-infection.”™® In another study, following resolution of primary infection, mice

were depleted of both CD4 and CDg T-cells and then re-challenged with Chalamydia.
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Depletion of both CD,4 and CDg T-cells had only a very limited effect on the course of

secondary infection suggesting that B-cell and/or antibody play an important role in
immunity to secondary infection.”” Thus the evidence appears to suggest that B-cells

and humoral responses may be more important for long-term memory.

1.3.3 T-cell responses

A rapidly expanding body of evidence points to the importance of T-cell responses in
immunity to chlamydial infection. Strong lymphoproliferative responses, to a number of
chlamydial antigens, are associated with resolution of chronic infection in trachoma’".
The fact that Chlamydiae reside within a vacuole inside the host cell makes it unclear
how chlamydial antigens could gain access to either the major histocompatibility
complex (MHC) class I or class II processing systems. Despite this around 30 human
leukocyte antigen (HLA) class Il-restricted T-cell epitopes® ~* and eight HLA class I-
restricted cytotoxic T-lymphocyte (CTL) epitopes in MOMP have been described.””*

Evidence regarding the relative contributions of CD,; and CDg T-cells 1s not clearly
defined and at times conflicting. Approximately equal numbers of CD,4 and CDg T-cells

are seen in acute chlamydial infection of the human cervix>’, the guinea-pig genital tract

° and the genital tract and eyes of non-human primates’°. Increased MHC

59

and eye’
class I and class II expression has been seen in infected epithelial cells in trachoma,
though MHC class II restricted T-cell responses, but not MHC class I, were shown to be

important in resolving genital Chlamydia trachomatis 1n mice® .

Depletion of both CD,4 and CDg T cells in mice leads to increased pulmonary organism
load in Chlamydia trachomatis pneumonia, but only CD4 T cell deletion leads to
increased mortality®'. In further studies, both CD4 T cells (producing both Tyl and Ty2
cytokines on stimulation)®? and CDy cells®®* were able to transfer adoptive immunity.
Depletion of CD4 but not CDg T-cells leads to a much prolonged course of secondary

infection in B-cell deficient mice but has no effect on the ability of animals to resolve
that infection,”” and in humans the risk of pelvic inflammatory disease (PID) is

independently associated with falling CD4 T cell levels in human immunodeticiency

virus (HIV) infection®.

The role of MHC Class I-restricted CDg T-cells in protective immunity remains

controversial. CDg cells from the synovial fluid of patients with Reiter's syndrome

6

proliferate in response to chlamydial antigens, " and Chlamyvdia-specific cytotoxic T

cells have been found in the blood of patients with trachoma,®® but the significance of
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these remains uncertain. /n vitro studies suggest that CDg T-cells are cytotoxic for
Chlamydia-infected cells,®” ! but in vivo studies suggest only a minor role. Chlamydia-
specific CDg cells, 1solated from mice following intection with Chlamydia trachomatis,
were able to lyse Chlamydia-infected cells and adoptively transfer protection to naive

6

mice 1n some experiments63 . but not in others.°” and in the murine model. depletion of

CDj cells had no effect on clearance of infection.”> CDg T-cells may also have a role to

play through the production of IFNy,’* which appears to mediate cytotoxicity’>, and also

inhibits chlamydial activity.”*"> Chlamydia suppresses IFNy-inducible MHC class I and

. 76,77
I expression. ™

The suppression of MHC class I synthesis would prevent the
processing and presentation of chlamydial epitopes on the infected cell surface and
therefore preclude recognition and subsequent lysis by CTLs.”® Human peripheral
blood mononuclear cells (PBMCs), infected with Chlamydia pneumoniae, secrete 1L-10
which down-regulates expression of MHC class I molecules. One consequence of this

may be a reduction in the presentation of bacterial epitopes by MHC. This would

decrease the ability of CD8 T-cells to eliminate infected cells.”’

1.3.4 Cytokine responses and the relative importance of Ty1-
and Ty2-type responses

Much of the field work in this study concentrates on the cytokine responses to a number
of chlamydial antigens. The inter-relationships between the various cytokines produced
in response to infection is hugely complex. One useful way to look at cytokine

responses is in terms of the Ty1/Ty2 dichotomy.

Mosmann et al first identified two sub-populations of CD4 T-cells 1n mice 1 1986 on
the basis of their cytokine secretion patterns. He described Tyl-type T-cells which
produce interleukin-2 (IL-2) and IFNYy and a Ty2-type population which produce
interleukin-4 (IL-4), interleukin-5 (IL-5) and interleukin-10 (IL-10). Subsequently 1t
was felt that these two subsets were derived from TyO cells that secrete both Tyl and

Ty2 CytOkil’leS.78’79 There was some controversy as to whether a similar dichotomy

existed in humans until the first evidence was presented in 1991.%° A 'Tyl-type response

is now defined as a strong cellular response with normal or increased levels of IL-2.

[FNy, TNFo and/or IL-12, while a Ty2-type response is characterised by a
predominantly humoral response with an increase in the levels of IL-4, IL-5, IL-6, IL-10
and interleukin-13 (IL-13) together with an increase in one or more B-cell activities

(hypergammaglobulinaemia, autoantibody production or hyper-immunoglobulin E).
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The classification is based on the relative predominance ot either a cell-mediated or
humoral-type response and not on an absolute dichotomy of either type of cytokine
response. The definition of Tyl and Ty2-type responses 1s now generally expanded to
include not only responses by T-cells, but also those by monocytes/macrophages,
natural killer cells, B cells, mast cells and eosinophils, all of which are now known to

produce cytokines originally attributed only to CD4+ T-cells.

Dittering cytokine profiles have been described for T-cell responses to various
microbial pathogens. Tyl responses have characteristically been associated with the
resistance to, and elimination of, intracellular pathogens such as Mycobacterium

31,8

. 2 . 83 . . .
tuberculosis , Mycobacterium leprae > and Leishmania major **. Ty2 responses, on

the other hand, are elicited by helminth infection and correlate with protective immunity

for several species of parasitic nematode >*°.

A study of the progress of chlamydial genital infection 1n mice showed that cells
producing the Tyl pro-inflammatory cytokines IL-12 or TNFo were the first to be
detected, with cells producing the Ty2 anti-inflammatory cytokines IL-4 and IL-10

being present in greatest numbers at three weeks post infection, a time when the

infection was nearing resolution. They were unable to convincingly demonstrate the

presence of either IL-5 or IFNy using immunohistochemical staining.”’ Tyl-type

responses however appear to be essential for the resolution of chlamydial infection.
Ty 1-deficient mice fail to clear primary genital infection with Chlamydia despite
ocnerating high levels of a specific antibody, whilst Ty2-knockout mice clear intection
as well as wild type mice.** Tul-type responses are associated with resolution of
Chlamydia trachomatis infection 1n mice’'* and Ty2-type responses with scarring in
trachoma’'”. Interestingly, mice mounted a predominantly Tyl-type response to primary
genital chlamydial infection but a more mixed picture on subsequent infection®’.
Lymphocytes isolated from Chlamydia-infected genital tracts demonstrate a
predominance of Tyl-type cytokine and messenger ribonucleic acid (mRNA)

responses%’gl. Additionally anti-cytokine antibodies that diminished Ty2-type responses

are beneficial and those that inhibit Tyl-type responses are detrimental to the host

response to infection™.

Much recent work has focused on Chlamydia pneumoniae due to its association with
atherosclerosis. Due to the differences in the structure, biology and pathogenesis of
Chlamvdia pneumoniae and Chlamydia trachomatis extrapolating the results of

experiments with Chlamydia pneumoniae to other chlamydial species should be done
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with caution. However, infection with Chlamydia pneumoniae appears to be a potent
inducer of pro-inflammatory cytokine production. The growth of Chlamydia

pneumoniae 1nside monocytes or macrophages triggers the production of pro-

inflammatory cytokines such as TNFe, IL-1 and IL-6 *’ and PBMCs stimulated with
sonicated Chlamydia pneumoniae produce TNFo, IL-1, IL-6, interleukin-8 (IL-8),

monocyte chemoattractant protein-1 and macrophage inflammatory protein-1.”>. This

appears to be mediated through the Toll-like receptor-2 (TLR2), an innate immune
receptor involved in the pattern recognition of bacterial pathogens.”* IL-12 is an

important pro-inflammatory cytokine which augments natural killer cell and T-cell
cytotoxic activity, promotes Tyl differentiation and induces the production of IFNvy and
other cytokines.” IL-12 is critical for the development of Tyl-type responses, and IFNy
production induced by chlamydial infection 1s mediated largely in an IL-12 dependent
fashion. Mice with pulmonary Chlamydia pneumoniae infection produced IL-12, IFNY,

TNFo and IL-10. Depletion of IL-12 resulted in markedly reduced levels of IFNy

production and a much higher organism load. Clearance of the organism was delayed

but it did occur. °°

IFNvy appears to play a very important role in clearing chlamydial infection. IFNy has
been shown to directly inhibit the growth of Chlamydia trachomatis, Chlamydia psittaci
and Chlamydia pneumoniae.” Neutralisation of IFNY resulted in an increase in both in
the number of organisms seen in the lung and also in the severity of pneumonia 1n the
murine Chlamydia pneumoniae model,”” whilst mice deficient in IFNYy are unable to
completely resolve genital tract infection, and chlamydial infection in those mice
disseminates to systemic sites’®. In other experiments IFNy-receptor knockout mice
were able to clear primary genital infection but were not able to resist re-intection

suggesting that they failed to develop protection, whilst IFNy knockout mice were

. - . 44
unable to clear even primary infection.

TNFo is another cytokine which has been extensively studied in the context of
chlamydial infection. TNFo is a pro-inflammatory cytokine released primarily from
monocytes and macrophages upon invasion of the host by a wide variety of pathogens.
Mouse spleen cells infected with Chlamydia trachomatis generate TNFo’” and high
levels of TNFa are found in genital tract secretions during the first week of primary

chlamydial infection.'” In humans TNFa is found in the genital tract of women with

03

: : |
* and conjunctivae - are

chlamydial salpingitis'”' and levels of TNFa in the tears
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higher in individuals with trachoma than in controls. In a murine model of chlamydial
pneumonia, exogenous administration of anti-TNFa increased the bacterial load in the
lungs and significantly accelerated mortality.'™ TNFo also appears to directly inhibit
the growth of Chlamydia, at least in vitro.'"”™ However TNFa is not essential for

clearance of Chlamydia: mice deficient in the TNFo receptor show only a marginal
delay in the rate of clearance of Chlamydia from the genital tract,'®® whilst local

blockade of TNFa in the genital tract had no effect on the course of the ascending

infection or on the resultant chronic tissue pathology.107

1.4 Chlamydial antigens

1.4.1 Major Outer Membrane Protein (MOMP)

The major outer membrane protein of Chlamydia trachomatis (MOMP) is the dominant
surface protein (~60% of outer membrane content) which functions as a structural

1% and possibly an adhesin'''. It is the serologically

protein'* but also as a porin
variant antigen that defines the serovars.''*'"> MOMP is encoded by the ompA gene
which consists of five conserved sequence regions alternating with four variable

4 : : : : : .
Serovar-specific antibodies are directed towards amino-acids sequences

regions.
encoded in these variable segments.' > Over 15 serovariants, or serovars, of Chlamydia
trachomatis have been described. The tendency for successive infections to be with
different serovars ot Chlamydia trachomatis suggests that protective immunity is in part
assoclated with sequences that vary among serovars™ and this, together with the relative

abundance of MOMP has meant that 1t has been extensively studied.

61% of individuals with chlamydial urethritis or cervicitis were found to be positive for
anti-Chlamydia trachomatis MOMP IgG compared to 16% of “healthy’ blood donors.' "

A number of B-cell epitopes have been determined, and neutralising antibodies have

been produced to a number of these''"'"”. T-cell responses to epitopes in both the

constant and variable regions of MOMP have been described in Chlamyadia trachomatis

infected subjects.””

There have been some successes using MOMP as a potential vaccine candidate. Rabbit
anti-MOMP IgG has been shown to neutralise infectivity despite not attecting
internalisation'*°, and passive immunisation of pregnant mice with anti-MOMP

121

antibodies prevented intection and foetal loss . One anti-MOMP monoclonal antibody
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was able to protect mice from intravenous challenge with EBs and prevent infection of
monkey’s conjunctivae'** The T-cell epitope, TINKP, elicited recall responses and

protected against salpingitis, >

and MOMP, enclosed within ‘lipophilic immune
response stimulating complexes’ and injected intramuscularly, has been shown to
induce a local genital mucosal Tyl response which protected against subsequent

Chlamydia trachomatis infection and which could be adoptively transferred to naive

syngeneic animals.'**

In general, however, attempts at generating protection using peptide and denatured
Chlamydia trachomatis MOMP protein have failed (review'®’). Intramuscular
immunization of mice with chlamydial deoxyribonucleic acid (DNA) encoding the
chlamydial MOMP induced both cellular and humoral immune responses suggestive of
a Tyl-biased immunity, and the immunized mice suffered less weight loss and had a
100-fold reduction in pulmonary organism load.'*® In another experiment however,
MOMP DNA vaccination failed to protect mice against subsequent genital challenge.'?’
Though 1nitially the most promising sub-unit vaccine candidate, MOMP has so far

failed to deliver on that promise.
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Figure 1-2: Putative model of the envelope of chlamydial elementary bodies. Adapted
from Everett et al'*® and Hatch.'®
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1.4.2 Outer Membrane Protein 2 (OMP2)

OMP2 is the second most abundant protein in chlamydial elementary bodies and is
expressed when reticulate bodies differentiate into elementary bodies."”” Antibodies to
OMP2 have been reported to be present in the majority of patients infected with
Chlamydia."”"'"?* 17/17 patients with Chlamydia trachomatis urethritis had antibodies to
oMP2'*’ in one study whilst in another 89% of individuals with chlamydial urethritis or
cervicitis were found to be positive for anti-oMP2 IgG compared to 43% of ‘healthy’

blood donors.''® The authors suggested that the high level of false positives might be
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due to cross reaction with Chlamydia pneumoniae OMP2. Another group tested seven
different fragments of the OMP2 protein for immunoreactivity in the sera of patients with
Chlamydia infection and all were found to be reactive.”* The importance of these

antibodies 1s uncertain however as OMP2 appears to be confined to the iner surface of

the EB's outer membrane. *%!3°

13

T-cells responsive to OMP2 have been detected in both mice'*® and humans. Chlamydia

trachomatis-specitic CD4 T-cells from patients with Chlamydia trachomatis-induced
reactive arthritis and with chlamydial urethritis, have been shown to respond to both
whole OMP2 and epitopes of OMP2, though the levels of response were lower than those
to whole EBs, suggesting that, although OMP2 represents a major component of the
protein composition of EBs, other less abundant proteins may be more important as

targets of the immune response. "’

1.4.3 Heat-shock protein 60 (HsP60)

Heat shock proteins are highly conserved across species, chaperoning newly synthesised
or damaged proteins during their intracellular folding or unfolding, assembly and
translocation and also function to stabilise cellular proteins during a variety of
conditions such as heat shock, infection and inflammation. >® Antibodies to chlamydial
HSP60 are common in chlamydial infections, 61% of individuals with chlamydial
urethritis or cervicitis were found to be positive for anti-chlamydial HSP6O IgG
compared to 23% of ‘healthy’ blood donors,''® and seem to be more common with
prolonged or recurrent infection - the prevalence of antibodies to HSP60 1s low amongst
healthy controls but increases as chlamydial genital tract disease becomes more
severe. >’ HSP60 antibody responses were found in 32% of Gambians with trachomatous
scarring compared to 16% of controls (P < 001)'* and anti-HSP60 antibodies were

found in tears of Nepalese subjects with trachoma.'*' T-cell proliferative responses are

: : .. .50
seen in trachoma patients who resolve their intection™.

HSP60 has been shown to be a potent stimulant of immune and intlammatory responses.
Both human and chlamydial HSP60 activate human PBMCs, monocyte-derived
macrophages and endothelial cells through CDi4 signalling and p38 mitogen-activated
protein kinase via NF-xB through the Toll-like receptor 4.'* in the same way as
bacterial lipopolysaccharide (LPS).143 Chlamydial HSP60 has been shown to induce the
expression of TNFo, IL-6, matrix metalloproteases. E-selectin, intercellular adhesion

molecule- 1 (ICAM-1), and vascular cell adhesion molecule-1 (\/CAM-l).””L147
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Mice immunised intra-nasally with a DNA vaccine encoding Chlamydia pneumoniae
HSP60 demonstrated a reduced bacterial load and decreased severity of disease after
challenge though no specific antibodies were detected. In contrast mice immunised
intradermally developed Chlamydia-specific IgG but were not protected against

challenge with Chlamydia pneumoniae.'*®

Because of the highly conserved nature of HSP60, responses directed against microbial
hsp may also be deployed against autologous HSP. These cross-reactive responses could

convert the protective immune responses into pathological ones. This is discussed

further in section 1.5.

1.4.4 The polymorphic membrane proteins (PMPs)

The tamily of polymorphic membrane proteins, known as PMPs or POMPs ., were first
identified, by Longbottom et al, in 1996 on screening of a Chlamydia psittaci Agtl |

genomic expression library with post-abortion sera from sheep infected with C. psittaci
ovine enzootic abortion strain (OEA). They identified four members of a multigene
family encoding proteins of approximately 90 kilodaltons (kDa) which appeared to be
localized to the chlamydial surface membrane'*. A number of other groups also began
looking at this gene family and the Chlamydia Genome Project (http://chlamydia-
www.berkeley.edu:4231) later reported 9 members of the pmp family in Chlamydia

trachomatis and 21 1n C. pneumoniae. There are at least 6 pmp genes in Chlamydia

psittaci. >0

Comparison of the pmp genes encoded within 1solates of Chlamydia pneumoniae from
the United States and from Japan demonstrated truncation of two of the pmp genes in
the Japanese strain. This appeared to be due to frameshift mutation. The remaining pmp
genes were very highly conserved between the two strains. > Similarly, comparison of
the pmp genes encoded within 1solates of Chlamydia pneumoniae trom the United
States and from Denmark demonstrated only one nucleotide ditterence between the two
strains and this also resulted 1n a truncated PMP protein due to the deletion of a single
residue which gave rise to a premature stop codon.””” In a restriction fragment length
polymorphism analysis (RFLP) all the pmps (except pmpB) were compared from
isolates of Chlamydia trachomatis serovars B and K and the previously sequenced
serovar D. Between these serovars, pmpH varied by almost 4% and pmpE by 2%.
Serovar K had a 6 base pair (bp) deletion at the 5’ end and serovar B had a 3 bp
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Insertion at the 5” end. No ‘marked’ variation was noted in the pmpA, pmpC, pmpF,

pmpG, pmpH or pmpl genes.' >

T'he PMPs appear to be surface-localised proteins. The predicted secondary structure of
these proteins is predominantly of B-pleated sheets, typical of bacterial surface proteins

whose membrane spanning regions are formed by B-strands. Also typical of bacterial
outer membranes 1s the consistently present carboxyl-terminal phenylalanine'**. These
proteins are relatively cysteine-rich, having between 9 and 26 cysteine residues in the
case of Chlamydia trachomatis PMPs, representing between 0.9 and 2.1% of the
proteins’ amino acid composition; this is similar to the figure of 1.9% for MOMP.
These cysteine residues may be important for disulphide cross-linkage of the surface
proteins as has been shown for MOMP — which does not migrate on sodium dodecyl
sulphate polyacrylamide gel electrophoresis (SDS-PAGE) unless a reducing agent is
added to break these disulphide bonds. The 98 kDa proteins do migrate on SDS-PAGE

in the absence of a reducing agent which is more suggestive of intra-molecular rather

155

than inter-molecular bonding °°. More recent computer modelling has predicted parallel

B-helices in the amino-terminal regions of most pmp genes in Chlamydia
pneumoniae. ”° Similar structures are found in a number of pathogenic organisms and
are often associated with virulence, such as the filamentous haemagglutinin adhesin of

Bordetella pertussis.”’

Amino Cysteine

acids

X

20
15
13
15
14

4.75
6.80
3.88
5.26
6.08

pmpD 1531 101
pmpE 904 105
pmpF 1034 112
pmpG 1002 106
pmpH 1016 108
pmpl 878

pmpA 975 106 38.58 0.9
pmpB 1757 183 5.52 19 1.1
pmpC 1770 187 4.52 14

—d

0
PO W DL W R U R U S U B e
AT ITWIO | N O

N
—

Table 1-1: Characteristics of the Chlamydia trachomatis pmps

Apart from these predictions based on the amino acid sequence, a considcrable body of
evidence pointing towards a surface localisation comes from studies ot the chlamydial
outer membrane complex (COMC) which can be 1solated and puriﬁedlos. Chlamydia

psittaci COMCs contain an immunogenic 89 kDa protein which 1s synthesised early in
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the life cycle and is not particularly strongly cross-linked by disulphide bonds'®.
Further immunoblotting studies of Chlamydia psittaci COMCs with post-abortion sera
from infected ewes demonstrated a triplet of bands at 90-95 kDa which, on Coomassie

staining of SDS-PAGE gels, were shown to correspond to proteins present only in very

15

small amounts, suggesting that these proteins are highly immunogenic'>”’. Immune sera

from convalescent animals recognises the 98 kDa antigen on SDS-PAGE separated

155

COMC’s ot Chlamydia pneumoniae °°. Evidence that these proteins are indeed the

PMPs has been facilitated by the cloning of a number of pmp genes as this has allowed
the production of recombinant proteins for immunoblotting, and specific monoclonal
antibodies which can then be used for immuno-staining of whole Chlamydia and
COMCs. In one study a recombinant 98.9 kDa PMP protein from Chlamydia

pneumoniae was recognised by polyclonal antibody to Chlamydia pneumoniae COMCs

whilst conversely monoclonal antibody against this PMP recognised a double band of
proteins from Chlamydia pneumoniae EB’s at 96-97 kDa'®. Interestingly this group
found that recognition of their recombinant proteins was greater when samples were not

boiled betore SDS-PAGE (when the 97/99 kDa proteins migrate as it 65 kDa)

'l One of their

suggesting that conformational, non-linear epitopes may be important
PMPs, outer membrane protein 4 (OMP4), was shown to be exposed on Chlamydia
pneumoniae organisms in the lungs of infected mice by immuno-staining with
polyclonal anti-OMP4 antibody whilst another, outer membrane protein 5 (OMPS) was
shown to be exposed on Chlamydia pneumoniae in tissue culture but was not seen in
vivo, suggesting that perhaps not all the PMPs are expressed 1n vivo'®'. Immuno-
electron microscopy of Chlamydia psittaci demonstrated surface localisation of the
PMP proteins on RBs but not on EBs where it appeared to be located periplasmicaly'**.
This was in contradiction to other findings, a similar study, using different antibodies
does appear to convincingly demonstrate surface localisation of the Chlamydia psittaci
PMPs on both EBs and RBs'®’. A recent study, using a combination of electrophoresis
and mass spectroscopy has clearly demonstrated that at least PMPG and PMPH are

located on the outer membrane of Chlamydia trachomatis,'®* whilst another study. using

both immuno-staining and detergent solubility, showed that PMPD of Chlamydia

. 165
trachomatis 1.2 1s also located on the surface.

[t has been suggested that the Chlamydia psittaci PMPs might have two domains
separated by the short central polyglycine region, and that the carboxyl-terminal domain

might be hidden. Supporting evidence comes from the fact that in natural infection in
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sheep, antibodies are not produced to the carboxyl-terminal, even though it has been
shown to be immunogenic, whilst antibodies are generated to the amino-terminal
‘domain’'”’. Further evidence is provided by the paucity of immuno-staining of whole
EBs with antibodies to the carboxyl-terminal compared to marked staining by amino-
terminal antibodies'®’. Further studies are required to confirm or refute this hypothesis.

In Chlamydia trachomatis only one of the PMPs, PMPH, has a polyglycine region.

Figure 1-3: pmp gene arrangement within Chlamydia trachomatis genome

In Chlamydia trachomatis the nine PMPs have predicted molecular weights ranging
from 96 to 187 kDa, with a mean molecular weight of 129 kDa. Despite the small
genome of Chlamydia these genes comprise 3.2% of the Chlamydia trachomatis
genome. In an organism with such a small genome and so little redundant DNA 1t seems
unlikely that a multigene family such as this would be present if it did not fulfil an
essential role. The amino acid identity within the family varies from 2 — 26%'°°. This
figure hides the fact that within the genes are regions of high homology separated by
much more variable regions. Structurally the pmp genes are encoded within three
clusters, one containing pmpA, pmpB and pmpC, one containing only pmpD and finally
one containing pmps E to I (Figure 1-3). Phylogenetically they also fall into three major
eroups but these do not appear to have any relationship to their localisation within the
genome. These groups can be further subdivided into 6 smaller groups which, if
analysed together with the Chlamydia pneumoniae pmps, each contain at least one

Chlamydia trachomatis and one Chlamydia pneumoniae pmp, suggesting that perhaps

each of these sub-groups has a specific function'®’. The exception to this is Chlamydia

trachomatis pmpG which clusters with 11 Chlamydia pneumoniae pmps which appear
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to have anisen through gene duplication. The presence of the repetitive GGAI element

167

has been noted to be a feature of the pmp family of genes™' in Chlamydia preumoniae

and are seen here in all the Chlamydia trachomatis pmp genes with the exception of
pmpH which co-incidentally 1s the only Chlamydia trachomatis pmp which does
possess the polyglycine central region which is a feature of the Chlamydia psittaci pmMpS

identified to date. As noted for Chlamydia pneumoniae this GGAI motif is confined to

the amino-terminal of the proteins.

There 1s some evidence that the PMP proteins may undergo some post-translational
modification. Certainly there are glycosylation and phosphorylation sites present in the

pmp genes which may be involved in post-translational modification.'®®

Work on the functional biology of the PMPs is still at an early stage. Reverse-
transcriptase polymerase chain reaction (RT-PCR) studies suggests that all the pmps are
transcribed and at least four are transcribed as early as 10 hours'®® although
immunofluorescent staining did not detect PMPs until 30-36 hours>'®". This
discrepancy may be explained by the low abundancy of the proteins and the lesser
sensitivity of the method. If they are all transcribed throughout the life cycle this implies
that they are functionally important in both RBs and EBs. The function of these proteins
remains unknown although it 1s tempting to speculate that such a family of homologous
genes might be i1nvolved 1n antigenic variation, in adaptation to various host
environments, or in tissue tropism, though the number of genes in Chlamydia
trachomatis 1s low compared to those involved 1n antigenic variation in trypanosomes
and plasmodia for example. A search of genome databases for proteins with homology
to the Chlamydia PMP proteins, looking for the GGAI or the GGA[I/L/V] and FxxN
motifs, revealed homology to membrane proteins of four other bacterial species: the
rickettsial outer membrane protein A (RompA) ot several Rickettsia species which
appear to be involved in adhesion, Bordetella pertussis adhesin FHAB, Helicobacter

pylori HP1288 and FEschericia coli YFAL proteins, the functions of which are

152
unknown.

Homology searches also showed that the Chlamydia pmp genes were frequently
identified with members of the autotransporter family, leading one group ot researchers
to suggest that the chlamydial PMP proteins may indeed be members of this family.' "
The autotransporter family, sometimes known as the Type V secretion system, 1s a
highly efficient mechanism of protein export found amongst gram-negative bacteria.

Proteins secreted through this pathway all have a similar configuration consisting of a
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signal sequence, a passenger domain and a carboxyl-terminal translocating unit. The
secreted protein crosses the inner membrane by a sec-dependent mechanism but then the
carboxyl terminus assembles into a [P-barrel pore in the outer-membrane and the
passenger domain 1s transported through this to the bacterial surface. At the surface the
passenger domain and the -domain either remain intact or are cleaved into separate
subunits. Autotransporters may be the primary mechanism of protein transport in many
gram negative pathogens with autotransporter proteins being discovered in Neisseria,
Haemophilus, Bordetella and Helicobacter as well as several members of the
Enterobacteriacae including Shigella and Eschericia coli.'" It is suggested that the size
ot the proteins (90 — 187 kDa) greatly exceeds that expected for membrane proteins
which are typically 30 to 90 kDa but would be typical sizes for autotransporter proteins

which range from 50 to 300 kDa.'”! One 144 kDa PMP protein has been shown to
migrate on SDS-PAGE as a 100 kDa protein which would be consistent with a

processed protein having had the ~40 kDa carboxyl-B barrel cleaved from the passenger
domain. They also argue that the arrangement of motifs within the gene would be
typical of autotransporters with a signal sequence being followed by functional motifs
and then the carboxyl terminal unit. Certainly there are interesting functional motifs

encoded within the pmp genes including serine proteases, leucine zippers and RGD

adhesion motifs. Additionally the PMP proteins all have a predicted carboxyl-terminal

amphipathic B-sheet which might be capable of forming a B-barrel translocation unit.

The GG[A/L/V/I][I/L/V/Y] motif followed at a variable distance by the FxxN motif,

found throughout the PMP proteins, 1s a common feature of many autotransporter

proteins.'° The authors find themselves drawn to the conclusion that the chlamydial

PMP proteins really are autotransporters. Clearly this 1s speculative but the evidence 1s

fascinating and certainly plausible.

Evidence of the immunogenicity and importance of these proteins has been building
over the last decade, even though the identity of the 90-98 kDa proteins was not known.
In 1989 it was noted on SDS-PAGE analysis of Chlamydia psittaci that invasive strains

had a protein band present at 98 kDa which were not seen with non-invasive strains' .

[ater these virulent, abortion-inducing, strains were noted to be mostly of serotype 1
whilst the non-invasive intestinal forms belonged to two other serotypesm . This raised
the possibility that the 98 kDa strains might somehow be involved in virulence an/or be
serotype specific. Antibodies to this virulent strain, raised in rabbits and mice, were

shown to recognise Chlamydia psittaci  proteins of 96, 90 and 88 kDa on
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immunoblotting' "*.

Later the same group noted the presence of highly reactive
antibodies to 80-90 kDa proteins on immunoblots of Chlamydia psittaci EB’s when
screened with sera from post-abortion ewes infected with Chlamydia psittaci OEA.

T'hese antibodies appeared to be serotype-specific suggesting variability in the relcvant

antigens between serovars' .

Although antibodies to a number of chlamydial proteins, such as MOMP demonstrate
considerable cross-reactivity between the species, antibody responses to the 90-98 kDa
proteins show considerable species and even serovar specificity. This has been noted
both 1n rabbits, using Chlamydia pneumoniae 98 kDa protein'>>, and in humans.
Immunoblotting convalescent sera from patients with Chlamydia pneumoniae infection
against Chlamydia pneumoniae, Chlamydia trachomatis and Chlamydia psittaci EB
proteins, the 98 kDa proteins of Chlamydia pneumoniae but not those of Chlamydia
trachomatis or Chlamydia psittaci were recognized by the sera whereas there was
considerable cross-reactivity of other proteins (68, 60, 30 kDa proteins and MOMP).
Reaction to the 98 kDa proteins appeared to correlate with high titres of circulating anti-
Chlamydia pneumoniae antibody when followed over time in individual patients. No
sera from patients negative for anti-chlamydial antibodies recognized the 98 kDa
proteins but all patients from whom Chlamydia pneumoniae was isolated, did'’®. In
another series, protein from the EBs ot Chlamydia trachomatis, Chlamydia pneumoniae
and Chlamydia psittaci was immunoblotted with sera from patients infected with
Chlamydia trachomatis, Chlamydia pneumoniae or both. They found that antigens of
170, 155, 145, 120, 115, 100, 57 and 38 kDa were specitic tor Chlamydia trachomatis,
antigens of 175, 130, 110, 98 and 30 kDa were specitic tor Chlamydia pneumoniae and
antigens of 90, 80, 75, 62, 60 and 55 kDa were recognized by sera from patients
infected with either of the species. Only 39% of their Chlamydia pneumoniae patients’
sera recognised Chlamydia pneumoniae 98 kDa protein'’’. In one other similar study
sera from the majority of patients with Chlamydia pneumoniae intection recognised the
98 kDa Chlamydia pneumoniae protein but it was not recognized by sera from patients
with Chlamydia trachomatis infection, who recognised only Chlamydia pneumoniae
proteins of 73, 68, 65 and 62 kDa'’®. Since the formal identification of the PMP family,
work has been ongoing to demonstrate specific responses to these proteins. PMP10 (of
the PMPG family) from Chlamydia pneumoniae has been shown to be an
immunodominant antigen, with antibodies against it being generated during natural

disease.'” In further, recently reported work, an indircct enzyme-linked immunosorbent
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assay (ELISA) test was used to determine antibody responses to both MOMP and to a
recombinant POMP-91B from Chlamydia psittaci OEA, in sheep with experimentally
induced abortion. The POMP-based ELISA successfully detected all cases of
Chlamydia psittaci OEA 1nfection and antibodies became detectable early in the

infection. In contrast antibodies to MOMP developed later with a small number of
animals never having detectable anti-MOMP antibodies. They concluded that a POMP-

based ELISA could be a highly sensitive and specific test of Chlamydia psittaci OEA

infection in sheep flocks. ™

It seems clear then that antibodies to the 90-98 kDa antigens appear to be produced in
response to chlamydial infection, they have even been implicated in the association
between Chlamydia pneumoniae and coronary heart disease. Patients with circulating
antibodies to the Chlamydia pneumoniae 98 kDa antigens appear to have an increased
incidence of coronary heart disease with an odds ratio of 2.3 (95% confidence interval
1.3-3.9)"*! whilst investigation of the antibodies bound to circulating immune
complexes 1n coronary heart disease showed them to be specific for 98 and 42 kDa

2. Even more controversially 55% of patients with

Chlamydia pneumoniae proteins
sarcoidosis were noted to have antibodies to Chlamydia pneumoniae 98 kDa antigen
compared to 30% of patients with acute respiratory infection. Unfortunately there was

'3 One difficulty of these

no control group and the ditferences here are not significant
immunoblotting studies 1s that there 1s no standardisation of the antigen quantities used
or the dilution of sera, the latter ranging from 1 1n 20 to 1 1n 200 in the studies quoted

here. The results, therefore, must be interpreted with some caution.

Evidence of the importance of the pmp gene products in cell-mediated immunity 1s
scarce. pmpD was identified as the target of Chlamydia-reactive human T-cell clones
from an expression library and the recombinant protein was later shown to stimulate the

proliferation of synovial fluid mononuclear cells from individuals with Chlamydia-

: : .. 184
associated reactive arthritis.

COMCs, of which PMPs are a constituent, have already been shown capable of
inducing protective immunity. Inoculation of pregnant ewes with a COMC preparation
of Chlamydia psittaci provided good protection against subsequent abortion due to C.
psittaci OEA'®’ and mice were similarly protected against infection and foetal loss by a

similar Chlamvdia trachomatis COMC preparation, though not by recombinant

MOMP ',
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In summary then the pmps compose a multigene family encoding highly immunogenic,
surface-localised proteins. These demonstrate species and serovar specific epitopes,
making them useful diagnostically, and may generate protective antibodies and hence

have potential as vaccine candidates.

1.4.5 Other antigens

T'he antigens described above are those which have been subjected to the most scrutiny,

however a number of others appear to stimulate immune responses and may be potential

vaccine candidates though much further work is required.

I'wo other chlamydial heat shock proteins are recognised by the immune system.

Chlamydial HSP10 appears to be associated with chronic chlamydial genital tract

187

mfection ™ and is also recognised by antibodies from women with tubal infertility,

where serological response correlates with the severity of genital tract disease.'®
Chlamydial HSP70 1s thought not to be surface-exposed on chlamydial EBs but is

189,190

thought to be important in the early stages of infection. Despite not being surface-

localised, antibodies to HSP70 were found in 65% of 17 patients with chlamydial genital

33

tract disease, > and HSP70 has been shown in vitro to be a target of neutralising

119,191

antibodies . At least one T-cell epitope capable of stimulating T-cell proliferative

responses has been determined'””.

Rockey et al have been working on a group of chlamydial proteins for some time. They
have now 1dentified over 40 inclusion membrane proteins (INCs) from each chlamydial
species. Five out of six of these from Chlamydia trachomatis were shown to reside 1in
the inclusion membrane. Some members of this family of proteins have been shown to

be immunogenic in patients recovering from chlamydial gemtal infection and

'3 Although several INC proteins are localized to the

Chlamydia pneumoniae infection
inclusion membrane, virtually nothing i1s known of their function. INCA from
Chlamydia psittaci is a serine-threonine phospho-protein that contacts the cytosol of the

host cell. It is possible that the INC proteins may be effector molecules transported out of

the chlamydial RB through the Type-III secretion pathwzaly.194

Like MOMP, the 38 kDa outer membrane protein PORB appears to function as a porin

but is more highly conserved'’”. Antibodies to PORB are capable of neutralising

chlamydial infectivity.”® PorB is predicted to consist of 16 trans-membrane anti-

parallel [B-sheets with the antigenic regions protruding into the extracellular matrix.
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Unlike MOMP, PoOrB is highly conserved between species and serovars and thus

warrants further investigation as a possible vaccine candidate.

CAPl, an clusion membrane-localised chlamydial protein of unknown function,
stimulates the generation of the Chlamydia-specific CDg T-cells during natural infection

ot mice with Chlamydia trachomatis. A Vaccinia construct including a portion of the

CAPl molecule was able to generate a level of protection from subsequent chlamydial

genital infection.'”’

PGP3 1s a protein constituent of the elementary body which is encoded on the chlamydial
plasmd. 81% of patients with urogenital chlamydial infection had antibodies to PGP3,

compared to none 1n healthy controls with a negative Chlamydia trachomatis

microimmunofluorescence test (MIF).'”®

A turther antigen, macrophage infectivity potentiator (MIP), has recently been identified
with similanity to the MIPs of Legionella pneumophila and Coxiella burnetii. It appears
to be localised to the outer membrane, and polyclonal anti-MIP antibodies were able to

reduce infectivity of cell cultures in the presence of complement.'” >

Chlamydial protease-like activity factor (CPAF) is currently the subject of much
interest. CPAF 1s secreted into the host cytosol by both Chlamydia trachomatis and

18317 where it selectively degrades host transcription factors

Chlamydia pneumoniae,
including RFXS5 (a critical component of the RFX transcription complexes required for
MHC antigen expression). CPAF seems to be exclusively secreted into the host cytosol
with none detectable in either RBs or EBs,’'°”'/ suggesting that its prime function is to
manipulate host cells. Although this poses the risk of CPAF being processed and
presented to T-cells, CPAF appears highly stable in the cytosol suggesting poor

degradation by host proteosomes.”'® The usefulness of CPAF as a diagnostic or

therapeutic target remains to be determined.

1.5 Pathogenesis

A common feature of many chlamydial infections is that they are often asymptomatic
and may persist for long periods of time if left untreated. It may be that this inability of
the host to clear the chlamydial infection enables the organism to establish a chronic
state which eventually leads to the resultant adverse immuno-pathology. It seems that

the host responses to that infection may be the primary cause of the long-term sequelae.
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Cell-mediated immunity appears to be essential in resolving infection and developing
protective immunity to Chlamydia, however, 1t 1s also thought to be involved in the
immunopathogenesis of chlamydial diseases. This view was first mooted after animal
experiments which showed that sensitisation of guinea pigs with an extract of

201

chlamydial EBs accelerated ocular inflammation.”™ In a further study with a non-human

primate model, follicular conjunctival responses to chlamydial antigens were seen only
in previously infected monkeys and not in naive animals, demonstrating the importance
of hypersensitivity responses in repeated chlamydial infection.””* Chlamydial HsP60 has

been strongly implicated as being at least one of the antigens responsible for this

effect.””’

Because of the highly conserved nature of HSP60, responses directed against microbial

hsp may also be deployed against autologous hsp. The expression of chlamydial Asp60

33

1s enhanced during persistent infection’ and this 1s marked by the appearance of

chlamydial HSP60-specific antibodies in the patient serum. Later the development

204 .
" These cross-reactive responses could

antibodies to human HSP60 may be seen.
convert the protective immune responses into pathological ones.'’® Responses to
chlamydial HSP60 have been associated with the sequelae of upper genital tract disease

including ectopic pregnancy” -, pelvic inflammatory disease and chronic pelvic

. 204,206,207 209-211

pain : perihepzzlti’[is208 and tubal intertility. Some, however, argue that the
enhanced humoral response to chlamydial HSP60 1s simply a consequence of the intense
stimulation of the immune system by continuous or recurrent infections. Certainly
chlamydial HSP60 has been shown to elicit a severe mflammatory response, almost

identical to that seen in trachoma, when inoculated into the conjunctivae of previously

- - - - 203,212,213
immunised guinea pigs and monkeys.

Chlamydia appear to be potent inducers of inflammatory responses. The infection ot
both murine and human reproductive tract epithelial cells with Chlamydia trachomatis
results in the expression of the adhesion molecules Mucosal Addressin Cell Adhesion
Molecule-1 (MAdCAM-1) and VCAM-1/CD106 which then recruit eftector T-cells to

the site of inflammation”' **!> and PBMCs infected with Chlamydia trachomatis have

been shown to produce reactive oxygen species which oxidise cellular membrane

216

lip1ds.
Whole EBs, MOMP, oMP2 and HSP60 from Chlamydia pneumoniae, and probably other

Chlamydia, stimulate the expression of matrix metalloproteinases and these may also be

important in the actiology of trachomatous scarring. These enzymes are important both
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for normal extracellular matrix turnover and for the exaggerated extracellular matrix
breakdown associated with pathological conditions including tumour invasion and
metastasis, angiogenesis, inflammatory reactions, wound healing and scar formation.
The major members of this family include collagenases, gelatinases A and B, and
stromolysins “'’. Many chronic inflammatory conditions which result in a restructuring
of connective tissue are characterised by a local accumulation of macrophages. These

bring about connective tissue destruction either directly, by the secretion of matrix

218

metalloproteinases “°°, or indirectly, by the production of pro-inflammatory cytokines,

including IL-1 or and TNFo which themselves induce matrix metalloproteinase gene
expression. Increased numbers of macrophages have been demonstrated in the
conjunctiva of patients with active trachoma and these macrophages were shown to be

103

expressing IL-1, TNFo and platelet-derived growth factor The production of

213

gelatinase B 1s also stimulated by bacterial LPS “°. Gelatinase B, produced by

macrophages, monocytes and neutrophils, has been found to be present at increased
levels at in the conjunctiva of patients with trachoma *'”. Gelatinase B degrades
denatured collagen, collagen types IV, V, VII and XI, elastin and fibronectin so this

may be one of the contributing factors towards conjunctival damage and scarring 1n

trachoma.

The nature of the cytokine response to chlamydial infection appears to be important 1n

the development of long term sequelae. Studies using mice that display different levels
of TNFa production and correspondingly different pathological outcomes of chlamydial
genital infection suggest that whilst TNFo and other inflammatory cytokines may aid in
the eradication of Chlamydia infection, they may also promote long-term tissue
damage.””’ Polymorphisms in the TNFo promoter also appear to be important. These

polymorphisms have previously been associated with severe malaria.”>’ The TNFa-

308A allele (associated with greater TNFo produc:tion)222 1s also associated with
trachomatous scarring in the Gambia and there is a trend towards association with the

TNFa-238A allele'” but no association with the TNFoa-376A allele.* The importance

of a Tyl vs. Tp2 response is discussed in section 1.3.4.

The importance of CDg T-cells in immunopathology remains controversial.
Associations between HLA-A31 and PID® and between HLA-A*6802 and scarring
trachoma suggest that CDg T-cells may be involved in immunopathology. HLA-A2S.
subtype HLA-A*6802, is significantly more common 1n those with trachomatous

scarring than in controls, suggesting that HLA-A*6802-restricted responses may play a
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role in the pathogenesis of trachomatous scarring.”~" Follow-up studies to investigate

CTL responses to a number of peptides with the predicted binding motifs for HLA-
A*6802, however, failed to demonstrate CTL activity or IFNYy release, suggesting that

either HLA-A*6802 CDg+ T cells may not be important in ocular infections or that the

peptides chosen did not represent epitopes.“*

In summary, 1t appears that the long-term sequelae associated with chlamydial infection
are a combination of direct effects of chronic infection, and ‘collateral damage’
sustained during the immune response to that infection. The mechanisms of damage are

multiple and host genetic factors probably play a significant role.

1.6 Previous vaccine work

Although antibiotics are effective at treating individual episodes, regular treatment is
often not available 1n endemic areas, early infection is often asymptomatic and re-
Infection occurs rapidly after treatment. Regular face washing has proved moderately
effective in reducing the incidence of blinding trachoma®*® but is poorly sustainable.
Clearly an effective vaccine would be of enormous benefit in the control of trachoma
and would have the potential to prevent millions of cases of blindness 1n the future from
this painful, disabling disease. A number of trachoma vaccine studies took place in the
‘60s and ‘70s with mixed results. Preliminary experiments in a variety of primate
models demonstrated some short lived protection which was often, though not always,
strain specific. In certain cases, however, vaccination appeared to 1nduce
hypersensitivity which was not strain specific, and which outlived the protective

immunity”*’**’. Results of vaccination trials in children, using whole killed organisms,

mirrored these results. Protection lasted less than two years, was partial, and again

230,231

associated with hypersensitivity responses to infection in some case . Laboratory

testing of a variety of antigens as potential vaccines has continued and 1s discussed
under the various antigens, however no human trials have taken place since the 1970s
due to the risk of hypersensitivity. This combination of protective and damaging
immune responses has so far continued to confuse and confound developments towards
an effective human vaccine. In contrast a highly successful live vaccine against the C.

psittaci OEA abortion strain 1s available i the form of a temperaturc sensitive

232
mutant .
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1.7 Locations

1.7.1 London School of Hygiene & Tropical Medicine

Molecular biology work was undertaken at The London School of Hygiene and

I'ropical Medicine.

1.7.2 Medical Research Council Laboratories, Fajara and
Farafenni, The Gambia

Field work was undertaken at the Medical Research Council’s main laboratories at

Fajara and at the field station at Farafenna.

Since 1981 the MRC has operated a continuous demographic surveillance system 1n 40
villages and hamlets in the Farafenni area, on the north bank of the river Gambia and a
number of studies are being undertaken in the field of reproductive health. Women for

the infertility arm of the study and their controls were recruited from this population.

1.7.3 Study villages, The Gambia

Individuals were recruited from a number of villages. These are listed 1n detail 1n
section 4.2. Long-term studies of trachoma have been ongoing in the villages of
Berending (in south-western Gambia) and in Jali (close to the Kiang West National Park
in central Gambia). Ninety-three individuals were recruited from these two villages. The

remainder were recruited from other villages in the central region. These villages are

underlined on the map overleat.
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1.8 Aims of the project
e Toclone and express PMP protein antigens from Chlamydia trachomatis serovar A.

e To assess the immunogenicity of these proteins and develop a whole blood cytokine

assay for field use.

e To assess the immune responses of selected groups of trachoma patients and controls

in an endemic area to determine those responses associated with protection from

blinding trachoma.

e To assess the immune responses of women with secondary tubal infertility and

controls 1n order to determine if responses are similar to those with scarring trachoma

e To compare responses in those with and without current helminth infection.

The following hypotheses will be addressed:

e That individuals with chlamydial salpingitis and with ocular trachoma will

demonstrate humoral or cell mediated responses, or both, to the PMP proteins.

e That trachoma patients with a predominantly Tyl-type response will suffer less

severe pathology than those with either a reduced Tyl or a predominantly Ty2-type

response.

e That individuals with concurrent helminth infection will demonstrate either a

reduced Tyl or a predominantly Ty2-type response.

The long term benefits of this project are:

e That the characterisation of immune responses to these proteins may give some

insight into their cell biology and may identify those antigens which may be usetul

diagnostically or as new vaccine candidates.
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2 Materials and Methods

2.1 Cloning

2.1.1 Preparation of Chlamydia trachomatis serovar A DNA

2.1.1.1 Purification of Chlamydia trachomatis serovar A DNA

Chlamydia trachomatis serovar A EBs were kindly provided by Dr Rosanna Peeling
(Laboratory Centre for Disease Control, Winnipeg, Manitoba, Canada). This strain had
been 1solated from the eye of a patient in The Gambia with trachoma, and propagated in

tissue culture 1n Dr Peeling’s laboratory. The EB’s were provided in a suspension of

700 micrograms per millilitre (wg/ml) EB protein and stored at —70°C.

One mullilitre EB suspension was transferred to a 14ml round-bottom polyethylene tube

and centrifuged at 7840¢g for 30 minutes at 4°C. The supernatant was removed and the
pellet re-suspended 1 200 microlitres (ul) TES (20% w/v sucrose, 50 millimolar (mM)

Tns-HC1 pH 7.6, 50mM ethylenediaminetetracetic acid (EDTA) — Sigma, Poole, UK)
and transferred to a 2ml microfuge tube. 20ul 10% sodium dodecyl sulphate (SDS) and
4ul proteinase K (20 milligrams per millilitres (mg/ml) - Promega, Southampton, UK)
was added to the suspension and incubated for one hour at 65°C. 200ul
distilled/deionised water (dH,O) was added followed by 400ul of cold 100%

isopropanol (Sigma). The solutions were mixed by gentle inversion and the precipitated

DNA threads spooled onto a glass rod, transferred to 100ul TE butter (10mM Tris.Cl,
ImM EDTA, pH 7.5) and solubilized by incubation at 65°C for 15 minutes. The

supernatant was then spun at 16,000g for 30 minutes at 4°C after which a very small

pellet was visible. This pellet was solubilized in 20ul TE butter and the two DNA

solutions combined.

Ribonucleic acid (RNA) was removed by the addition of 2ul ribonuclease A (RNAse A
- Promega) and incubation for 45 minutes at 37°C. 120ul phenol/chloroform (50:50 v/v)

was then added and mixed by gentle inversion. The solution was centrifuged at 16,000¢g
for 10 minutes at 4°C and the aqueous phase transferred to a fresh microfuge tube.
120wl dH,O was added to the organic phase and mixed by gentle inversion. The mixture

was centrifuged at 16,000g for 10 minutes at 4°C and the aqueous phase added to that
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obtained with the first extraction. Finally, 260pl 1sopropanol was added and mixed by
gentle mversion. The precipitated DNA strands were spooled onto a glass rod,

transferred into 100ul TE buffer pH 8.5 and solubilized by incubation at 65°C for 15

minutes.

The concentration and purity of the DNA was estimated as detailed below. Remaining
organic solvents were then removed by ether extraction; 100ul water-saturated ether

was added to the DNA solution and mixed by gentle inversion. The two phases were

allowed to separate by standing for 5 minutes and the ether phase removed. This process

was repeated three times. Spectrophotometry was repeated to estimate concentration

and quality.

2.1.1.2 Spectrophotometric estimation of concentration, yield
and purity of DNA

The concentration and purity of the DNA was estimated by spectrophotometry
measuring the absorbance of a 100-fold dilution at 260 nanometre (nm) and 280nm

wavelengths. The DNA concentration was calculated on the basis that an optical density

(OD) ot 1.0 at 260nm corresponds to approximately 50ug/ml of double-stranded DNA.
The purity was estimated from the ratio of the OD at 260nm and at 280nm with pure
DNA preparations being assumed to have an OD;40/OD5g ratio of 1.8 —2.0.

2.1.1.3 Digestion of chlamydial DNA with restriction enzymes

In order to confirm that genomic DNA was present, digestion was performed with the
restriction enzymes BamH]1, EcoR1 and Pstl. For each reaction, 2ul of the DNA
solution prior to ether extraction (900 nanograms (ng)) was added to 15ul dH,0, 2ul
enzyme buffer and 20 units restriction enzyme (Promega) in a 500ul microtuge tube.
The mixture was incubated overnight. 2ul ten-times strength (10X) agarose gel loading

buffer (0.25% bromophenol blue, 0.25% xylene cyanol FF, 25% Ficoll 400) was added

to each tube and mixed thoroughly. The mixture was then electrophoresed in a 0.8%

agarose (Promega) gel containing 0.5ug/ml ethidium bromide (Sigma) using TAE
buffer (0.04M Tris.acetate, 0.001M EDTA) at 96 volts for 90 minutes with a A/Pstl

marker, and the products visualised under 254nm ultraviolet light irradiation.
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2.1.2 PCR Amplification

The gene sequences of pmpC, pmpD and pmpG as described on the Chlamvdia
trachomatis serovar D Sequencing Project at http://chlamydia-www.berkeley.edu:4231/
were examined (Genbank accession numbers: pmpD — 15605546, pmpG — 15605607).
Signal P, available online at http://www.cbs.dtu.dk/services/SignalP and SMART, from
the European Molecular Biology Laboratories at http://smart.embl-heidleberg.de, were
used to 1dentify signal sequences in the translated amino acid sequence. Corresponding
DNA sequences were then mput to the Primer 3 program, available online through the
Whitehead Institute for Biomedical Research/MIT Centre for Genome Research at
http://www-genome.wi.mit.edu/cgi-bin/primer/primer3.cgi, to suggest potential primers.
Primer sequences were selected to exclude the signal sequences and examined to

exclude any potential secondary structures, which might lead to amplification artefacts

or errors. The final choice of primers 1s detailed 1n the table.

Prmer Oligonucleotide Sequence (5'-3") Description
pmpD

to produce
DpmpD-5' TGG TAT ATG TAG GCC CTC AAG CGG 167- 190 pTrcHis/pmpD-1218
DpmpG-3' TTC CTG CAC TCA AAC CAT AACCTCG 3028-3052 | 2925bp product used
pmpG to produce
DpmpG-5’ TCA AGG AAT TTA CGA TGG GGA GAC G 126 150 pTrcHrs/pmpG 1410

pmpG used to produce

Table 2-1: Primer sequences used for PCR

2.1.2.1 Clontech Advantage® PCR

PCR amplification was undertaken using the Advantage PCR Kit (Clontech,
Basingstoke, UK) according to the manufacturers instructions. The amplitication mix

consisted of 1x manufacturer’s reaction buffer (40mM Tris-HCl, 15mM potassium
acetate (KOAc)), 1x Advantage Genomic PCR polymerase mix (0.1 units/ul 7th DNA
polymerase, 0.01pg/ml TthStart antibody, 1% glycerol, 0.2mM Tris-HCI, 4.6mM KCI.
1.5uM EDTA, 15uM dithiothreitol, 7.3pg/ml bovine serum albumin), 0.2mM each
deoxynucleotide triphosphate (dNTP), 1.1mM magnesium acetate (Mg(OAc).). 1uM

each primer and 40ng Chlamydia trachomatis serovar A DNA 1n a 100ul reaction

volume. The mixture was overlaid with 30ul of mineral oil (Sigma). Cycling consisted
of denaturation at 94°C for 1 minute then 35 cycles of 30 seconds denaturation at 94°C
and 3 minutes annealing/extension at 68°C. then 3 minutes final extension at 68°C. and

was performed in a DNA thermal cycler (Perkin Elmer Cetus, Norwalk, CT, USA).
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PCR product of the predicted size was visualised on an ethidium-stained agarose gel
(1% agarose (Sigma), 0.004% ethidium bromide (Sigma)) by comparison with a A/Pst1

marker on exposure to UV light at 254nm

2.1.2.2 Hi-fidelity Pfu amplification

Pfu DNA polymerase (Promega) is a high-fidelity DNA polymerase claimed to have an
error rate of only 1 x 10 per base.”*® Since the PCR products generated ranged from 3-
> kb we would thus anticipate 0.003 — 0.005 errors to occur within the PCR product.
The reaction mixture comprised 1X Pfu buffer (Promega), 0.2mM each dNTP

(Boehringer, Ingelheim, Germany), 1uM each primer, 20ng Chlamydia trachomatis
serovar A DNA and 2.5 units Pfu DNA polymerase (Promega) in a 50ul reaction

volume. The mixture was overlaid with a drop of mineral oil (S1igma). Cycling consisted
of denaturation at 95°C for 2 minutes then 35 cycles of 45 seconds denaturation at
950C, 30 seconds annealing at 55°C and 5 minutes extension at 72°C, then 5 minutes
final extension at 72°C, and was performed in a DNA thermal cycler (Perkin Elmer
Cetus). In order to add overhanging single adenine nucleotides to each strand of the
blunt PCR product, following completion of amplification, 2.5 units of Tag DNA
polymerase was added and a further 10 minutes incubation undertaken at 72°C. PCR
product of the predicted size was visualised on an ethidium bromide-stained agarose gel

by comparison with a A/Pst]1 marker by exposure to UV light at 254nm.

2.1.3 Purification of PCR products

2.1.3.1 Ethidium bromide gel electrophoresis

2ul 10X agarose gel loading butfer was added to the entire aqueous phase of the PCR

reaction and mixed thoroughly. The mixture was then electrophoresed 1n a 0.8-1% low

melting point agarose (Promega) gel containing 0.5pg/ml ethidium bromide using TAE
buffer (0.04M Tris.acetate, 0.00IM EDTA) at 96 volts for 90 minutes with a A /Pst]
marker and the products visualised under 254 nm UV light. Exposure to UV lLight was

kept to a minimum to reduce radiation damage to the double-stranded product.
Amplimers of the appropriate size were excised using a clean scalpel blade and
transferred to a polyethylene microfuge tube and the DNA extracted using either Qiacx

1 DNA extraction kit® (Qiagen, Dorking, UK) or Invitrogen Snap columns®.
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2.1.3.2 Crystal violet gel electrophoresis

In the later stages of the project, crystal violet gels were used for the visualisation of

PCR products, restriction fragments and vectors and for isolation prior to cloning.

Crystal violet gels allow direct visualisation of the DNA bands and obviates the

requirement for ethidium bromide and UV light both of which may damage DNA-".

Sul 10X crystal violet loading buffer (2% Ficoll 400, 0.002% xylene cyanol) was added
to the entire aqueous phase of the PCR reaction mix and this was then loaded into a 1%
low melting point agarose (Promega) gel containing 10ug/ml crystal violet (BDH,
Poole, UK). A A/Pst1 marker was used to determine the molecular weights. This was
then electrophoresed for 1 hour at 97v in TAE buffer and the bands visualised directly.
Amplimers of the appropriate size were excised using a clean scalpel blade and
transferred to a polyethylene microfuge tube and the DNA extracted using either Qiaex

[ DNA extraction kit® or Invitrogen Snap columns® using the manufacturers

recommended protocols as below.

2.1.3.3 Qiaex Il DNA extraction kit

300ul QX1 solubilization buffer (proprietary formulations not available) was added to
the gel fragment and incubated at 50°C until the gel had melted. The Qiaex II® beads

were re-suspended by vortexing for 30 seconds then 10ul of the suspension added to the

melted agarose solution. The mixture was incubated at 50°C for 10 minutes with gentle
vortexing every 2 minutes to maintain the suspension. The beads were then pelleted by

centrifugation at 16,000g for 2 minutes and the supernatant removed and discarded. The

pellet was washed by re-suspending 1in 500ul QX1 bufter and then centrifugation at

16,000g; the supernatant was discarded and the pellet washed twice, 1n the same way,

with 500ul PE wash buffer. The pellet was allowed to air-dry for 15 minutes. The DNA
was then eluted from the beads by re-suspension in 20ul 10mM TE butter (pH 8.5)

followed by centrifugation for 2 minutes at 16,000g with collection of the supernatant.

The process was then repeated with a further 10ul 10mM TE bufter (pH 8.5) to increase

the total yield of DNA. The two supernatants were then combined and stored at —20°C.

2.1.3.4 Invitrogen Snap Columns®

Two hundred and fifty microlitres of 6.6 molar (M) sodium 1odide (Invitrogen,

Groningen, The Netherlands) was added to the excised gel fragment and mixed by
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gentle inversion. The mixture was then incubated for two minutes at S0°C until the gel

had melted. Proprietary binding butfer (525ul) was then added and mixed thoroughly.
The solution was then loaded into a Snap® column and centrituged at 2000g. The flow-

through was poured back 1nto the top of the column and the process repeated twice. The

column was then washed twice by the addition of 400ul 1X proprietary final wash
buffer and centrifugation at 2000g. After the second wash, the column was dried by
centrifugation at 16,000g for one minute. The column was placed in a fresh microfuge

tube and 40ul TE butfer (pH 8.5) added. The column was spun for 1 minute at 16,000g
and the eluted DNA stored at —20°C.

2.1.4 Preparation of vectors and inserts for ligation

2.1.4.1 pGEM-T®

The cloning vector pGEM-T (Promega) 1s designed for easy cloning of PCR products
through the presence of single 3°-thymydine overhangs. The vector contains T7 and SP6

RINA polymerase promoters flanking a multiple cloning region within the o-

complementation peptide coding region of B-galactosidase, which enables blue/white
colony selection of recombinant clones. As pGEM-T 1s designed for direct cloning of

PCR products, no vector preparation was required.

2.1.4.2 pTrcHis®

The expression vector pTrcHis (Invitrogen) 1s designed for the expression of non-toxic

gene products in E. coli. Expression is under the control of the ¢ promoter (a hybnd

promoter derived from the #p and /ac promoters). Expressed products have an N-

terminal polyhistidine (6xHis) tag to facilitate purification and an N-terminal Xpress
epitope for easy detection with the manufacturer’s anti-Xpress antibody. plrcHis is
supplied in circular form, it was therefore digested with the appropriate restriction
enzyme(s) and purified either by ethidium bromide gel electrophorests and Qiaex I
extraction of vector DNA from the gel or by the phenol/chloroform method. Where a

single enzyme was used to cut the vector, the 5° termini were de-phosphorylated as

described 1n section 2.1.4.8.
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2.1.4.3 pBluescript® Il phagemid (SKII)

pBluescript II (Stratagene, Amsterdam, The Netherlands) is a high copy number,
ColE1-based phagemid with a large polylinker, an f1 origin available in either (+) or (-)
orientation and T3 and T7 promoters for in vitro RNA transcription. Recombinant
selection is facilitated by ampicillin resistance and blue/white colony colour selection.
Bluescript II 1s supplied in circular form; it was therefore digested with the appropriate
restriction enzyme(s) and purified by the phenol/chloroform method (section 3.1.1.1).

Where a single enzyme was used to cut the vector, the 5’ termini were de-

phosphorylated as described below.

2.1.4.4 pPBAD-TOPO TA®

The expression vector pPBAD-TOPO TA (Invitrogen) is designed for direct cloning of
PCR products through the presence of single 3°-T overhangs. Ligation is achieved
rapidly using topoisomerase, which is bound to the vector. Expression in E. coli is
driven by the araBAD promoter. Low levels of transcription occur in the absence of
arabinose and the level of expression is arabinose dose-dependent allowing accurate
titration of the level of expression. pBAD is designed for direct cloning of PCR

products, therefore no vector preparation was required.

2.1.4.5 pCR-II-TOPO®

The cloning vector pCR-II-TOPO (Invitrogen) 1s designed for direct cloning of PCR
products through the presence of single 3°-T overhangs. Ligation 1s achieved rapidly
using topoisomerase, which 1s bound to the vector. It incorporates kanamycin and
ampicillin resistance, blue/white colony selection through disruption of the /acZa gene,

M13 forward and reverse priming sites for insert sequencing and T7 promoter/primer

for in vitro RNA transcription/translation. pCR-II is designed tor direct cloning of PCR

products and therefore no vector preparation was required.

2.1.4.6 PET-30°

The expression vector pPET (Novagen, Nottingham, UK) ensures that target genes are
cloned under the control of strong bacteriophage T7 transcription/translation signals and
thus expression is induced by the T7 RNA polymerase of the expression host. Cloning
in hosts that do not contain T7 RNA polymerase renders the cloned gene

transcriptionally silent thus eliminating plasmid instability due to the cxpression of
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proteins potentially toxic to the host cell. During the
expression phase, T7 RNA polymerase 1s highly
selective and active such that almost all of the cell’s
resources are converted to target gene expression; the
target protein may compose more than 50% of the

total cell protein after a tew hours of induction. pPET-

30 1s supplied in circular form; it was therefore

digested with the appropriate restriction enzyme(s) and Figure 2-1: PET-30a

purified by the phenol/chloroform method. Where a expression vector

single enzyme was used to cut the vector, the 5’ termini were de-phosphorylated as

described below.

2.1.4.7 Isolation of restriction fragments for use as inserts

[.25ng of plasmid, containing the restriction fragment of interest, was digested with 10-
20 units restriction enzyme, 1.5ul manufacturer’s restriction enzyme buffer and dH,O 1n

a final volume of 15ul for one hour at 37°C. Following digestion the restriction

fragments were separated using either ethidium bromide or crystal violet gel
electrophoresis as described above. DNA bands of the appropnate size were excised
using a clean scalpel blade and transferred to a polyethylene microfuge tube and the

DNA extracted using the Qiaex II DNA extraction kit”. An assumption was made that
80% of the original DNA would be extracted using this method.

2.1.4.8 De-phosphorylation of vector or insert termini prior to
cloning

De-phosphorylation of the 5’-termini of vectors or inserts was performed to prevent re-

linking of compatible vector termini or the formation of concatemers by the linkage of

several inserts together. De-phosphorylated termini can only be joined by the action of

DNA higase.

DNA (1.25ug) was added to 100ul 1X calf intestinal alkaline phosphatase buffer
(10mM NaCl, SmM Tris-HCl, ImM MgCl,, 0.IlmM dithiothreitol - New England
Biolabs. Hitchin, Herts, UK.) and 1ul calf intestinal alkaline phosphatase (New England

Biolabs). The mixture was incubated at 37°C for 30 minutes. Iul shrimp alkaline

phosphatase was then added and incubated for a further 30 minutes to ensure that de-

phosphorylation was complete. The mixture was then heated to 65”C for 15 minutes to
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Inactivate the enzymes. 100ul phenol/chloroform (50:50 v/v) was added and mixed by
gentle inversion. The solution was centrifuged at 16,000g for 10 minutes at 4°C and the
aqueous phase transterred to a tresh microfuge tube. One hundred microlitres of dH-O
was added to the organic phase and mixed by gentle inversion. The mixture was
centrifuged at 16,000g for 10 minutes at 4°C and the aqueous phase added to that

obtained with the first extraction. 200ul isopropanol was added to the combined

aqueous phase and mixed by gentle inversion. The solution was then centrifuged at

16,000g for 15 minutes. The supernatant was removed and discarded and the DNA
pellet washed with 500ul of 70% ethanol (Sigma) then centrifuged at 16,000¢ for 5

minutes. The supernatant was discarded and the pellet spun at 16,000g for a further 1

minute. The remaining supernatant was removed and discarded and the pellet allowed to

air dry. The DNA pellet was re-suspended in 20ul 10mM TE buffer pH 8.5. An

arbitrary assumption was made that 80% of the DNA would be recovered. Thus, the

concentration of the DNA solution was taken to be 50ng/pl.

2.1.4.9 Filling in 5’ single stranded extensions with Klenow
fragment of DNA polymerase

Klenow fragment of DNA polymerase was used to fill in 5 single stranded extensions

of double-stranded DNA to provide blunt ends for cloning.

After restriction enzyme digestion the restriction enzyme was de-activated either by

heating to 65°C for 10 minutes or by phenol/chloroform extraction of the DNA. 1ul

dNTPs, 0.2ul bovine serum albumin (BSA - Promega) and 2.5 units Klenow fragment
(Promega) was added and the mixture incubated for 10 minutes at room temperature. If

further digestion of the DNA was required, the Klenow fragment was heat-inactivated at

75°C for 10 minutes.

2.1.5 Ligation

2.1.5.1 Calculation of vector/insert ratio

For ligation the following formula was used to calculate the amount ot sert required

for a given quantity of vector. In most cases a vector: insert ratio of 1:3 was used.

}(inserf - vector ratio=ng of insert required

ng of vectorXsizcof insert (kb)
size of vector (kD)
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2.1.5.2 pGEM-T®

One microlitre of PCR product was mixed with 1ul T4 DNA ligase buffer (30mM Tris-
HCT (pH 7.8), 10mM MgCl,, 10mM DTT, ImM ATP - Promega), 1ul (10 units) T4
DNA ligase (Promega), 25ng pGEM-T vector and 6.5ul dH,O. The mixture was

incubated overnight at 4°C.

2.1.5.3 pTrcHis®

The vector: insert ratio was calculated as above. The appropriate quantity of insert was

added to 10ng appropriately digested pTrcHis vector in a 10ul solution containing 1ul

1'4 ligase buffer and 10 units T4 DNA ligase. The mixture was incubated overnight at
4°C.

2.1.5.4 pBluescript II°

The vector: insert ratio was calculated as above. The appropriate quantity of insert was
added to 10ng appropriately digested pTrcHis vector in a 10ul solution containing 1l

T4 ligase butfer and 10 units T4 DNA ligase. The mixture was incubated overnight at
4°C.

2.1.5.5 pBAD-TOPO®

Two microlitres of PCR product was mixed with 0.5ul (5ng) pPBAD-TOPO and 1.5ul
dH,O. The mixture was incubated at room temperature for 5 minutes then transferred to

1ce and used tfor immediate transformation.

2.1.5.6 pCR-II-TOPO®

Four and a half microlitres of PCR product was mixed with 0.5ul (5ng) pCR-II-TOPO.

The mixture was incubated at room temperature for 5 minutes then transterred to ice

and used for transformation as soon as possible.

2.1.5.7 pPET"®

The vector: insert ratio was calculated as above. The appropriate quantity of mnsert was

added to 10ng appropriately digested pPET vector in a 10ul solution contamning 1ul T4

ligase buffer and 10 units T4 DNA ligase. The mixture was incubated overnight at 1°9C.
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2.1.5.8 Preparation of competent cells

Laboratory stocks of the appropriate strain, stored at —70°C, were streaked out onto
Luria-Bertani (LB) agar (1% w/v enzymatic casein digest, 0.5% w/v yeast extract, 0.5%
sodium chloride (NaCl), 1.5% agar - Ditco/BD, Oxford, UK) plates and incubated
overnight at 37°C. A single colony was then selected and used to inoculate Sml sterile
SOB medium (2% w/v bacto-tryptone, 0.5% w/v yeast extract, 0.05% w/v NaCl,
2.5mM potasstum chlonde (KC1), 10mM magnesium chloride (MgCl,)) which was
incubated on a shaking water bath overnight at 37°C. One millilitre of this culture was
then used to 1noculate 100ml SOB medium and incubated on a shaking water bath at
37°C with hourly monitoring of the ODssq. When the culture reached an ODssg of 0.55
— 0.65 the solution was transferred to centrifuge bottles and incubated on ice for 30
minutes betore being centrifuged at 6174g. The supernatant was discarded and the

bacterial pellet re-suspended in 28ml i1ce-cold simple frozen storage (SFS) bufter

(100mM KClI, 50mM calcium chlonde (CaCl,), 10mM KOAc, 10% w/v glycerol). The

suspension was incubated on i1ce for 15 minutes then centrifuged at 6174g tor 15

minutes. The supernatant was discarded and the bacterial pellet re-suspended 1in 6.4ml

ice-cold SFS buffer. The suspension was then transferred to sterile cryopreservation

tubes in 200ul aliquots and frozen in liquid nitrogen. The aliquots were stored at ~70°C.

In order to test the efficiency of transformation of the competent cells, an aliquot was
transformed with Ing of the super-coiled plasmid pT7-7 according to the standard
protocol described below. The whole transformation volume was plated onto an LB
agar plate containing 100ug/ml ampicillin (Sigma) and incubated overnight at 37°C.

The number of colonies was counted and the transformation etficiency calculated using

the formula:

lume plated |
transformation efficiency = rorre P number of coloniesx1000
total volume

2.1.6 Transformation into competent cells

2.1.6.1 Competent cells used

XI.1-Blue: A recombination-deficient strain that will support the growth ot vectors

carrying some amber mutations, but not those with the Sam100 mutation. Transfected

64



Materials & Methods

DNA 1s modified but not restricted. The F’ 1n this strain allows blue/white colony

S

screening”> and the strain is also tetracycline resistant.

Invitrogen Topl0 One-Shot®: A high-efficiency cloning strain of E. coli capable of

cloning efficiencies as high as 1 x 10°.%>*

BL21: A strain employed for high-level expression of genes cloned into expression

vectors containing the bacteriophage T7 promoter. Bacteriophage T7 RNA polymerase

1s carried on the bacteriophage A DE3, which is integrated into the chromosome of

BL.21%%¢

2.1.6.2 Transformation into XL1-Blue

Aliquots of XL1-Blue competent cells were thawed on ice. 10ul of ligation mix was

diluted with 200pul ice-cold SFS buffer in a glass tube. 200ul suspension of competent

cells was added to the diluted ligation mix and incubated on ice for 10 minutes. The
mixture was then subjected to a heat-shock by immersion in a water bath at 42°C for 60

seconds then transferred immediately to i1ce and left for 5 minutes. Iml SOC medium

(2% w/v bacto-tryptone, 0.5% w/v yeast extract, 10mM NaCl, 2.5mM KCIl, 10mM
MgCl,, 10mM magnesium sulphate (MgS0O,), 20mM glucose) at 37°C was then added
and the mixture incubated in a rotating incubator at 37°C for 1 hour. After incubation.

the mixture was transterred to a 1.5ml polyethylene microfuge tube and centrifuged at

10,000g for 30 seconds. 1200ul of the supernatant was removed and discarded and the

bacteria re-suspended in the remaining 200ul supernatant. The suspension was then

plated onto agar plates containing appropriate antibiotics together with the indicator

sugar derivative 5-bromo-4-chloro-3-indolyl B-D-galactopyranoside (X-gal) (Sigma).

2.1.6.3 Transformation into Top10 One-Shot® competent cells

A wvial of Top 10 One-Shot® cells was removed from storage at —70°C and thawed on

ice. 2ul 0.5M B-mercaptoethanol (Invitrogen) was gently stirred nto the competent
cells. 2ul ligation mix was added and incubated on ice for 30 miutes. The cells were

then heated, in a water bath, to 42°C for 30 seconds and returned to ice for two minutes.

250ul SOC medium was added and the cells incubated in a rotating incubator at 37°C
for 30 minutes after which the suspension was mixed by gentle vortexing then plated

out, in aliquots of 20, 40 and 200ul, onto agar plates containing appropriate antibiotics.
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2.1.6.4 Transformation into BL21

Aliquots of BL21 competent cells were thawed on 1ce. 10ng of purified expression
construct DNA was diluted with 200ul 1ce-cold SFS buffer in a glass tube. 200ul
suspension of competent cells was added to the diluted ligation mix and incubated on
tice for 10 minutes. The mixture was then subjected to a heat-shock by immersion 1n a
water bath at 42°C for 60 seconds then transferred immediately to ice and left for 5
minutes. 1ml SOC medium at 37°C was then added and the mixture incubated on a

rotating incubator at 37°C for 1 hour. After incubation, the mixture was transferred to a

1.5ml polyethylene microfuge tube and centrifuged at 10,000g for 30 seconds. 1200ul

of the supernatant was removed and discarded and the bacteria re-suspended in the

remaining 200ul supernatant. The suspension was then plated onto agar plates

containing appropriate antibiotics.
2.1.7 Screening of transformants

2.1.7.1 Screening by antibiotic selection

Screening of bacterial colonies containing recombinants was facilitated through the use
of antibiotic resistance encoded within the vector as detailed in the table. LB agar
containing the appropriate antibiotic was used for the initial plating of transtormants

and for subsequent maintenance of the plasmid-bearing strains.

Vector Antibiotic resistance
pBAD Ampiciliin
pBluescript Ampicillin
- pCi-?II - _Ampicillin + k;namycin
pGEM-T Ampiciliin
pPET Kanamycin
p TrcHis Ampicillin

Table 2-2: Plasmid antibiotic resistance

2.1.7.2 Blue/white screening for lacZ

Following transformation of plasmids bearing the lacZ gene the transformation mix was

plated out onto agar containing the appropriate antibiotic(s) together with X-gal and

incubated overnight at 37°C. Bacterial colonies not containing an insert were identified

by their blue colouration due to their ability to metabolise the X-gal, through o-

complementation to a blue coloured pigment. Conversely, those bacteria containing an
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insert, which disrupts the /acZ gene, were unable to metabolise X-gal and therefore
remained white. White colonies were transferred to a fresh agar plate, containing the

appropriate antibiotic(s) together with X-gal, in a gridded pattern to allow identification.

These plates were then incubated overnight to confirm the colour selection.

Plasmids allowing blue/white selection were: pGEM-T, pBluescript II and pCR-II-
TOPO.

2.1.7.3 Quick plasmid preparation

This method was used as a rapid method of isolating DNA from overnight cultures of

plasmid-bearing bacteria. The method was used to obtain DNA for restriction enzyme

analysis but not for cloning or other procedures.

Individual colonies were selected from the gridded colony plates and inoculated into
glass tubes containing 2ml of LB broth with the appropriate antibiotic(s) — see Table
2.2. The cultures were incubated overnight at 37°C in a shaking incubator. 1.5ml of the
culture was transferred to 1.5ml polyethylene microfuge tubes and centrifuged at

16,000g for 30 seconds. The supernatant was discarded and the bacterial pellet re-
suspended 1n 110ul STET bufter (0.1M NaCl, 10mM Tris.Cl (pH &), ImM EDTA (pH

8), w/v 5% Triton X-100) containing 500ug/ml lysozyme (Sigma). The mixture was
incubated for 10 minutes at room temperature then boiled for 2 minutes 1n a water bath.

After boiling the mixture was cooled on ice, then centrifuged at 16,000g for 15 minutes.

The pellet, containing cell debris and denatured protemn, was then removed with a
toothpick. 110ul 5M lithium chloride (L1Cl - Sigma) was then added, mixed by gentle
inversion and incubated on 1ce for 15 minutes to precipitate the RNA. The solution was
then centrifuged at 16,000g for 15 minutes and the supernatant transterred to a clean
microfuge tube. 550ul of absolute ethanol (Sigma) was then added and mixed by gentle
inversion. The solution was then centrifuged at 16,000g for 1[5 minutes and the

supernatant discarded. The DNA pellet was solubilized in 35ul 10mM TE<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>