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Summa

This research investigated human candidate genes for susceptibility to tuberculosis and the effect
of various factors on time to sputum conversion in the admixed South African Coloured (SAC)
population. Population stratification was formally tested and excluded. Population based case-
control studies were the primary analysis method with a variety of genotyping methods.

Candidate polymorphisms in RANTES, CCR5, CCR2 and SDF1, were not associated with
tuberculosis susceptibility. Initially the RANTES polymorphism -403 was found to be associated
with tuberculosis susceptibility but after the testing of additional samples the association was lost,
illustrating the challenges with association studies.

The C-type lectins DC-SIGN, encoded by the gene CD209, and L-SIGN are important
pathogen-recognition receptors of the human innate immune response. Both lectins have been
shown to interact with Mycobacterinm tuberculosis. CD209 promoter polymorphisms, -336 and -
871, were both found to be associated with tuberculosis susceptibility. The haplotype containing
CD209 -871G and -336A was strongly associated with the control group. The CD209 -336A
allele has been found to be associated with increased DC-SIGN expression, which may be the
underlying reason for an increased efficiency of host phagocytes.

Susceptibility to tuberculosis in mice has recently been attributed to the Ipr7 gene. Eight
polymorphisms in the human homologue, SP110, were investigated, including two novel
polymorphisms. No significant associations were found with any of the polymorphisms
investigated, including two polymorphisms that were previously found to be associated with
tuberculosis susceptibility in West African populations.

A cohort of 249 cases from a longitudinal study of first time pulmonary tuberculosis patients was
available. The cohort was used to investigate if the vitamin D receptor gene (VDR)
polymorphisms Fokl, Apal and Tagl were associated with tuberculosis susceptibility or time to
sputum conversion, and to investigate other clinical and demographic factors affecting the rate of
response to treatment. No association between the VDR genotype and tuberculosis was found in
the case-control study. The cohort allowed for a reliable conversion time to be determined for
smear (n=220) and culture (n=222). Analysis was carried out to determine which factors,
including VDR Fokl, Apal, and Taql genotypes, contribute to faster mycobacterial resolution in
sputum. This was done by survival curves and Cox regression models. The results indicate that
the extent of disease at diagnosis was predictive of both smear and culture conversion times in
the final models. Smoking status and VDR genotype contributed independently to smear
conversion time, with Apal ‘AA’ and Tagl ‘T containing genotypes being predictive of a faster
response to tuberculosis therapy. We can conclude that the time taken for an individual to
convert to sputum negativity while on DOTS therapy, can be independently predicted by the
VDR genotype. This may have implications for future immunomodulatory therapies.

Identifying what contributes to susceptibility to tuberculosis will provide us with a better

understanding of the human immune response to tuberculosis which may lead to the
development of accurately targeted therapeutics and vaccines.
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Opsomming

Kandidaatgene vir die vatbaarheid vir tuberkulose en die effek van verskeie faktore op sputum
oorgangstyd was in hierdie navorsingsstudie ondersoek in die Suid-Afrikaanse Kleurlingbevolking
(SAC). Dié bevolking was ook getoets vir populasie-stratifikasie, waarvan daar geen bewyse
gevind is nie. Populasiegebaseerde pasiént-kontrole studies was die primére metode van analise
en verskeie genotipering metodes was gebruik.

Polimorfismes in kandidaatgene soos RANTES, CCR5, CCR2 en SDF1 was nie met die
vatbaartheid van tuberkulose geassosicer nie. Oorspronklik was daar ‘n assosiasie met die
RANTES -403 polimorfisme, maar met die genotipering van addisionele individue het die
assosiasie verdwyn. Resultate verkry vir die polimorfisme illustreer die uitdagings waaraan
assosiasie studies onderworpe is.

Die C-tipe lektiene DC-SIGN, wat gekodeer word deur CD209, en L-SIGN is belangrike
patogeen herkenningsreseptore in die aangebore immuunreaksie. Interaksies tussen beide lektiene
en Mycobacterinm tuberculosis is voorheen gerapporteer. Die CD209 promoter polimorfismes, -336
en -871, was met die vatbaarheid van tuberkulose geassosieer. ‘n Haplotipe bestaande uit die
CD209 -871G en -336A allele was sterk met die kontrole groep geassosieer. Die CD209 -336A
alleel was geassosicer met ‘n toename in die DC-SIGN proteien vlakke, wat moontlik ‘n
onderliggende rede is vir die toename in die effektiwiteit van die gasheer se fagosiete.

Vatbaarheid vir tuberkulose is onlangs toegeskryf aan die Ipr7 geen in muise. Agt polimorfismes,
insluitend 2 voorheen onbekendes, was in die mens homoloog SP770 bestudeer. Geen positiewe
beduidende assosiasie was met enige van die polimorfismes gevind nie ten spyte van die feit dat
twee van hierdie polimorfismes voorheen met tuberkulose vatbaarheid geassosieer was in
bevolkings van Wes-Afrika.

‘n Versameling van 249 TB pasiénte van ‘n longitudinale studie was beskikbaar. Dié groep was

gebruik om polimorfismes Fokl, Apal and Tagl in die vitamien D reseptor geen (VDR) te
bestudeer ten opsigte van vatbaarheid vir tuberkulose of sputum oorgangstyd sowel as ander
kliniese en demografiese faktore wat die tempo van respons op behandeling kan affekteer. In
hierdie studie was daar geen assosiasie gevind tussen die ontwikkeling van tuberkulose en die
VDR genotipes nie. Die bepaling van ‘n betroubare oorgangstyd vir beide smeer en kultuur van
die groep was moontlik. Analises was uitgevoer om te bepaal watter faktore bydrae tot vinniger
resolusie van Mycobacteria in sputum. Resultate verkry het aangedui dat die aard van die siekte
tydens diagnose voorspelbaar was van die oorgangstye van beide smeer en kultuur in die finale
modelle. Die rookstatus van individue sowel as die VDR genotipes het onathanklik bygedrae tot
die oorgangstyd van die smeer, met Apal ‘AA’ en Tagl “T” bevattende genotipes wat ‘n vinniger
reaksie op tuberkulose behandeling voorspel het. Ter opsomming, die tyd wat dit ‘n individu op
DOTS terapie neem om na sputum negatief oor te gaan kan onafhanklik deur die VDR genotipe
voorspel word. Dit kan moontlik implikasies hé vir ander immunomodulerende terapié in die
toekoms.

Die identifisering van faktore wat bydra tot die vatbaarheid van turberkulose sal ons in staat stel

om ‘n beter begrip te hé van die immuunrespons teen tuberkulose wat moontlik kan lei tot die
ontwikkeling van akkurate behandelings en inentings.
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Chapter 1

Introduction



Stellenbosch University http://scholar.sun.ac.za

1.1 Overview of tuberculosis

1.1.1 Scale of the problem

One-third of the world’s population is estimated to be infected with Mycobacterinm tuberculosis, the
etiological agent of tuberculosis [153]. However in the absence of immunosuppression, only 10%
will develop disease [228], resulting in 8.8 million new cases each year and a death toll of between
2 and 3 million people per year [99, 268]. This disease tops the World Health Organisation
(WHO) list of deaths caused by a single infectious agent.

With tuberculosis being such a major health problem, the WHO declared tuberculosis as a global
emergency in 1993. One might imagine that more progress would have been made in eradicating
this disease, since it has been known for centuries, accurately described since 1852, and a vaccine
and antibiotics are available. Major progress was made with the development of chemotherapies
from the mid 1900’s and it was believed that it would be eradicated by the end of the last century.
But this has not happened (Figure 1.1). It is also surprising that the last major development of
tuberculosis treatment was over 40 years ago with the licensing of rifampicin for the treatment of
tuberculosis in 1966 [274].

Figure 1.1: World tuberculosis incidence rates for 2005 from WHO Report 2007 Global
Tuberculosis Control [398].
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With the emergence of extensive drug resistant tuberculosis (XDR-TB) [103] there is increased
urgency to develop new therapies and a need for a better understanding of this global burden.
Renewed drives to increase awareness of the ‘re-emergence’ of this burden include the Global
Plan to Stop TB 2006-2015 programme [269, 323]. In addition, the World Health Assembly
passed a resolution aimed at accelerating progress towards halving tuberculosis deaths and
prevalence by 2015 by urging WHO Member States to develop and implement long-term plans
for tuberculosis prevention and control through the full implementation of the Global Plan to
Stop TB program.
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The current vaccine, bacillus Calmette-Guérin (BCG), is prepared from an attenuated live bovine
tuberculosis bacillus, Mycobacterinm bovis, which was developed in the 1920’s. The vaccine can be
administered at birth and a single inoculation can produce long-lasting protection [36] and works
well in protecting children against tuberculosis. Caution must be taken when administering the
vaccination in high incidence human immuno-deficiency virus (HIV) populations as it can cause
disease in HIV infected individuals when administered. Disseminated BCG can occasionally
occur in non-HIV infected individuals [339]. The vaccine does not prevent infection and is of

questionable benefit in many parts of the globe [22].

HIV is one of the main factors behind the increase in tuberculosis worldwide, particularly in sub-
Saharan Africa. Latent tuberculosis infection (LTBI) individuals have a lifetime risk of from 5 to
8% of developing tuberculosis, whereas individuals infected with HIV have an annual risk of 8 to
10% for developing tuberculosis [302]. Over 14 million people are thought to be co-infected
worldwide (Figure 1.2). In South Africa, 58% of new adult tuberculosis cases were also HIV
positive according to the 2007 WHO report [398]. Despite being treatable, the combined

infection has a poor outcome and is hampered by poor diagnosis and delayed reporting to clinics.

Figure 1.2: Estimated HIV prevalence in new adult TB cases 2005 as reported by the WHO
[398].
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Apart from HIV infection, there are a number of other risk factors for developing tuberculosis,
such as sex, age, stress, immuno-compromising infections, malnutrition, previous exposure to
mycobacteria, host immune defences [172], substance abuse (for example alcohol or smoking)
and socio-economic status. A better understanding of the environmental risk factors has
identified key factors that can be controlled in combating the spread of tuberculosis. Some
lifestyle changes could reduce risk and transmission of M. fuberculosis, which is important in

communities whete tuberculosis is abundant.

A major stumbling block in the treatment of tuberculosis is that it is largely a disease of the poor.

The highest burden countries are often the countries least capable of coping with the burden. It
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should therefore be no surprise that of the 22 high burden countries, 9 of them are on the United
Nations least developed nations list. These countries are not able to provide a steady supply of
medications; the health services are often unable to cope with the case load; and regular food
shortages, skills shortages and civil unrest add to the problems these countries face. Poor
infrastructure usually means that new cases are either not detected or detected late. Without
adequate rapid detection of new cases there is increased transmission within the community
which exacerbates the problem. However this does not mean that tuberculosis will occur only in

developing nations; it can be found all over the world and all populations are at risk.

1.1.2 Pathology of M. tuberculosis infection in humans

After contact with the pathogen, there is a complex and multistage process of interaction
between host and pathogen and the true impact and importance of each step is still unclear. For
example it is unclear why BCG vaccination efficacy decreases with time [91, 330] such that it

works well for children but not adults.

The mycobacteria generally enter the alveolar space and thereafter the parenchyma, where the
mycobacteria replicate in the alveolar macrophages or in resident lung macrophages.
Macrophages are generally able to phagocytose and kill micro-organisms, but some pathogens,
such as M. tuberculosis, have developed mechanisms to resist intracellular destruction. Denderitic
cells (DC) and macrophages are the major phagocyte populations that recognise invading bacteria
through innate pattern recognition receptors (PRR) [360]. It is hypothesised that the choice of
receptor used to enter the macrophage influences the cellular response of the host [59].
Macrophages are the preferred habitat for M. tubercnlosis where either a host-defence mechanism

is stimulated or mycobacterial-induced inhibition of the phagosome-lysosome occurs.

The host-defence mechanism is partly stimulated through toll-like receptors (TLR) on
macrophages, which then induce the production of inflammatory chemokines and cytokines,
signalling infection [59, 94]. The eatly phase immune response of interleukin (IL)-12, from
natural killer cells drives production of interferon gamma (IFNy). IL-12 is an important
component of driving the activation, differentiation and expansion of T- helper 1 (Thl) cells,
which are a major source of IFNy during the innate immune response. IFNy prompts maturation
of the phagosomes to microbicidal phagolysomes but M. #uberculosis can arrest the phagosomes at
an early stage of maturation. This is done by preventing the fusion of the phagosomes with
lysosomes [149]. This mycobacteria-induced inhibition of phagosome-lysosome fusion allows the
pathogen to avoid both effective antigen presentation and elicitation of the adaptive immune

response and direct anti-microbial activity of the innate immune response [163].

IL-12 forms a major link between the innate and adaptive immune response, since it is produced
by subsets of macrophages and DCs and acts on T cells [360, 363]. IFNy production results in
the migration of monocyte-derived macrophages and resident DCs to the focal site of infection
in the lungs and results in granuloma formation. Granulomas form a wall encompassing the
bacilli which reside within macrophages. The granulomas function as an immune

microenvironment to facilitate interactions between T cells, macrophages and cytokines along

4
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with other host cells such as B cells, endothelial cells, fibroblasts and probably stromal cells [59,
354].

The granuloma becomes a home for M. tuberculosis where some are thought to avoid elimination,
resulting in latent tuberculosis infection (LTBI). Extensive replication of bacteria is believed to
result in loss of granuloma structure with extensive necrosis, cavity formation and finally disease.
The immune response is intricate and varied. Pathways can be disrupted and interrupted at a
number of steps, resulting in disease (Figure 1.1). The bacterium is able to manipulate many of

these pathways and the full extent of the host-pathogen interaction is still not clear.

Within the lymph nodes, CD4 and CD8 T cells are primed against mycobacterial antigens. The
priming of the CD4 T cells is an important step in controlling M. zuberculosis infection, as it is a
pathway for processing major histocompatibility complex (MHC) II antigens, which M. tuberculosis
can disrupt [354]. CD4 T cells are important in tuberculosis infection, which is why HIV has such
a detrimental effect, as it causes the loss of CD#4 cells and subsequent immunodeficiency. CD4
cells produce IFNy, which activates macrophages to kill the intracellular bacilli [149]. In addition
IL-12, IL-10 and IL-15 may be produced [354]. IL-12 is important in nitric oxide synthase 2
(NOS2) production.

Figure 1.3: A simplified representation of the tuberculosis disease process and some of the genes
that may be involved at different stages [363].
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1.1.3 Clinical overview of tuberculosis

The clinical features of tuberculosis will be discussed only briefly as books have been written on
the subject and there are good reviews available [80, 263, 280].

The main forms of tuberculosis are pulmonary and extra pulmonary [249]. The most frequent in
South Africa is pulmonary. Pulmonary tuberculosis is generally the most common form of
tuberculosis with patients presenting with some or various combinations of symptoms, such as a
persistent cough (>3 weeks), night sweats, loss of appetite, weight loss, shortness of breath,
fever, chest pains, tiredness and / or sputum containing blood. The use of chest radiography is
common in clinical practice to assist with diagnosis. Extra-pulmonary tuberculosis occurs outside
of the lungs and is more difficult to diagnose [111].

Tuberculous meningitis (TBM) [75, 347] is a rare form of extrapulmonary tuberculosis, but is the
most frequent form of central nervous system tuberculosis. Occurring mainly in children, it has a
poor prognosis, particularly if coma occurs. TBM is difficult to diagnose as the clinical features
are often non-specific. Diagnosis can be aided by testing central spinal fluid for high protein, low
glucose and a raised number of lymphocytes. Frequently patients will be treated on the basis of
clinical suspicion alone, as many of the cases cannot be microbiologically confirmed. When TBM
is suspected, treatment should be initiated even without microbiological confirmation as there is a

time lapse to receive results and any delay in treatment can result in permanent brain damage.

Disseminated BCG or BCG-osis disease occurs in children shortly after vaccination. It is rare and
mainly occurs in immuno-compromised individuals, but it can occur in apparently healthy
individuals. This is an extreme phenotype of mycobacterial disease and has been associated with
mutations in the IFNy / IL-12 /IL-23 pathway [193, 254], where patients ate unable to produce
normal levels of IFNy. A retrospective study of 25 children from our study area in the Western
Cape has recently been reviewed by Hesseling ez 2/ 2006 [128].

Diagnosis of LTBI can be done by tuberculin skin test (TST), which was developed in 1910, but
this test may be hampered in BCG vaccinated individuals and those exposed to atypical
mycobacteria [400]. The development of immune-based rapid blood tests such as the
T-SPOT.TB and QuantiFERON-TB Gold will hopefully improve the diagnosis of LTBI [270].
However in developing countries there are not enough resources to provide treatment for LTBI

cases and the focus is necessarily on individuals with active tuberculosis.

Generally, diagnosis of active tuberculosis will be done with a combination of a clinical
examination, chest radiograph and microbiological results, as only about 60% of cases can be
microbiologically confirmed. Gram positive staining of the acid fast bacilli (AFB) is done by
Ziehl Neelsen (ZN) staining. Owing to its simplicity and speed it is the most widely used
technique for diagnosis. Besides a microscope, no major equipment is required and work can be
done on a bench not requiring any specific containment facilities. Little technical skill is required

and the low running costs make it ideal for developing countries. However, sensitivity and
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specificity is not particularly good, and culture based diagnosis (using Lowenstein-Jensen medium
L)), BACTEC or Mycobacteria Growth Indicator Tube (MGIT)) is preferable.

Culture is also preferable since the isolation of live M. tuberculosis is usually required for drug
susceptibility testing. The importance of sensitivity testing has gained a new perspective with the
increasing prevalence of drug resistant (DR-), multi-drug resistant (MDR-) and extensively drug
resistant tuberculosis (XDR-TB). Unless the patient is suspected of having been in contact with a
DR-TB case, the only indication that a patient may have DR-TB is that they do not respond to
standard treatment. Any delay in diagnosis of drug resistance will allow for transmission to other
individuals, therefore perpetuating the problem. This highlights the importance of initial clinical

isolates of cases being tested for drug sensitivity.

The current, optimal treatment is considered to be direct observed treatment short-course
(DOTS), promoted by the WHO since 1990 [84, 98]. When correctly implemented it is
considered to be the best method of treating tuberculosis and preventing resistance. Where it has
been implemented correctly, with commitment from the government and health services, the
treatment success rate has been 78% compared to 45% in areas which did not use the DOTS
strategy [395]. For new patients, treatment consists of a combination of four medications, namely
the first line drugs isoniazid, rifampicin, pyrazinamide and ethambutol, taken for at least 6
months. The initial two months of treatment is known as the intensive phase where all four
antibiotics are given and this is followed by a four month continuation phase with isoniazid and
rifampicin only. The intensive phase of treatment is extended if the patient has not responded
within the first two months or if DR-TB is suspected.

The six months required for treatment often results in problems with compliance, which is vital
for successful cure and to halt acquired DR-TB. DR-TB can be acquired through poor adherence
to the DOTS regime by a patient or the TB programme. Disrupted drug supply (due to logistic
problems or political unrest), poor transport networks or job requirements for example can cause
interrupted treatment. The side-effects of the treatment may discourage patients from completing
treatment, or they may stop taking their medication when they feel better and think they are
cured. However, acquired DR might not be the major problem, as more evidence is appearing
that drug resistant strains are more capable of being transmitted than previously thought [197,
373, 374]. If this is true, there is more need for rapid diagnosis of DR-TB to prevent further
transmission [364], particularly when dealing with vulnerable communities. The spread of XDR-
TB to a community that has high HIV rates would have, and has had, devastating effects [103].

1.1.4 Mycobacterium tuberculosis

M. tuberculosis is the infectious agent that usually causes tuberculosis. It is generally spread in
particles that are either coughed or sneezed out by an active case. Half of those exposed to the
organism become infected [286] and recent studies show that DR-TB strains are as transmissible
as sensitive strains [10, 33, 374].

Strain identification may be important, as there is also evidence that various strains elicit different
responses from the host [129, 133, 184, 192, 270]. Wotldwide, strain type frequencies differ

7
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between countries. It is hypothesised that this could explain why frequencies of the tuberculosis
forms vary between countries and populations [192] and that the pathogen has adapted to
specific populations [100, 125]. This may also be reflected in the geographical variation of the
protective efficacy of the BCG wvaccine [9].

1.1.5 Tuberculosis in South Africa

The revised South African national tuberculosis control programme incorporating the DOTS
strategy was first established in 1996. DOTS implementation in South Africa has improved over
the last decade, increasing the detection rate, but progtress has been slow over the last few years.
In 1998 South Africa was listed as one of 16 countries that was struggling to control tuberculosis
[395] and was ranked ninth globally [397] but in 2007 was ranked seventh globally [398] as a high
burden country. There are a number of factors that contribute to this, mainly the increasing rates
of HIV, DR-TB, insufficient investment in personnel and infrastructure and poor quality record
keeping. With the implementation of DOTS, better statistics are available, as there is improved

disease surveillance. However, it is clear that the situation is not improving as desired.

The South African Department of Health (DoH) reported a tuberculosis incidence of 1037/100
000 for the Western Cape in 2005, which is the highest incidence of all South African provinces
(Table 1.1). However, the HIV rate of the Western Cape was the lowest of all provinces, with a
reported prevalence of 1.9% compared to a national rate of 10.8% for 2005 (which are believed
to be minimum estimates). With the absence of HIV until recently [32], the epidemic in this
population is historically not driven by HIV and it is possible that the population is more
genetically susceptible than most to tuberculosis (Chapter 2).

Table 1.1: Tuberculosis incidence (all forms) and HIV prevalence per province as reported by the
South African Department of Health for 2005 (from www.hst.org.za Accessed March 2007).

TB incidence = HIV prevalence %

Province per 100 000 (total population)
Western Cape 1037.2 1.9
KwaZulu Natal 885.9 16.5
Northern Cape 846 5.4
Northwest 711.5 10.9
Free State 708.3 12.6
South Africa 645 10.8
Eastern Cape 637.9 8.9
Gauteng 487.8 10.8
Mpumalanga 333.6 15.2
Limpopo 237.2 8
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The annual rate of tuberculosis infection (ARTI) is considered to be one of the most important
indicators of the trend of a tuberculosis problem. Tuberculin surveys provide information on
populations ARTI [13]. The estimated ARTI in the Western Cape Ravensmead and Uitsig
community is 3.9% [161]. Not surprisingly, a randomized survey found that of 2401 adults
analysed, 76% had a positive TST [71] and a survey of children (<15 years old) found 32% were
TST positive [72].

Study site: Ravensmead and Uitsig, Western Cape

The Ravensmead, Uitsig and neighbouring communities are in close proximity to Tygerberg
Hospital and have been undergoing observational tuberculosis studies since 1992, four years
prior to the implementation of DOTS in South Africa. These suburbs are predominantly South
African Coloured (SAC) which represents a present day homogenous population that previously
received contributions from Khoisan, Malaysian, Bantu and European populations [242, 361].
The previous studies were on population health, juvenile tuberculosis, epidemic spread, DR-TB
monitoring and host susceptibility. Clinical studies have shown that there is a high prevalence of
childhood tuberculosis and that they frequently present late to the health services in the area [31,
195, 367]. This research has resulted in contributions to improve the diagnosis of tuberculosis
and disseminated tuberculosis in children [194, 196].

The strain typing of sputum samples that have been collected from the community since 1993
provides insight into the tuberculosis epidemic in the area. There is high strain diversity in this
community [382, 383], and it has been shown that transmission frequently takes place outside of
the household [56, 299, 371, 372] and that patients can be infected with multiple strains of M.
tuberculosis at once [384]. Another important finding is that a large proportion of patients that
require retreatments after cure, are reinfected and are not reactivation cases [368, 370].
Individuals who have had a previous episode of disease have a four-fold increased risk of
developing another tuberculosis episode compared to those who have never had active
tuberculosis disease [370]. The investigations into strain diversity and variability have lead to
greater understanding of the dynamics of tuberculosis within this community and can be

translated to other high tuberculosis prevalence settings.

Some research into genetic susceptibility to tuberculosis using population case-control and TDT
studies has also been done in this community and revealed that polymorphisms in the genes
IFNy [284] and solute carrier family 11A member 1 (SLC77.A47, formerly known as NRAMPT,
natural resistance-associated macrophage protein 1) [132] are associated with susceptibility to
tuberculosis. The IFNy +874T allele, which was overrepresented in controls, is preferentially
bound by transcription factor NFK, and is associated with raised IFNy expression 7 vitro [284].
A case-control using 313 cases and 235 controls found a significant association (p=0.017)
between the [FFNy +874T allele and protection against tuberculosis, which was then confirmed in
a TDT using 131 families from the same population (p=0.005) [284].

Polymorphisms in the gene SL.C77.47, were also found to be associated with tuberculosis
susceptibility in a SAC case-control analysis. A 5°(GT), allele in the promoter had a significantly
higher frequency in controls versus cases (p=0.002). Homozygotes for a 3UTR TGTG deletion

9
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(1729+55del4), were over-represented in the cases compared to the controls (p=0.013). After
stepwise logistic regression, the 5" and 3’ polymorphisms were found to contribute separate main
effects. SI.CT71.A7 is the human homologue of the mouse Nrazp1 gene which will be discussed in
Section 1.3.

A number of polymorphisms that were associated with other diseases were hypothesised to be
candidates in tuberculosis susceptibility, namely butyrophilin-like 2 gene (BINLZ2) [218] and
caspase recruitment domain-containing protein 15 gene (CARD75) [219]. BTNLZ2 was
hypothesised to have a possible function as a T cell co-stimulatory molecule [358]. BTINLZ has
previously been associated with sarcoidosis, a disease of unknown etiology but presents with
coughing and granulomas, rather similar to tuberculosis [291]. CARD75 is the gene encoding
nucleotide-binding oligomerisation domain 2 protein (NOD2) which has been recognised as a
non-redundant recognition mechanism of M. fuberculosis and polymorphisms in CARD75 were
associated with Crohns disease, also a granulomatous disorder. After large case-control studies, it
was concluded that the polymorphisms in both BINL2 and CARD75 were not associated with

tuberculosis susceptibility in our population.

The frequency of polymorphisms in the genes glutathione S-transferase (GST) and N-
acetyltransferase 2 (IN.AT2) were determined in various population groups from SA, including the
SAC. These enzymes metabolise many environmental and chemotherapeutic agents, and
polymorphisms in these enzymes may contribute to different disease profiles or responses to
toxic or chemotherapeutic agents. The NAT2 ‘fast’ allele, which has been found to have a
significant effect on acetylation, was present at a high frequency in this population [6]. It is
hypothesised that the efficacy of antituberculosis chemotherapy may vary between various ethnic
groups depending on their N.ATZ status. In other words, the acetylation of the isoniazid depends
on NAT? status, therefore because of the NATZ allele frequency, isoniazid efficacy will vary
between populations. This could have implications for drug development and trials. The N.AT2
status in our population and the effect on tuberculosis therapy is being investigated further and is

not part of this thesis.

1.2 Host Genetics and Tuberculosis

1.2.1 Genetic susceptibility to tuberculosis in human populations

Prior to the discovery of the pathological agent M. tuberculosis by Koch in 1882, many believed
that tuberculosis was actually an inherited disorder. As a result of it being thereafter attributed to
an infectious agent, there was little focus on the host. The known environmental risk factors such
as age, immuno-compromising diseases (diabetes or HIV), or substance abuse, do not explain
why only half of the individuals that are exposed to the organism will become infected, and why
only 10% will ever develop disease. A complex interplay between environment, pathogen and
host can account for the development of active disease. The importance of the genetic
components and heritability of tuberculosis susceptibility is provided by twin [61, 143, 147, 308]
and adoptee [322] studies. There is a large body of evidence pointing to the major role of genetic
factors in the human response to a number of infectious pathogens [5, 26, 34, 62, 131, 233], and

10
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these genes could impact on treatment and vaccine efficacy [234]. There is also increasing
evidence that host genetic factors determine differences in host susceptibility to mycobacterial
infection and might contribute therefore to the pattern of clinical disease [26, 34, 49, 62]. The
common disease-common variant (CDCV) hypothesis is believed to apply to tuberculosis. The
CDCV hypothesis suggests that genetic susceptibility to a common disorder will be influenced by

relatively common polymorphisms [46, 273].

1.2.2 Evolution and infection

It has been claimed that during the industrial revolution in Western Europe one-quarter to one-
fifth of all deaths occurred as a result of M. tuberculosis infection. This makes it very likely that M.
tubercnlosis has had an effect on the evolution of the human genome. Not only M. tuberculosis
infection would have played a role, but also other diseases such as Plasmodium falciparum (malaria),
the bubonic plague and smallpox. Haldane, one of the pioneers in recognising the role pathogens
could have on the evolution of the human genome, suggested that micro-organisms have been
the main agents of natural selection for the past 5000 years [119]. The spread of advantageous
alleles is fundamental to evolutionary processes and includes the spatial dynamics of co-evolution
between pathogens and their hosts [241]. Diseases that exert the largest death toll will produce
the most pronounced evolutionary effect [222]. Time of exposure to the disease will then play an
important role in the effect and an example of this occurring would be in American Indian
reservations [353]. There were a large number of deaths attributed to tuberculosis after
introduction of the disease to the population, but after a generation or two the death rates due to
tuberculosis decreased drastically. This is presumably due to strong selective pressure against
tuberculosis-susceptible genotypes. For example, in the Qu’Appelle Indian reservation there was
a reported tuberculosis incidence rate of 9000 per 100 000 in 1890, which decreased to 800 per
100 000 by 1926, and further decreased to 273 per 100 000 in 1931 [88, 186]. Within the
reservation, the death rate due to tuberculosis was double that of surrounding white communities
in 1931 [88].

1.3 Strategies to identify candidate-genes for susceptibility to tuberculosis

The human genome project has revealed extensive variation between populations and individuals.
Identifying which variations are associated with susceptibility to a complex disorder requires
selection of appropriate candidate genes to investigate [256]. The selection can be done through a
number of different approaches and these have included genome wide studies, mouse models

and human susceptibility models.

Genome-wide studies are systemic and comprehensive and are capable of identifying genes that
exert a major effect on population-wide disease susceptibility. Data from genome-wide scans can
be used to narrow down the number of candidate genes. With genome-wide scans there is usually
a large number of genes within the identified regions, and determining which could be important
in tuberculosis infection can be done by hypothesis. This method has been fairly successful in
determining disease-susceptibility genes for leprosy susceptibility [213, 307, 352]. Bellamy ez o/

conducted a genome-wide scan for tuberculosis susceptibility and found two regions, 15q and
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Xq, that showed suggestive evidence of linkage to tuberculosis [27]. They found that no single
marker was strongly linked as a susceptibility gene among the African populations [27]. A second
genome wide scan was conducted in a Brazilian population and found suggestive evidence for
regions 6p21.32, 17q22 and 20p13 [211]. A more recent genome-wide scan in 96 Moroccan
families found the 8q12-13q region to be significantly linked to tuberculosis [17]. Currently,
linkage disequilibrium (LLD) mapping of the 8q region is being conducted to identify tuberculosis-
susceptibility genes. In a genome-wide scan for leprosy susceptibility, chromosome region 6q25
was identified [213], and linkage disequilibrium mapping found that polymorphisms in the
PARK2/PACRG gene conferred susceptibility to leprosy [212].

For both of the earlier genome-wide scans done in humans, further fine-mapping has taken
place. In the 15q11-13 region, fine mapping results suggested that UBE3A or a closely flanking
gene may be a tuberculosis-susceptibility locus in African families [50]. After a segregation
analysis was done in a Brazilian cohort, it was determined that only one or two loci may

determine individual tuberculosis susceptibility [304].

Genome-wide scans of tuberculosis susceptibility have also been conducted in mouse models and
resulted in the identification of regions on mouse chromosomes 1 (Nrampl, sst1 (super
susceptibility to TB 1) and T7~7), 3 (¢bs1 and 17/-2), 7 (17/3), 19 (Ir/i4) and 9 (¢bs2) [159, 166, 214,
215, 375]. Fine mapping of these regions could lead to the identification of particular genes,

whose human homologues can then be identified for further study.

The mouse Nrampl region has been successfully transferred to human association studies where
the human NRAMPT, renamed as SL.C77.47, has been found to be associated with susceptibility
to tuberculosis in a variety of populations [2, 14, 29, 79, 104, 132, 181, 187, 262, 292, 317, 342,
401]. A recent meta-analysis showed statistically significant associations between the NRAMPT

variants and tuberculosis susceptibility in Asian and African subjects but not in Europeans [170].

The mouse chromosome 11 has synteny with human chromosome 17q11.1-q12, which contains
a number of potential candidate genes involved in the immune response. These include regulated
upon activation, normal T cell expressed and secreted (RANTES), NOS2A which encodes
inducible nitric oxide synthase (iNOS), genes encoding members of the family of small inducible
chemokines and genes for signal transducers and activators of transcription [141]. Fine-mapping
has identified region 17q11.2 as containing potential candidate genes that could account for the

variable disease and pathology associated with tuberculosis and leprosy.

Fine mapping of the ss#7 locus on the mouse chromosome has recently identified Ipr7 in the
locus as the mouse susceptibility gene to M. tuberculosis [159, 250]. The human homologue is
SP710, whose function is not clear. It is believed to be involved in regulation of transcription by
facilitating DNA binding, using the conserved SAND (Sp100, AIRE-1, NucP41/75 and DEAF-
1) domain. The ss#7 phenotype differs from Nramp? and reflects a true murine susceptibility gene

as it causes lung-specific effects in tuberculosis susceptibility.

A new approach that is coming into its own is genome—wide association (GWA) studies. GWA

offers the potential of identifying causal genes with modest effects, which would probably be the
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case in tuberculosis susceptibility. GWA has already been successfully used with Crohn’s disease
[124] and Inflammatory Bowel disease [82]. However, there are still a number of factors that need
to be considered when contemplating a GWA study, such as marker set, LD and statistical
analysis methods that consider multiple testing [130, 380]. In the mean time rigorously designed
studies are required to determine if this type of approach is feasible.

Hypothesis driven candidate gene selection can be effective in identifying susceptibility to
tuberculosis genes. It requires an understanding of the pathology of the disease to identify which
genes could be important in the control of M. fuberculosis infection. As discussed eatlier (section
1.1.2), the response to M. tubercnlosis infection is complex. There are a number of pathways
involved and why there is progression to disease in only 10% of the infected individuals is still
not clear. Identification of proteins and molecules that are important in the various responses to
tuberculosis has already been successful done with, for example SL.C77.A47.

Candidate genes chosen by hypothesis

The gene encoding RANTES is located on chromosome 17 in the chemokine cluster, a region
which has been shown to contribute to susceptibility to tuberculosis and leprosy in Brazilians
[141] and has been associated with tuberculosis in a number of instances in the last few years
[294, 313, 388]. This chemokine plays a significant role in inducing activation and proliferation of
macrophages and T cells as well as lymphocytes and monocytes, which are essential for

granuloma formation [294].

Chemokine receptor 5 (CCR5), Chemokine receptor 2 (CCR2) and Stromal derived factor
(§DFT) polymorphisms have been found to have an association with HIV infection and disease
progression, although the effect of the polymorphisms on HIV disease varies between
populations [114]. As chemokines play a critical role in the immune and inflammatory response
to infectious diseases, these polymorphisms might be related to susceptibility to tuberculosis [63].
The effects and frequencies of these polymorphisms vary in different populations, particularly the

frequencies of CCR5 polymorphisms [179, 311].

Dendritic Cell Specific Intercellular adhesion molecule (ICAM)-Grabbing Nonintegrin (DC-
SIGN) is known to be a major receptor for M. tuberculosis and other pathogens on human DCs
[365]. The recognition of pathogens by DCs is crucial in mounting the immune response. DCs
bind strongly to mycobacteria such as M. tuberculosis and M. bovis BCG through the mannose
capped cell wall component (ManLAM) of the pathogen, but does not bind to LAM, which lacks
the mannose cap (AraLAM). ManLAM binding to DC-SIGN induces production of the anti-
inflammatory cytokine IL-10 [157, 338, 366]. Immature DCs bind to M. tuberculosis and M.
tuberculosis BCG and this inhibits maturation of the DC. These factors both contribute to M.
tuberculosis virulence. ManLAM is abundant in slow growing virulent mycobacteria, such as M.
tuberculosis and M. leprae, whereas AraLAM is abundant in fast growing atypical, avirulent
mycobacteria, such as M. smegmatis. 1t is suggested that M. tuberculosis targets DC-SIGN both to
infect DCs and to down-regulate DC mediated immune responses. Investigating polymorphisms
and haplotypes in our population could show the importance of this gene in tuberculosis

susceptibility.
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Vitamin D receptor (VDR) is synthesised in monocytes and activated T and B lymphocytes. Its
ligand, the active metabolite of Vitamin D, calcitriol, is produced in the kidney and by activated
monocytes and macrophages, particularly in granulomas. Through its interaction with Vitamin D,
the retinoid X receptor (RXR) and the Vitamin D response element (VDRE), VDR exerts several
immunomodulatory effects. These include the activation of monocytes and cell mediated
immunity, modulation of the Th1-Th2 host immune response, suppression of lymphocyte
proliferation and restriction of M. tuberculosis survival in macrophages [37, 70]. Various "DR
polymorphisms and their involvement in tuberculosis susceptibility have been investigated with
varying results [28, 37, 180, 285, 391]. A study in West Africa on four DR polymorphisms
found no association in a case control analysis but an association was found with a particular
haplotype in the transmission disequilibrium test (TDT) [37]. Evidence of the subtlety of the
effect of I”"DR polymorphisms in the immune response was found by Roth ez a/ [285], who

detected an association with time to sputum conversion in tuberculosis patients after diagnosis.

1.4 Genetic association studies

There are two study designs that are used in genetic association studies [168] namely, family-
based [165] or population-based studies using unrelated individuals [18]. Currently the most
widely used family-based method is TDT studies and for population studies the case-control
methodology.

Family-based TDT studies are robust against population substructure and significant findings
always imply both association and linkage [165]. The TDT study design was originally developed
to test for linkage in the presence of association but now, as it is robust to population
stratification, the most common usage is testing for association in the presence of linkage [165,
300]. However population-based studies are regaining popularity as there are several methods
that can compensate for population stratification [74, 261]. In addition case-control studies
require a smaller sample size compared to family-based studies which requires parents and/or

siblings also to be sampled.

Case-control analyses were the primary testing methodology applied in this thesis. There are a
number of important factors that need to be considered for a successful case-control study [18,
58, 168]. These will mainly impact the power of a study and therefore its validity. Case-control
studies compare the allele frequency of a polymorphism between two well defined groups; cases
with the disease and unrelated healthy controls. An increased frequency of the polymorphism in
cases indicates that the presence of the polymorphism may increase risk of disease.
Understandably, cases and controls should be from the same ethnic group to control for the
genetic background of the groups. When the population under investigation is large and there is
random mating, control genotypes should be in Hardy Weinberg equilibrium (HWE) (Appendix
A1.6.1). Reasons for a genotype not being in HWE include: random chance, miscalled
genotyping, and a heterogeneous population [168, 396].

Classification of the phenotype must be done correctly, but clinical heterogeneity is important

only if a genetic variant influences a disease subset [256]. For example prior to collection, it is
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vital to define which form of tuberculosis and which controls will be assessed. In tuberculosis,
controls could be latently infected, i.e. TST positive, or negative and presumably not infected. As
discussed in section 1.1.6 our population has a high exposure rate, therefore our controls are
likely to almost all be LTBI [71, 72]. This would be sufficient for our analysis as we ate
investigating progression to tuberculosis disease and not M. zuberculosis infection status. However,
we are aware that a number of our controls may develop tuberculosis after the sample was
collected, in particular with younger participants. We recognise this, but it has been shown that
with a slight misclassification of controls the overall impact will be small and can be compensated

for by increasing the sample size [58].

Analysis in case-control studies is generally done using 3x2 contingency tables, where the
genotypes are counted in columns of cases and controls and assessed by a Chi square (y’) test.
This method has reasonable power to detect undetlying risk. This is the general genetic model,
but dominant, recessive and multiplicative models can be assessed in a similar manner [168].
Fishet’s exact analysis on alleles and dominant/recessive models can be conducted and can
estimate the disease risk (odds ratio) conferred by the polymorphism [18, 168]. When there is
biological support, more complex analysis, using Cochran-Armitage test, can be used for additive

models [18, 168] and does not rely on an assumption of HWE.

Linkage disequilibrium (LD) refers to the non-random association between two loci. Typically a
number of polymorphisms spanning a gene will be independently tested, but when there is LD
this can be redundant. LD is defined as the non-random pattern of association between alleles at
different loci in a population [225, 240]. If LD is high between two alleles, they are considered to
be linked and can sometimes be used as a substitute for the state of nearby loci [46]. A
polymorphism associated with disease susceptibility might be directly associated, but if in
complete LD with the causative polymorphism, the polymorphisms genotyped is then said to be
indirectly associated with disease susceptibility [256].

There are two important measures of LD; D’ and +* [18, 386]. In the context of association
studies, 1* (the correlation coefficient), is more useful as it reflects the statistical power to detect
LD [18]. t* is inversely proportional to the sample size required to detect statistically significant
LD and also relies on allele frequency [386]. D’ is typically higher than t*, where a D’ of one
indicates complete LD between the polymorphisms. One of the reasons it is not useful in
association studies, is that even when an allele is very rare, D’ can be large, which is usually of

little practical interest. D’ is also sensitive to a few recombination’s between the loci [18].

When there is complete LD between single nucleotide polymorphisms (SNPs) and one SNP is
capable of providing information on the other polymorphism, then these SNPs are considered to
be tagging or tagSNPs [122]. The polymorphism, for which the tagSNP provides complete or
additional information, is called the tagged SNP. Identifying the tagSNPs spanning a gene can

increase genotyping efficacy, reducing costs.

Determination of LD over the genome has recognised regions that are in high or low LD.
Regions of high LD and low haplotype diversity are defined as Haplotype blocks [46].
Haplotyping tagging, which involves selection of the minimum subsets of SNPs which represent
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the haplotypes inferred from the original set [122] within a block, can also increase genotyping

efficacy.

LD and haplotype diversity has been found to vary between populations. In particular African
populations have smaller blocks of LD [271] and there is high haplotype diversity within the
African compared to European populations. Admixed populations have unique LD patterns,
such as long range LD which can be an advantage in association studies [4, 393]. Using the long
range haplotypes in admixed populations will provide more power to detect genes that may be
associated with disease susceptibility [315].

There are a number of online databases such as HapMap, that provide information on LD and
tagSNPs. The information from the reference populations has been found to be transferable to
different populations [116]. However, this should be used cautiously in admixed populations,
such as the SAC, which have numerous ancestral populations [393]. It is therefore the best

strategy to use information from all available reference populations is used.

Stratification

Although our cohort is considered a present-day homogeneous community that has received
genetic contribution from different populations multiple generations in the past [242, 361],
population stratification between cases and controls can be a confounding factor leading to a
sputious positive association. However, the use of admixed populations in association mapping
studies can be very useful in identifying disease-causing genetic variants that differ in frequency
across parental populations. Nevertheless, when the admixture event is too recent, allelic
frequencies can differ coincidentally among cases and controls, reflecting a non-uniform genetic
contribution from the parental populations to each subpopulation (i.c., cases and controls), rather
than a genuine association between a given genetic variant and the phenotype under study. In this
case, the study-cohort is said to present population stratification. To formally test and quantify
the levels of background genetic differences [260], if any, between cases and controls, genomic
control correction can be done by genotyping a panel of independent SNP markers. Currently
there is no agreement as to the number of random SNPs that should be genotyped to determine
the level of stratification within a given population. Genomic control can be used to assess the
genetic background, and can correct cryptic relatedness between cases and controls [74, 376]. The
mean y” statistic among the random SNPs is compared for allele frequencies between cases and

controls, which represents the levels of stratification (i) between the two groups [272].

1.5 Aims of the study

Broadly speaking, this study investigated candidate genes for susceptibility to tuberculosis
infection and progression to disease in the SAC population of the Western Cape, South Africa.
Population based case-control studies were the primary analysis method, and this is expected to
detect genes that exert a low to moderate effect on susceptibility to tuberculosis disease.

Tuberculosis cases were defined as individuals with past or current active tuberculosis disease and
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controls were individuals with no previous or present clinical presentation of disease. Controls
would more than likely be infected with M. #uberculosis because of the high ARTI in this
community [71, 72, 161].

Preliminary population screens determined the genotype frequency and the minimum sample size
required for sufficient statistical power to detect an association. For genotypes that were at too
low a frequency, the OR detectable was greatly increased, requiring more samples to be typed to
detect a smaller OR. Provided the frequency of the genotype was common in the general
population, the study had enough power to detect a genotype that exerts a smaller effect. Inferred
haplotype based association studies were done when a number of polymorphisms over a gene

were genotyped.

A specific aim was to study the frequencies and potential association with tuberculosis of
candidate polymorphisms in genes RANTES, CCR5, CCR2 and SDFT7 using a case-control
methodology.

A further aim was to investigate the Dendritic cell-specific intercellular adhesion molecule-3
grabbing nonintegrin (DC-SIGN/ encoded by gene CD209), in collaboration with a group at the
Pasteur Institute Paris, France. Resequencing of CD209 was done to identify polymorphisms in
the SAC population to determine whether there were any unique SNPs or haplotypes, and
determine their frequencies. Subsequent genotyping analysis was done on the Victor (Perkin
Elmer) using a case-control cohort to determine if there was an association with tuberculosis.
This cohort was used to assess possible population stratification in our admixed population,
using genomic control. A length variation in I.-SIGN, a close homologue to DC-SIGN, was also

investigated.

In addition to testing candidate genes that were chosen by hypothesis, a candidate gene selected
from mouse studies was chosen, namely, the human SP770 gene, which is the homologue of the

mouse intracellular pathogen resistance 1 (Iprl) gene which is within the 5577 locus.

Finally we aimed to investigate the DK gene, which may be linked to susceptibility or
progression to disease. This analysis was done with a specific cohort of patients, namely the
Surrogate Marker (SM) cohort. The SM study was a longitudinal study of first time pulmonary
tuberculosis patients who were evaluated during and after treatment. They were used in a case-
control analysis to identify the effect of the [”DR polymorphisms on phenotype, in particular,
time to sputum conversion after diagnosis of tuberculosis. This required more intricate statistical

analysis compared to the case-control study and a specialised statistician was required.

Identifying genes that exert some effect on host susceptibility to tuberculosis will give a greater
understanding of disease pathogenesis. Clearly the immune response is important in the host
reaction to M. tuberculosis infection and the genes expressed in the host lungs may influence the
host’s ability to contain infection and resist disease. The environmental factors play a significant
role but are not the only determinants in developing disease, where the interplay of these factors

with the host is vital. The different allele frequencies between cases and controls may provide
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important information about critical responses of the host to M. fuberculosis. 1t is hoped that our

findings will eventually contribute to the development of novel therapeutics and vaccines.

1.6 Summary

The study population, SAC, is an admixed population that has contributions from Africa, Asia
and Europe, discussed in Chapter 2. Gene polymorphism frequencies will differ in our unique
admixed population compared to previously investigated populations. The use of an admixed
population in genetic association studies is believed to be advantageous, but does have a number
of factors that need be taken into consideration, such as possible population stratification. It is
important to have some knowledge of the background of the population to determine its
heterogeneity. By means of extensive literature searches, a table of the HLA class II allele
frequencies in various South African populations was constructed (Table 2.1). I also contributed
to the writing of the articles from this chapter. The case-control samples all came from thhe SAC
community and only Chapter 6 had a unique set of case samples, from them the same population

group and area.

Candidate genes, CCR5, CCR2, SDF1 and RANTES, which were chosen by hypothesis, were
investigated. Known candidate polymorphisms that had been associated with other diseases were
chosen and the results from the SAC population are reported in Chapter 3. I did the genotyping
for the genes CCR2, CCR5 and SDF7 and the statistical analyses for all the polymorphisms
tested.

Functional studies had identified DC-SIGN as a major M. fuberculosis receptor on human
dendritic cells [338] and it was therefore considered a good candidate gene. The genomic region
of CD209 was sequenced in SAC samples to identify informative markers and avoid
ascertainment bias. This resulted in the identification of eight polymorphisms that were
genotyped in a case-control study. The work was extended by looking at a length variation in the
genes CD209 and L-SIGN, which is a close homologue of CD209. Results are reported and
discussed in Chapter 4. I prepared all the samples that were subsequently genotyped, did the
majority of the CD209 polymorphism genotyping and contributed to the writing of the article.

SP770 was identified as a candidate gene for susceptibility to tuberculosis through mouse studies.
The mouse homologue, Iprl, was located in the ss#7 locus, and mediates innate immunity to
tuberculosis in mice [250]. As with CD209, the SP770 gene was resequenced to identify
polymorphisms. This allowed for identification of polymorphisms that were novel and the

determination of LLD. Results are reported in Chapter 5.

Finally a case-control analysis was done to test for an association with tuberculosis and
polymorphisms in the I”DR gene. There are many conflicting studies on the association of I"DR
polymorphisms and tuberculosis, and its contribution to tuberculosis susceptibility is highly
debated. A unique sample set of cases that were all first time pulmonary tuberculosis patients
were used in this chapter. Apart from the case-control study, a more complex study was

conducted on this well defined cohort of patients. This was done to investigate whether our
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population would confirm a Peruvian study which found that ["DR polymorphisms were
associated with time to sputum conversion in tuberculosis patients [285]. A cohort of first time
pulmonary tuberculosis patients from our SAC population, which had sputum tested at various
time points, allowed for a similar analysis and results are described in Chapter 6. A large number
of variables, including a reliably estimated time to sputum conversion for both smear and culture,
were used to assess the contribution of VDR polymorphisms to sputum conversion time. The
final analysis required new analytical methods and the construction of Cox models which were

conducted by L. van der Merwe with my guidance and co-operation.

Chapter 7 is the concluding section where general discussion of the results is given, and possible
future study directions. Problems and difficulties that were encountered are also discussed. As
there were many novel methods and types of equipment used in assessing the genotypes, the
methods are presented in Appendix 1. All the different technologies are directed at the same goal;
the genotyping of polymorphisms. The use of programs available on the internet has greatly
advanced analysis methods and a variety of free source software was used. Knowledge of the
variety and type of analytical/ statistical algorithms supporting them ensures correct and
appropriate use. The information from this unique population was also deposited in publicly

accessible databases.
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Chapter 2

South African Coloured Population

The major part of this Chapter was published in the following review and article:

Lombard Z, Brune AE, Hoal EG, Babb C, van Helden PD, Epplen JT, Bornman L (2006)
HILA class II disease associations in southern Aftica.

Tissue Antigens 67:97-110

Barreiro LB, Neyrolles O, Babb CL, Tailleux L, Quach H, McElreavey K, Helden PD, Hoal EG,
Gicquel B, and Quintana-Murci L (2006)

Promoter Variation in the DC-SIGN Encoding Gene CD209 Is Associated with Tuberculosis.
PLoS Medicine 3(2):¢20.
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The African continent is home to more than 2000 distinct ethnic groups and languages,
responsible for a considerable genetic diversity among native African populations [349]. Southern
Africa has seen waves of immigration from the African continent to the north in pre-recorded
times, and Caucasoid and Asian during the past three and a half centuries. This population
diversity within a uniform environment creates a unique opportunity to study population genetics

and complex diseases of genetic etiology.

The southern African population includes native African groups such as the Zulu, Xhosa, Sotho,
Tswana, Ndebele, Swazi, Pedi, Lemba, Shona, Khoi-Khoi (Khoi) and San; the white population
descended from Dutch, British, German and French immigrants; admixture population groups
such as the South African Coloured (SAC), and groups of Asian descent [223, 242].

Archaeological evidence indicates that southern Africa was first peopled by the ancestors of the
San people, who exhibit the most ancient of African mitochondrial DNA lineages, the L1 lineage
[349]. The Khoi migrated into southern Africa about 2000 years ago from the north and co-
existed with the San. Bantu-speaking pastoralists moving south entered the eastern part of
southern Africa from approximately AD 250 [223]. Pressure from these migration waves and
subsequent European colonization drove the remaining San into the semi-desert areas of
southern Africa. It is likely that there was substantial admixture between southern African blacks
and the Khoi and San, as evidenced by the presence of San-specific Gm markers in the majority
of black South African groups, particularly the Xhosa population [123, 242]. South Africa’s
largest population group, the Zulu, belongs to the Nguni linguistic division of the Niger-Congo
people, as do the Xhosa [255]. The Gokomere people, a Bantu-speaking group of migrant
farmers, inhabited the Great Zimbabwe site from about 500 A.D., displacing earlier Khoisan
people. These were the ancestors of the Shona, who constitute approximately 80% of the current

Zimbabwean population [242].

The SAC are an ethnic group of mixed ancestry. This distinct group emerged about 300 years ago
and received genetic input from Malaysia and Indonesia, as well as from the European Caucasoid
and indigenous Khoi, San and other black Africans [242, 361]. The Indian population in South
Africa originated from different regions of the Indian subcontinent, including the Hindu group
originating from South India, Muslims from the Gujerat and Maharashtra and the Tamil
community, and is considered to be a hybrid population with some genetic contributions from
Caucasoid, Black and Chinese [242, 267].

The genetic diversity in southern Africa is illustrated by the varying frequencies of both the
human leukocyte antigen (HLA) -class I [45] and -class 1I [182] alleles in the different groups. An
extensive literature search illustrated the diversity of HLA class II alleles within the various
southern African populations (Table 2.1). When focusing on the SAC population group it can be
seen that their HLLA class II allele frequencies are unique in that they do not correspond with any
particular population group. For example the DRw5 serological specificity reflects closer to the
black population groups whereas DR7 and DQ3 reflect more Indian than black input. The
DRw53 frequency appears to be unique to the SAC population, being midway between that of
the black and white population group. Comparisons of polymorphism frequencies that are

available in the HapMap database with the SAC population has revealed similar results, where
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certain single nucleotide polymorphism (SNP) frequencies are similar to the Caucasian
population but others are more similar to the Asian or West African populations (unpublished
data M. Moller). This illustrates that there have been contributions from a number of different
populations to create the genetic makeup of the SAC population. This also has implications for
the linkage disequilibrium and haplotypes that will be present in this population, which as

discussed in Chapter 1 is useful for genetic association studies.

The ‘Coloured’ population originated with the settlement of colonialists in the Cape over three
centuries ago. Within the Cape there were the local indigenous populations, such as the Khoi and
San, to which was added the white settlers and their slaves. After the subsequent biological and
cultural assimilation the term Coloured population arose, as defined by the local community.
Apart from a small fraction, known as the Cape Malay, which remained largely distinct because of
their Islamic religion, the majority were Christians. Initially the distinction between different
groups of people was based on religion, with Christianity being the dominant. Only over time
was the distinction made through colour and racial background [55]. The name remains a label of
the past and is not regarded as offensive, but is commonly used by the population group itself. In
the absence of a viable alternative, the term SAC will be used in this thesis to refer to the
population studied. It generally refers to people of the Cape who are not Bantu-speaking and do
not have distinctive ancestry along both the maternal and paternal lines [223]. The term Coloured
is also an official population group that is counted in Statistics SA censuses, which are reported
to the Parliament of the Republic of South Africa. In 20006, 8.9% of the South African population
was of the Coloured population group [1].

An alternative term that could be used is admixed population. However we feel this is too broad
a term and the origins of the population might be misinterpreted. Understanding the ethnic
diversity is important in understanding differences in disease incidence and this has been
extensively discussed in the literature [19, 112, 277]. However, researchers should be aware of
cultural sensitivities and the potential misuse of population specific genetic information in racial

and social characterizations [315].
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Population stratification

Although this population is considered a relatively homogeneous community that has received
genetic contribution from different populations multiple generations ago [242, 361], population
stratification between cases and controls is possible. This can be a confounding factor leading to
a spurious positive association. Indeed, the use of admixed populations in association mapping
studies can be very useful to identify disease-causing genetic variants that differ in frequency
across parental populations. However, when the admixture event is too recent, allelic frequencies
can differ coincidentally between cases and controls, reflecting a non-uniform genetic
contribution from the parental populations to each subpopulation (i.c., cases and controls), rather
than a genuine association between a given genetic variant and the phenotype under study. When
this occurs, the study-cohort is said to present population stratification. To formally test and
quantify the levels of background genetic differences [260], if any, between cases and controls,
the entire cohort was genotyped for a panel of independent SNP markers which are (1) not in
linkage disequilibrium with the candidate gene locus (CD209 in Chapter 4) and with any other
known gene, (2) randomly distributed along the genome, and (3) polymorphic among the major

ethnic groups.

In collaboration with the Pasteur Institute in Paris, France we assessed the level of population
stratification within the SAC population. Twenty five independent SNPs were genotyped
(Appendix 1) in the cohort of 711 individuals used in Chapter 4. The mean y” statistic among the
25 SNPs, for the comparison of allele frequencies between cases and controls, which represents
the levels of stratification () between the two groups [272]. This was 1.25 (p=0.26), implying
that the two groups were not significantly stratified (Table 2.2).

The SAC population in Ravensmead and Uitsig (Chapter 1) is eminently suitable for genetic
association studies assessing susceptibility to tuberculosis because of their uniform ethnicity and
socio-economic status, high incidence of tuberculosis and low prevalence of HIV [32]. Being
admixed, it represents a community originating from populations with different susceptibilities to
tuberculosis and offers a unique opportunity to dissect the contributing genetic variants and their

probable geographic/ethnic origins.
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Table 2.2: Frequency distribution in the study cohort of 25 polymorphisms used to test for
population stratification in the SAC population cohort.

rs number Location ObsHET® PredHETW HWP  MAF MAF X p
Cases (%) Controls (%)

rs2048022  Chr4 0.509 0.497  0.588 43.4 483 3469  0.0625
51380229  Chr8 0.429 0.468  0.034 36.1 384 0815  0.3667
5650389 Chr10 0.276 0.287  0.369 15.2 19.5 4518  0.0335
s870384 Chr12 0.511 0.499  0.591 48.3 46.8 0311 05771
15695982 Chr12 0.416 0.419  0.888 32.1 27.7 3376  0.0662
15708682 Chrl5 0.216 0212 0.826 11.8 123 0.086  0.7693
18715774 Chrl5 0.244 0.257  0.209 14.3 16.1  0.883  0.3473
rs1433456  Chrl5 0.313 0317  0.784 19.9 19.7  0.011 0.9169
rs807131 Chr17 0.478 0.453  0.183 35.5 339 0398  0.5279
rs11672183  Chrl9 0.214 0.209  0.649 12 11.7  0.018  0.8947
52024628  Chr20 0.513 0.494  0.333 42.2 46.5 2.627  0.1051
rs1028184  Chr2 0.461 0.464 0.9 34.2 39 353  0.0603
52056773 Chr3 0.492 0.473 0.32 39.5 371 0.808  0.3687
rs1479067  Chr5 0.398 0395  0.972 25.9 284  1.099  0.2945
5327747 Chr7 0.374 0.399  0.111 25.8 292 2084  0.1488
1512665321  Chr6 0.239 0234  0.693 14.2 129 0462  0.4969
51566838  Chr9 0.475 0497  0.265 46.5 458 0.081  0.7762
rs12785524  Chrll 0.452 0.483  0.106 39 424 1708  0.1912
15975423 Chr13 0.429 0.464  0.056 35.1 37.8 1134 0.2868
rs914904 Chr13 0.397 0.409  0.462 29.2 282 0179  0.6723
15876287 Chrl4 0.459 0.484  0.182 41.3 409  0.024  0.8765
51582598  Chrl6 0.378 0.394  0.321 275 265 0.164  0.6852
51364198  Chrl6 0.361 0.364  0.908 252 2277 1242 0.2652
15739259 Chr22 0.469 0.469 1 36.1 39 1217 0.27
5169479 Chr21 0.217 0.217 1 13.3 11.5  1.064  0.3024
°Observed Heterozygosity YPredicted Heterozygosity

HWP Hardy Weinberg Equilibrium Probability MAF, Minor allele frequency
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Chapter 3

Candidate polymorphisms in genes

RANTES, CCR5, CCR2 and SDF1.
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3.1 Introduction

Chemokine receptor 5 (CCRD5) is expressed by T cells and macrophages. CCR5 is a receptor for
macrophage inflammatory protein 1 (MIP-1) and regulated upon activation, normal T cell
expressed and secreted (RANTES) which play an important role in the inflammatory response
[137, 226]. CCR5 is a key entry point for human immuno-deficiency virus (HIV) into
macrophages. It is a major co-receptor for the most commonly transmitted strains of HIV-1
[156] and this has been widely investigated. Toossi ¢t a/ found that, in HIV patients, exposure to
Mycobacterium  tuberculosis (M. tuberculosis) in vivo may upregulate the expression of CCR5 on
mononuclear cells [350]. As uninfected mononuclear cells are recruited to sites of active M.
tubercnlosis infection and exposed to M. tubercnlosis, expression of CCR5 may be maintained at high
levels allowing transmission of HIV-1 to these newly arrived cells [350]. There is evidence that an
increased number of CCR5-positive monocytes accumulate in the lungs of tuberculosis patients
[95]. There is increased expression of CCR5 on CD4+ T cells in response to tuberculosis
infection, when whole blood is incubated with the M. fuberculosis cell wall component LAM [95,
145]. The mechanism by which CCR5 expression is increased in 7 vitro infection with low doses
of M. tuberculosis and in active tuberculosis is still unknown [95]. However, CCR5 knockout mice
were capable of recruiting immune cells to the lung to form granulomas and successfully induced
a Thl response and controlled M. tuberculosis infection [7]. Although several reports show the
importance of CCR5 in attracting Th1 cells to sites of inflammation [179], the mechanistic basis
for this effect is not clear. Granuloma formation and the immune response are regulated by host
and mycobacterial factors, of which one is mycobacterial heat shock protein 70 (myHsp-70),
which stimulates dendritic cells to release pro-inflammatory mediators. Recently CCR5 has been

identified as the crucial receptor for myHsp-70 mediated dendritic cell stimulation [93].

CCRS5 has two functional promoters, with the downstream promoter stronger in monocytic and
lymphocytic cell lines, as well as in CD4+ T cells [226]. The downstream promoter is responsible
for the majority of transcriptional activity in activated cells and contains several potential
transcription factor binding sites, including those for TFIID, AP-1, NF«xB, CD28RC and STAT
[57, 226]. Polymorphisms in the CCRJ5 regulatory region result in changes in the level of CCRS
gene transcription and mRNA expression. The structure and hypothesised function of CCR5 has
been reviewed [224, 226].

The CCR5 A59029G (also known as -2459G [137], rs1799987) single nucleotide polymorphism
(SNP) is in the promoter of the ¢s-regulatory region of the CCR5 gene [114]. The CCR5-59029G
polymorphism results in decreased expression of CCR5 on the cell wall and therefore fewer
potential entry points for HIV into the cell. The wildtype ‘AA’ genotype has higher promoter
activity [48, 200] leading to increased expression of CCR5 on the cell wall. The ‘G’ allele has a
marked effect on delaying HIV disease progression (up to a couple of years) [57, 200]. Although
this association is not always found [85], this protective effect is independent of any protection
conferred by CCR2-641 and CCR5A32 in relation to HIV infection [206]. The mutation
CCR5A32 (rs333) is a 32 base pair (bp) deletion in the ORF in exon 4 of the CCR5 gene,
resulting in the expression of a truncated protein [179, 297]. Homozygosity for the CCR5A32 is
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associated with resistance to HIV-1 infection and heterozygosity with decreased HIV-1 disease
progression to AIDS [179, 297].

Chemokine receptor 2 (CCR2) is a receptor for monocyte chemo-attractant protein-1 (MCP-1)
which is involved in the inflammatory response. MCP-1, a 8 chemokine, is upregulated by M.
tuberenlosis infection in macrophages [298, 350]. The CCR2-641 (rs1799864) [155, 206] promoter
polymorphism is a ‘G’ to ‘A’ bp change leading to a conservative substitution, valine to
isoleucine, in the first transmembrane domain [206], which has been found to have an effect on
HIV-1 disease progression [11, 85, 210], but not transmission [210]. The mechanism of action of
this polymorphism is unknown [167] but it may modulate CCR5 expression by binding to CCR5
in the cytoplasm [206]. A statistically significant decrease in the frequency of this polymorphism
was seen between HIV seropositive and HIV seronegative controls in a study on the same ethnic

group (SAC) [253].

The Stromal Derived Factor (§DFT7) on chromosome 10, also known as pre-B cell growth
stimulating factor (CXCL72), is a powerful chemo-attractant cytokine and is a CXCR4 ligand
gene variant [394]. There is increasing evidence for SDF1 being involved in inflammatory
diseases [173]. A single bp change, ‘G’ to ‘A’, occurs at position 801 in the 3’ untranslated region,
SDF7 3’A (rs1801157). This polymorphism is represented by the SDF1{ transcript but not the
SDF1a transcript [394]. The SDF7 3’ heterozygote has been shown to have a protective effect on
HIV infection in high risk individuals [394], where the frequency of SDF7 3’A homozygotes was
low but had a strong protective effect against HIV progression in a large multi-centre study [394].

RANTES, also known as CCL5 and SCYAS5, recruits several types of inflaimmatory cells
including eosinophils, monocytes and T lymphocytes to sites of inflaimmation. It is a ligand for
CCR1, CCR3, and CCR5. RANTES also induces monocyte haptotaxis (directed cell migration)
[389], activation and proliferation of macrophages and T-cells and is found to have a significant
role in granuloma formation [54, 294]. Mice deficient in RANTES have impaired monocyte and
T-cell recruitment to sites of inflammation [191]. In particular, in the absence of the HIV
protective CCR5A32 polymorphism, the RANTES promoter polymorphisms -403 and -28
altered HIV transmission and progression [115, 176, 205].

RANTES is located on chromosome 17 in the chemokine cluster, a region which has been
shown to contribute to susceptibility to tuberculosis and leprosy in Brazilians [141] and has been
associated with tuberculosis to a greater extent in the last few years. In tuberculosis patients, an
increased level of RANTES has been found in bronchoalveolar lavage fluid and in lung alveoli
during active pulmonary tuberculosis [162, 294]. The same study showed that M. zuberculosis
infection of monocytes and alveolar macrophages stimulated release but not production of
RANTES [294]. The recruitment of cells is vital for granuloma formation and containment of the
infection. RANTES recruited infected macrophages more effectively than uninfected
macrophages, but failed to exert direct antibacterial activity [327]. RANTES efficiently recruited
M. tuberculosis infected macrophages to CD8+ T cells but failed to exert direct antibacterial
activity [327], although a previous report showed that RANTES and MIP-18 suppressed
intracellular growth of M. fuberculosis by two- to three-fold [298]. The chemokine RANTES plays
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a significant role in inducing activation and proliferation of macrophages and T cells as well as

lymphocytes and monocytes, which are essential for granuloma formation [294].

The RANTES -403A/G (rs2107538), -109T/C (rs1800825), and -28C/G (rs2280788) are
promoter polymorphisms and the +1092 polymorphism (rs1065341) is found in the 3’
untranslated region of the gene. The -403A variation has been shown to have 8-fold increased
expression of RANTES [237]. The polymorphism creates a new consensus element for the
GATA transcription family. This suggests a role in regulation of gene expression. The

recruitment of cells is vital for granuloma formation and containment of the infection.

Because of the role of chemokines and their receptors in the immune and inflammatory response
[63], we hypothesized that the RANTES, CCR5, CCR2 and SDF7 polymorphisms might be

associated with tuberculosis susceptibility.

3.2 Results

3.2.1 Testing for an association with tuberculosis

The genotypes for all polymorphisms investigated in a South African Coloured (SAC) cohort
showed no departure from Hardy Weinberg equilibrium. The CCR5A32 polymorphism was at
too low a frequency (2%) in our population to provide enough power to draw any conclusions
about an association with tuberculosis (Table 3.1). Only one tuberculosis case in the 331 samples
tested was a homozygote for the deletion. Because of the low frequency of the deletion in this
population, further analysis with a very large sample set would be required to determine whether
there is an association with tuberculosis. With 80% power to detect an odds ratio of 1.86, it is
unlikely that there is an association with the CCR5-59029 polymorphism and tuberculosis in our
population (Table 3.1). The CCR5-59029A allele has a frequency of 0.47 in the control group.
Results were submitted to NCBI (ss35528975). No association was found between the CCR2-641
polymorphism (frequency of the ‘G’ allele = 0.12) and tuberculosis (Table 3.1), SNP results were
submitted to NCBI (ss37042809). There is no statistical difference between cases and controls
with respect to SDF7 3’A (frequency of the A allele = 0.07) and tuberculosis.

In our study population, only the wild type RANTES -109 ‘T'T” and -28 ‘CC’ were found after
testing 30 and 63 individuals, respectively. Therefore the frequency of these polymorphisms was
too low to have statistical power for the number of samples available. The RANTES +1092
UTR polymorphism, genotyped in over 280 samples was not found to be associated with
tuberculosis susceptibility in this population.

35



Stellenbosch University http://scholar.sun.ac.za

Table 3.1: Case-control analysis of polymorphisms in RANTES, CCR5, CCR2, and SDF7 and
tuberculosis in the SAC population. A: Genotype frequencies. B: Allele frequencies.

A: Genotype frequencies (%)
Allele Cases Controls p value
(Chi

Polymorphism 1 2 n 11 12 22 n 1 12 22 square)
RANTES -403A A G (n=433) 30 45 25 (n=401) 245 499 2506 0.12
RANTES +1092  C T (n=163) 45 40 15 (n=119) 45 42 13 0.87
CCR5-59029 A G (n=185) 19 51 29 n=179) 19 57 24 0.48
CCR5A32 wt  del n=158) 94 5 1 (n=173) 97 3 0 0.44
CCR2-641 G A (n=146) 82 16 2 (n=160) 78 21 2 0.04
SDF13'A A G (n=151) <1 13 87 (n=150) 1 13 86 0.98

B: Allele frequencies (%)

Allele Cases Controls P value
(Fishers

Polymorphism 1 2 n 1 2 n 1 2 Exact)

RANTES -403A A G (n=433) 53 47 (n=461) 49 51 0.13

RANTES +1092 C T (n=163) 65 35 n=119) 066 34 0.79
CCR5-59029 A G (n=185) 45 55 n=179) 47 53 0.55

CCR5A32 wt  del (n=158) 97 3 (n=173) 98 2 0.31

CCR2-641 G A (n=146) 90 10 (n=160) 88 12 0.52

SDF1 3'A A G n=151) 7 93 (n=150) 7 93 0.88

After genotyping over 600 samples, a weak association was found with the RANTES -403 AA
genotype, which was more frequent in cases and was significantly associated with risk of
developing tuberculosis (p=0.026) (Table 3.2). With this sample set we did have 80% power to
detect an odds ratio (OR) of 1.62. The RANTES -403 genotype containing a ‘G’ allele was found
to be protective against developing tuberculosis (p=0.0122) with an OR of 1.622 (95% CI of
1.113 to 2.365). To ensure that this was a true association, an additional set of 281 samples were
genotyped, namely 212 controls and 69 cases from the same population. This gave a final total of
461 controls and 407 cases, which had 80% power to detect an OR of 1.47. However, the
association was lost as it went from p=0.026 to p=0.134 with the testing of additional samples
(Table 3.1).
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Table 3.2: Genotyping of RANTES -403 in the initial 613 samples of the SAC cohort.

Controls Cases P value*,*
Genotype n % n %
AA 53 21 111 30
AG 136 55 165 45
GG 60 24 88 24 0.0262
249 364
Allele
A 24249 387 53
G 256 51 341 47 0.1304
Total 498 728

*Genotype associations were analyzed using Chi Square.
A Allele associations were analyzed by a Fisher exact Test.

Within the 461 tuberculosis cases genotyped, 48 were tuberculous meningitis (TBM) patients.
Analysis of these cases on their own showed no association between susceptibility to TBM and
the RANTES -403 polymorphism (Table 3.3). We had 80% power to detect an OR of 2.45 with
a 95% CI.

Table 3.3: Genotyping of RANTES -403 in TBM patients in the SAC cohort.

Controls TBM P value*
Genotype n % n %
AA 113 24.5 18 375
AG 230 49.9 22 458
GG 118 25.6 8 16.7 0.11
Total 461 48

* Chi-square analysis was done

The polymorphisms CCR5-59029 and CCR2-641 were found to have a linkage disequilibrium
(LD) of D’=0.825, 12=0.09 in this population. The frequency of the CCR5A32 (2%) was too low
to calculate LD. There was strong LD between RANTES -403 and RANTES +1092 with
D’=0.972 and 12=0.469.

CCR2 and CCR5 genes are separated by 19 kb on chromosome 3, therefore haplotype analysis
was done between the polymorphisms investigated in these two genes [67]. The effects of CCR2
and CCR5 polymorphisms have been found to be additive in HIV cohorts [394]. There is
increasing evidence that the haplotypes formed between CCRZ2 and CCR5 are important for
susceptibility to disease. CCR5 haplotype diversity has been found to be highest in Africans, and
only a subset of these haplotypes were found in non-African populations [114]. As the
haplotypes were inferred we also looked at manually constructed diplotypes. No significant
difference in haplotype or diplotype frequencies was found between case and controls (p=0.59)
(Table 3.4 and 3.5).
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Table 3.4: Haplotype frequencies inferred by the programs Phase and Haploview for the CCR5
and CCR2 gene polymorphisms CCR5-59029, CCR5A32 and CCR2-641 in tuberculosis cases and
healthy controls from the SAC population.

Al Tuberculosis Controls
(n=459) Cases (n=241)
CCR5A32, CCR5-59029, CCR2-641 (n=218)

wt/G/G 0.530 0.539 0.518
wt/A/G 0.336 0.327 0.345
wt/A/A 0.103 0.096 0.108
A32/A/G 0.022 0.028 0.018
wt/G/A 0.011 0.010 0.011
A32/A/A <0.01 0.000 <0.001
A32/G/G <0.01 <0.001 <0.001

Global p value =0.59

Table 3.5: Diplotypes of the CCR5-59029, CCR5A32 and CCR2-641 gene in tuberculosis cases
and healthy controls from the SAC population.

Tuberculosis freq freq
CCR5A32, CCR5-59029, CCRZ2-641 Cases Controls
hetero/AA/GG 0 0 2 0.03
wt/AA/GA 2 0.03 3 0.04
wt/AA/AA 1 0.01 2 0.03
homo/AA/GG 1 0.01 0 0
wt/AA/GG 8 0.1 10 0.13
hetero/AG/GG 4 0.05 2 0.03
wt/AG/GA 9 0.11 8 0.1
wt/AG/GG 28 0.35 35 0.44
wt/GG/GA 1 0.01 1 0.01
wt/GG/GG 25 0.32 17 0.21

Global p value =0.6604

No association was found between the RANTES haplotypes or diplotypes and tuberculosis
susceptibility (Table 3.6 and 3.7). No RANTES -403G/ +1092T haplotype was identified in this
population. The RANTES -403 AA/+1092 CT haplotype is more frequent in cases than
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controls, but not significantly. With the use of GAIA [188] no interactions were observed
between the various polymorphisms.

Table 3.6: Haplotypes inferred by Phase and Haploview for the RANTES gene polymorphisms -
403 and +1092 in tuberculosis cases and controls from the SAC population.

RANTES -403, +1092 All (n=637) Tuberculosis Cases Controls (n=257)

(n=389)

A/C 0.180 0.172 0.183
A/T 0.338 0.330 0.342
G/C 0.477 0.490 0.468

Global p value = 0.28

Table 3.7: Diplotypes of the RANTES gene polymorphisms -403 and +1092 in tuberculosis

cases and healthy controls from the SAC population.

Tuberculosis
RANTES -403, +1092 Cases Freq Controls Freq
AA/ CC 4 0.03 5 0.05
AA/ CT 17 0.12 4 0.04
AA/TT 22 0.15 14 0.13
AG/ CC 27 0.19 22 0.20
AG/ CT 40 0.28 39 0.35
GG/ CC 33 0.23 25 0.23
GG/ CT 0 0.00 2 0.02

Chi square p value = 0.2130

3.3 Discussion

Susceptibility to tuberculosis was investigated by means of a case-control study in a SAC
population, to determine whether there is an association with polymorphisms in the genes
RANTES, CCR5, CCR2 and SDF7. All these genes are important in the inflaimmatory response
and have been found to be associated with susceptibility and progression of a number of
diseases, primarily HIV. We found no statistically significant associations between tuberculosis
susceptibility in the SAC population and the chemokine RANTES -403 promoter polymorphism,
or with the polymorphisms CCR5-59029, CCR2-641 and SDF7 3’A. The CCR5A32 and
RANTES -109, -28, +1092 polymorphisms were all at too low a frequency in this population for
meaningful analysis. We determined the frequencies of these polymorphisms that are known to
influence HIV susceptibility and disease progression in this South African population, which has
a relatively low prevalence of HIV at present [252, 253].
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As stated above, the polymorphisms CCR5-59029, CCR2-641 and SDF7 3’A were not associated
with tuberculosis in the SAC population. Both CCR5-59029 AA and CCR2-641 are promoter
polymorphisms which increase expression of their respective genes. With the CCR5-59029 G
polymorphism there is decreased expression of CCR5 on the cell wall and therefore fewer entry
points for HIV into the cell. These mechanisms do not appear to be important in tuberculosis
disease. The CCR5A32, RANTES -109, -28 and +1092 polymorphisms were at low frequencies
in this population.

The CCR5A32 mutation appears to have an European origin with a heterozygote frequency of
about 20% in Caucasians [48, 95, 179]. It is rare to almost absent in African and some Asian
populations [297], and was not found in the San population of Southern Africa [67]. This
deletion appeared to have been subjected to positive selection pressure in the European
population and recent speculation on the causative agent has included bubonic plague, smallpox
and hemorrhagic fever [67, 102].. However Sabeti ¢ o/ (2005) found no evidence for selection of
CCR5A32 and concluded that neutral evolution could be responsible for the frequencies seen in
today’s populations [293]. Homozygosity for the 32 bp deletion confers resistance against HIV
infection and heterozygosity is associated with decreased HIV disease progression to AIDS [68,
179, 209, 297].

The 2% allele frequency of CCR5A32 found in the SAC population is probably due to admixture
with the European population, which is also hypothesised to be the origin of the 2% frequency
seen in African American populations [48, 156] (Table 3.8).

Table 3.8: Allele frequencies of the polymorphisms CCR5-59029, CCR5A32, SDF7T 3’A, CCR2-
641, RANTES -403 and +1092 in the literature and the SAC controls (in bold).

SA US SA African US Hispanic SAC
Caucasian  Caucasian Black American
CCR5 50029 (A) 0.53 10 046 b1 aLom
rs1799987 0.51 0.44 167 0.48 0.56 167 0o 006 0.48
0.57 [200] 0.43 [200] ’
CCR5A32 rs333 0.09 13921 0.10 1481 R 0.02 [48,67,156 (.02 [156] 0.03 1127)
0.09 17 0.06 [156] ’ 0.03 167 0.02
SDF1 3A
0.19 B10], 0.077 B0, 0.16 B2,
rs1801157 021t o 001 ol Gl 007
CCR2 641 0.07 1392] 0.13 13921 0.12
£51799864 0.10 253 0.09 B2 0q7@sn  0-16P0 0.13 B1% 017 1253
RANTES -403A
52107538 - 0.19 - 0.48 0.24 0.51
RANTES
+1092T - 0.06 - 0.32 0.05 0.34
rs1065341
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An association between susceptibility to tuberculosis and the RANTES -403 polymorphism was
initially found in our South African cohort, with the AA genotype being more frequent in cases
than controls, but this did not hold up to validation. It was initially characterised by the AA
genotype being more frequent in tuberculosis cases than controls. However when additional
samples were genotyped, the significant difference between cases and controls was lost. This is an
indication of the importance of replicating association studies, as they might not be true
associations. The initial p value in this study was not strong (p=0.03) and after multiple testing
correction using Bonferroni, the association would have been lost. No association was found
with TBM and the RANTES -403 polymorphisms either.

Haplotypes were inferred for CCR5-59029, CCR5A32 and CCR2-641 polymorphisms but no
significant associations were found with any specific haplotype. However a larger percentage of
cases had the RANTES -403 AA/ +1092 CT diplotype compared to controls (Table 3.7) but this
was not significant.

Previous studies have shown that the RANTES -403A allele is in strong LD with the
RANTES -28G polymorphism and the haplotype A/G is associated with increased production
of RANTES [176, 237]. Therefore it has been predicted that the RANTES -403A allele would be
associated with increased production of the chemokine [237]. It is observed that the AA

genotype is a risk factor, and the G allele-containing genotypes are protective.

A study by Stegelmann e 2/ [327] has shown that RANTES is important in the adaptive immune
response for M. tuberculosis infection and that previous exposure is important for macrophages to
trigger RANTES expression in CD8+ T cells. BCG vaccination is widespread in the population
studied here and there is a tremendous infection pressure in this community [372] so the
probability that controls have been exposed to M. tuberculosis is extremely high. In a randomised
survey within our study community, of 2401 adults analysed 76% had a positive TST result |71,
393]. In this community the adaptive immune response is more than likely activated, so CD8+ T
cells will express RANTES.

Although there has been a fair amount of speculation on the similarities of pathogen entry into
the cells in HIV and tuberculosis, it would appear from these results that the method of
pathogenesis is sufficiently different that SNPs in RANTES, CCR2, CCR5 and SDF7, that have
an effect on HIV infection and/or progression to disease, do not affect the development of

tuberculosis disease.
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Chapter 4

Re-sequencing of the DC-SIGN (CD209)
gene and genotyping of polymorphisms,
including a length variation and a L-SIGN

length variation.

These results were published:

Barreiro LB, Neyrolles O, Babb CL, Tailleux L, Quach H, McElreavey K, Helden PD, Hoal EG,
Gicquel B, Quintana-Murci L (2006) Promoter Variation in the DC-SIGN Encoding Gene
CD209 Is Associated with Tuberculosis.

PLoS Medicine 3:¢20

Barreiro LB, Neyrolles O, Babb CL, van Helden PD, Gicquel B, Hoal EG, Quintana-Murci L
(2007) Length Variation of DC-SIGN and L-SIGN Neck-Region has no Impact on Tuberculosis
Susceptibility.

Human Immunology 68:106-12
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4.1 Introduction

Phagocytic cells express a range of cellular receptors, known as pattern recognition receptors
(PRR), involved in sensing micro-organisms [142]. One of the ways macrophages and dendritic
cells (DC) perform their function in the innate immune system is through PRR. DCs bear a range
of PRR, such as C-type lectins and Toll-like receptors, involved both in recognition of conserved
microbial molecules and in the induction of adaptive immunity [142, 208, 341]. In particular, C-
type lectins detect pathogens by their characteristic carbohydrate structures and internalise them
for further antigen processing and presentation [207]. PRR bind to conserved microbial ligands,
promoting phagocytosis and antigen presentation, and trigger intracellular signalling and cytokine
secretion [264]. The quality of this initial pathogen recognition can have important consequences
for both the outcome of infection and the pathogenesis of infectious disease. Two particular PRR
of the C-type lectin receptor family, dendritic cell-specific intercellular adhesion molecule
(ICAM)-3 grabbing nonintegrin (DC-SIGN, encoded by CDZ209) and dendritic cell-specific
ICAM-3 grabbing nonintegrin related (I-SIGN, also known as DC-SIGNRK) have recently been
the focus of considerable attention [65, 107, 108, 257, 319]. These two lectins, are encoded by
two genes located on chromosome 19p13.2-3 within a ~26 kb segment [25, 318].

DC-SIGN is specifically, though not exclusively, expressed on DCs and functions both as a cell
adhesion receptor and as a PRR [321]. As an adhesion receptor, it plays an important role in
many DC functions, such as DC-T cell interaction and DC migration [106, 107]. Besides its
cellular recognition role, DC-SIGN serves as pathogen uptake receptor and mediates interactions
with a plethora of pathogens other than M. fuberculosis [108]. Indeed, it has been shown that
DC-SIGN allows DCs to capture other bacteria such as Helicobacter pylori and certain Klebsiella
pneumonia strains, but also viruses such as HIV-1, Ebola, cytomegalovirus, hepatitis C virus
(HCV), dengue, and severe acute respiratory syndrome coronavirus (SARS-coV), and parasites
like Lezshmania pifanoi and Schistosoma mansoni [8, 12, 30, 60, 105, 118, 185, 203, 340, 366]. In
addition, recent data suggest that DC-SIGN may mediate intracellular signalling events leading to
cytokine secretion and, on this basis, it has been proposed that the lectin could be used by
pathogens, including M. #uberculosis, as part of an immune evasion strategy to their own advantage
[109, 336].

Interactions between the tubercle bacillus and host phagocytes are crucial for immunity to
mycobacteria and for tuberculosis pathogenesis [149]. DC-SIGN has been shown to be an
important M. tubercnlosis receptor on the surface of human monocyte derived DCs [109, 338],
and, more recently, it has been shown that L-SIGN can also interact with the tubercle bacillus
[154]. Both DC-SIGN and L-SIGN binding to M. fuberculosis is mediated by the mycobacterial
cell-wall component mannosylated lipoarabinomannan (ManlLAM) [365, 366] but does not bind
to AralLAM, which is effectively LAM without the mannose cap [189]. This is intriguing because
AralLAM is abundant in fast-growing atypical, avirulent mycobacteria, such as M. smegmatis and M.
Sfortuitum whereas ManLLAM is abundant in slow-growing virulent mycobacteria such as M.
tubercnlosis and M. Jeprae [109, 338, 366]. Pathogens that interact with DC-SIGN appear to have
the features of being able to cause chronic infections that can last a lifetime. There is evidence
that they manipulate the Thl versus the Th2 cell balance which is central to their persistence
[366].
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DC-SIGN and L-SIGN exhibit high nucleotide (73%) and amino-acid (77%) identity, and
identical exon-intron organization [318]. An additional characteristic of both lectins is the
presence of a neck region, made up of primarily 7 highly conserved 23 amino-acid repeats, that
separates the carbohydrate recognition domain (CRD) involved in pathogen binding from the
transmembrane region. With regard to expression profiles, DC-SIGN is expressed mainly on
endocytic cells, such as DCs and macrophages, whereas L-SIGN is expressed on endothelial cells
in liver and lymph nodes, and in cells lining placental capillaries [24, 320, 321]. DC-SIGN and
L-SIGN share the ability to bind high—mannose oligosaccharides through their CRD.

The extent to which the length of the neck region of both DC-SIGN and L-SIGN might have an
impact on the host susceptibility to tuberculosis is unclear at present. This tandem-repeat region,
which shows a varying degree of length polymorphism [25, 227], is involved in assembling both
lectins into a tetrameric protein conformation on the cell surface, and the length of this region
can critically influence the pathogen-binding properties of the CRD of these proteins [87, 117,
316]. At the population level, the length of the DC-SIGN neck region is highly conserved (mainly
7 repeats), whereas the L-SIGN neck region exhibits an extraordinarily high level of
heterozygosity [20]. Furthermore, several studies suggest that the number of DC-SIGN and/or
L-SIGN repeat units can contribute to the risk of HIV-1 [175, 177] and SARS infections [51], as
well as to HCV replication efficacy [231].

Considering the ability of both DC-SIGN and L-SIGN to bind M. fuberculosis, the fact that neck-
region length-variation may determine the ligand-binding capacities of these lectins and the
observation that variation in these regions is associated with a number of infectious diseases, we
hypothesized that variations in the DC-SIGN and I-SIGN neck regions might affect individual
susceptibility to tuberculosis. To test this hypothesis, we explored the CD209 promoter region
and the relationship between the DC-SIGN and L-SIGN tandem repeat variation in the neck

region and susceptibility to tuberculosis.

4.2 Results

4.2.1 DC-SIGN gene variation and susceptibility to tuberculosis

The CD209 gene was sequenced in over 20 random South African Coloured (SAC) samples. L.
Barreiro (Pasteur Institute) conducted the analysis of these results in collaboration with ourselves
and determined which single nucleotide polymorphisms (SNP) were possibly tagSNPs. In total,
eight haplotype-tagging SNPs were genotyped in all samples. Two variants located in the CD209
promoter region (-871 A/G and -336 A/G) exhibited a frequency distribution significantly
distorted between tuberculosis patients and controls, as indicated by a Chi-square (y”) test (Table
4.1).
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Table 4.1: DC-SIGN genotype distributions in patients with tuberculosis and in healthy

controls.
Genotypes frequencies (%)
Controls
Cases (N=351) (N=360) Cases vs. Controlst
heSNP* 1 2 11 12 22 11 12 22 p OR
939 G A 521 39 88 453 469 7.8 0.07 0.76 (0.57-1.02)
871 A G 832 157 1.1 728 26.1 1.1 8.2x10*  1.85 (1.29-2.66)
336 A G 293 504 202 38.1 433 18,6 0.01 1.48 (1.08-2.02)
139 A G 83 376 541 7.2 431 49.7 0.24 0.84 (0.62-1.13)
2392 G A 9.6 34 0 95 47 03 0.29 0.67 (0.32-1.42)
3220 T C 746 234 2 758 228 1.4 0.71 1.07 (0.76-1.50)
3838 A C 80.1 179 2 847 144 0.8 0.1 1.38 (0.94-2.04)
4235 G C 516 41 74 572 378 5 0.13 1.26 (0.94-1.69)

* All htSNPs (haplotype tagging SNPs) were in Hardy Weinberg (HW) equilibrium
T The Homozygotes for the most frequent allele were compared with the sum of the homozygotes

and heterozygotes for the rare allele

For the -871 variant, genotypes GG and GA were less frequently observed in cases (16.8%)
compared to the control group (27.2%) (p = 8.2 x 10). For the -336 variant, genotypes GG and
GA were more frequent in cases (70.6%) than in controls (61.9%) (p = 0.01). These observations
suggest that the alleles -871A (odds ratio (OR): 1.85; 95% confidence interval (CI): 1.29-2.66)
and -336G (OR: 1.48; 95% CI: 1.08-2.02) increase the risk of developing tuberculosis in our

cohort.

At the haplotype level (Table 4.2), a y° test showed that the global distribution of haplotype
frequencies was significantly different between cases and controls (p=1.2x107). One haplotype
(H3) was found to be the haplotype responsible for most of the distorted frequency distribution
(Table 4.2). This haplotype, which contains both -871G and -330A, was found to be strongly
associated with the control group (p21.6x10’3; OR: 1.7; 95% CI: 1.22— 2.38). The associations
with this haplotype, and with the -871 SNP, remained highly significant (p = 1.3 x 10” and 6.6 x
107 respectively), even after the conservative Bonferroni correction for multiple testing. Figure
4.1 shows the linkage disequilibrium (LD) plot of the eight SNPs genotyped in the CD209
promoter region. Block 1 contains the -871 and -336 SNPs. Permutation tests were done in
Haploview, which also found block 1 -871G/-336A haplotype to be associated with tuberculosis
(p=0.0022).
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Table 4.2: DC-SIGN Haplotype distribution in patients with tuberculosis and in healthy controls.

Haplotype frequencies (%) Cases vs. Controls§

Haplotypet Cases Controls P OR

H1-AAAGGTCG 10 6.2 0.01 1.70 (1.15-2.52)
H2-AAAGGTAG 7.6 9.3 0.25 0.80 (0.55-1.16)
H3-AGAGGTAG 8.9 14.2 1.6x10-3 1.70 (1.22-2.38)
H4-GAAAGTAG 26 27.9 0.41 0.91 (0.72-1.15)
H5-GAGGGTAG 17.3 15 0.25 1.17 (0.88-1.55)
H6-GAGGGTAC 12.2 8.5 0.02 1.49 (1.05-2.11)
H7-GAGGATAC 1.7 2.2 0.44 0.77 (0.36-1.63)
H8-GAGGGCAC 12.8 11.2 0.35 1.16 (0.84-1.60)

F Haplotypes with frequency greater than 1%. The alleles are ordered from SNP-939 until SNP4235

§ The frequency of each haplotype in cases and controls was compared with the sum of all the others

Figure 4.1: Linkage Disequilibrium plot for the eight polymorphisms genotyped in DC-SIGN
gene of the cases and controls.

3838
4235

To correct for potential stratification, we divided the y” values obtained for our candidate gene
CD209 by the level of stratification detected in this population sample set (1.25) (Chapter 2)
[272]. Even after such a conservative correction, the associations observed with -336 and -871 as
well as with H3 remained significant (CD209-336 p = 2.8 x 10% CD209 -871 p = 2.7x 107; H3
p = 4.8 x 10”). These observations therefore support the idea that the -871G and -336A variants

are indeed genuinely associated with a protective role against tuberculosis.
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4.2.2 Repeat units in neck regions of DC-SIGN and I.-SIGN

The allelic and genotype frequencies of the DC-SIGN and I-SIGN neck-region tandem repeats

in the 351 tuberculosis patients and 360 healthy controls are summarized in Table 4.3 and 4.4,

respectively. When examining the allelic frequencies of repeat units for DC-SIGN and L-SIGN

neck regions, no statistical differences were observed between tuberculosis cases and healthy

controls (Table 4.3).

Table 4.3: DC-SIGN and L-SIGN neck-region allelic frequencies among patients with

tuberculosis and healthy controls.

DC-SIGN L-SIGN
Cases Controls Cases  Controls
Alleles (n=702) (n=720) P OR (95% CI) (n=702) (n=720) p OR (95% CI)
4 0.14 0 049 nc 0.43 0.69 0.5 0.61(0.15-2.58)
5 0.28 0 024 nc 9.40 11.81 0.14  0.78 (0.55-1.09)
6 1.28 0.97 0.58 1.32(0.49-3.57) 28.49 2417 0.06  1.25(0.99-1.59)
7 98.15 98.89 0.25 0.60 (0.25-1.45) 58.40 59.72 0.61  0.95(0.77-1.17)
8 0.14 0.14 1 1.02 (0.06-16.43 0.43 097 022  0.44 (0.11-1.70)
9 - 0 - nc 2.85 2.64 0.81 1.08 (0.57-2.05)

n= Number of chromosomes analyzed

nc= not computable

Table 4.4: DC-SIGN and L-SIGN neck-region genotype frequencies among patients with

tuberculosis and healthy controls.

DC-SIGN L-SIGN
Patients  Controls Patients  Controls
Genotype (n=351) (n=360) p OR (95% CI) (n=351) (n=360) p OR (95% CI)
4/4 0 0 - nc 0 0.28 1.00 nc
5/4 0 0 - nc 0.28 0 1.00 nc
5/5 0 0 - nc 0.57 2.5 0.06 0.22 (0.04-1.04)
6/4 0 0 - nc 0.28 0.56 1.00 0.51 (0.05-5.67)
6/5 0 0 - nc 5.13 5.28 0.93 0.97 (0.50-1.88)
6/6 0 0 - nc 7.12 5.83 0.48 1.24 (0.68-2.206)
7/4 0.28 0 1.00 nc 0.28 0.28 1.00  1.03 (0.06-16.46)
7/5 0.57 0 0.24 nc 12.25 13.33 0.67 0.91 (0.58-1.41)
7/6 2.56 1.94 0.58  1.33 (0.49-3.60) 36.18 29.72 0.07 1.34 (0.98-1.83)
7/7 96.30 97.78 0.24  0.59 (0.24-1.44) 31.34 35.28 0.27 0.84 (0.61-1.14)
8/6 0 0 - nc 0 0.28 1.00 nc
8/7 0.28 0.28 1.00  1.03 (0.06-16.46) 0.85 1.67 0.51 0.51 (0.13-2.05)
9/6 0 0 - nc 1.14 0.83 0.72 1.37 (0.30-6.17)
9/7 0 0 - nc 4.56 3.89 0.66 1.18 (0.57-2.406)
9/9 0 0 - nc 0 0.28 1.00 nc

n= number of individuals

nc= not computable
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In the case of DC-SIGN, the 7-repeat allele was by far the most frequently observed, with a
frequency of more than 98%. As for [.-SIGN, the 7-repeat and the 6-repeat alleles account for
more than 83% of the overall diversity. We next examined whether the frequency distributions of
DC-SIGN or L-SIGN neck-region genotypes were significantly different between cases and
controls. Again, no significant differences were detected between diseased individuals and healthy
controls for either DC-SIGN or L-SIGN. With regard to DC-SIGN, low genotypic variation was
obsetved in accordance with the allelic data. The 7/7 genotype accounted for neatly all genetic
variation (morte than 96%), and genotypes 7/4, 7/5, 7/6, and 7/8 were obsetved at very low
frequencies (Table 4.4). For L-SIGN, the genotypes 7/7 and 7/6 were present at similar
frequencies (30 —36%), followed by 7/5 (~12%), 6/6 (~6%), 6/5 (~5%), and 9/7 (~4%).

4.2.3 Frequency distribution of DC-SIGN -871 and -336 polymorphisms

In order to gain insights into the frequency distribution, these two SNPs, were genotyped in 254
human chromosomes from sub-Saharan Africa, Europe, and East Asia as well as in ecight
chimpanzee chromosomes. Samples from African, Asian and Furopean populations were
provided by L. Quintana-Murci, Pasteur, France. We observed that the -871G and -336A forms,
which we propose offer protection against tuberculosis, corresponded to the derived allele in
humans; we also observed that these forms are present at higher frequencies in Hurasians as
compared to Africans (Table 4.5).

Indeed, the -871G is absent in African populations, whereas it reaches high frequencies (20%—
40%) in European and Asian populations. Given the absence of the haplotypic combination of -
871G and -3306A among sub-Saharan Africans, its presence among SAC suggests that it was
introduced through the historically well known admixture with Europeans and Asians (Chapter
2) [361]. This observation highlights the power of using admixed populations to better
understand historical issues associated with the geographic/ethnic origin of disease-affecting
alleles, provided that their prevalence varies in the ancestors of the admixed population (i.e.,
different frequency of H3 in Africans versus non-Africans; Table 4.5) (Chapter 2). The SAC
population represents a present-day homogeneous population which originated from the variable
admixture of different populations, such as African Khoisan and Bantu-speakers, Malaysians,
Indians, and Europeans (Chapter 2) [242, 361]. Consequently, the SAC population presents a
large degree of genetic diversity, resulting in a high number of alleles or genotype combinations
that can be used in association studies. For example, the L-SIGN genotypes 6/5, 7/5, and 9/7
are observed at relatively high frequencies among the South Africans (providing evidence for the
genetic input received from European and Asian populations), whereas they are rare or even
absent in other sub-Saharan African populations [20]. The presence of these genotypes in the SA
population offers a unique opportunity for testing their association with disease in a single
population, a hypothesis that would be difficult to test in other African populations because these

genotypes are found at a very low frequency, or are even absent.
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Table 4.5: Frequency distribution of the eight CD209 polymorphisms genotyped in the mult-
ethnic panel of 127 individuals (n=254 chromosomes) as well as in the 711 individuals of the
SAC cohort (n=1422 chromosomes)

Population frequencies (%)

African  Asian  European SAC
Polymorphism Variant* (N=84) (IN=86) (N=86) (N=1422)

-939 A 45.1 29.1 54.7 29.8
G 54.9 70.9 45.3 70.2
-871 A 100 79.1 61.6 88.4
G 0 20.9 38.4 11.6
-336 G 37.8 5.8 20.9 42.8
A 62.2 94.2 79.1 57.2
-139 G 87.8 33.7 75.6 72.1
A 12.2 66.3 24.4 27.9
2392 G 100 98.8 91.9 97.8
A 0 1.2 8.1 22
3220 C 14.6 0 0 13.2
T 85.4 100 100 86.8
3838 A 70.7 100 90.7 90.5
C 29.3 0 9.3 9.5
4235 G 76.8 96.5 86 74.1
C 23.2 3.5 14 25.9

*The allele in bold corresponds to the derived allele when compared with

the sequence of the chimpanzee

4.3 Discussion

In the context of tuberculosis, it has been suggested that present-day susceptibility to tuberculosis
is determined by previous history of exposure [243]. There is fairly convincing evidence that
tuberculosis has been endemic in Europe for several hundred years, whereas in Africa it has
probably been rare before contact was initiated with Europeans [66, 325, 326]. It is expected
therefore that M. fuberculosis has exerted stronger selective pressures on European than African
populations [325]. Our results lend support to this hypothesis and suggest that the protective
alleles -871G and -336A increased in frequency in non-African populations as a result of genetic
adaptation to a longer period of tuberculosis exposure. The potential impact of tuberculosis on
the frequency of resistant alleles in European populations has recently been addressed using
epidemiological data and statistical modelling [174]. They sought to evaluate the expected
changes in resistant allele frequencies, during the 300 year period corresponding to the peak
epidemics of tuberculosis in Europe. They concluded that if a given resistant allele was at a low
frequency in the beginning of an epidemic, selection by M. tuberculosis alone would increase the
frequency of this allele, but not significantly. In this context, since DC-SIGN is known to interact
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with a vast range of pathogens, it is indeed likely that the increased frequencies observed today
for both -871G and -336A in non-African populations (specially for -871G which is absent in
sub-Saharan Africans) may have been driven, not only by the selective pressures imposed by M.
tuberenlosis, but also by other infectious agents. Indeed, two independent studies have reported a
genetic association between the -336A variant and protection against parental HIV infection
[200] and severity of dengue pathogenesis [295]. Although HIV infection, for example, is too
recent to have left any signature of selection on CD209, these observations emphasize the

possible action of other pathogens in shaping the patterns of variability of this gene.

From a functional point of view, the -336A allele has been shown to affect an Sp1-like binding
site and to modulate transcriptional activity 7z zitro by increasing the levels of expression of
DC-SIGN [295]. In the context of tuberculosis, increased DC-SIGN expression levels by DCs
may result in better capture and processing of mycobacterial antigens, leading to a stronger and
wider T-cell response. In addition, it has recently been shown that DC-SIGN expression is
markedly induced in alveolar macrophages in active tuberculosis patients and that M. tuberculosis is
preferentially phagocytosed by DC-SIGN-expressing macrophages in these individuals [337, 338].
Thus, the higher prevalence observed among healthy individuals of the -336A variant, which is
associated with increased DC-SIGN expression, may underlie an increased efficiency of host
phagocytes, such as DCs and macrophages, to control the infection. In addition to the -336A
variant, our genetic data showed a strong association of the -871G allele with healthy controls,
suggesting also a functional consequence of this variant that, either alone or in combination with
-336A, remains to be defined.

The results also indicate that the number of repeats of the DC-SIGN and I-SIGN neck regions
does not seem to influence the host susceptibility to develop tuberculosis. In the case of
DC-SIGN, our results are in agreement with a case-control study in a cohort of north-western
Colombian origin [113]. In this report, the authors analyzed DC-SIGN neck-region variation in a
cohort of 110 tuberculosis patients and 299 matched controls, and observed no statistical
differences between the two study groups. Thus, both studies support the notion that length
variation of the DC-SIGN neck region does not influence the host susceptibility to develop

tuberculosis.

In the context of other infectious diseases, the only positive association published so far between
DC-SIGN neck-region variation and susceptibility to infectious disease is restricted to HIV-1
infection [177]. In this study, they observed an excess of heterozygous individuals for DC-SIGN
tandem-repeats (repeat deletion 7/6) in a group of repeatedly exposed seronegative individuals,
compared HIV-1 seronegative and HIV-1 seropositive individuals. These observations were
interpreted to imply that heterozygosity in the DC-SIGN neck region can be associated with
reduced susceptibility to HIV-1 infection [177]. At the level of the general population, it is of
interest that the DC-SIGN neck region exhibits a very low level of the polymorphism [20, 24].
The entite Human Genome Diversity Panel (CEPH panel), which is composed of more than
1,000 control individuals from 52 different ethnic groups, was recently screened for repeat
variation in the neck regions of both DC-SIGN and I.-SIGN [20]. For DC-SIGN, it was observed
that the 7-repeat allele accounts for nearly all genetic variation (~99%), and that the other alleles,

which range from 2-10 repeats, are present at very low frequencies. In addition, the levels of
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sequence variation in the entire DC-SIGIN coding-region, particularly of those that affect amino-
acid identity, were found to be extremely low [20]. The low levels of genetic variation observed in
the DC-SIGN coding region are also reflected in the context of disease association studies.
Indeed, the different associations published so far between DC-SIGN genetic variation and
susceptibility to infectious disease always involve polymorphisms in the DC-SIGN promoter
region, and not polymorphisms in the coding region [200, 295]. We have now also shown this
with the -336 and -871 promoter region SNPs [21]. The genetic variation in DC-SIGN has been
associated with protection against parental HIV-1 infection [200] and with the severity of dengue
pathogenesis [295] and involves polymorphisms (i.e. -336A/G) restricted to the DC-SIGN
promoter region. Taken together, all these studies support the view that it is the variation in the
amount of DC-SIGN protein being produced that can influence infectious disease susceptibility,

and not differences in the DC-SIGN protein itself or variation in its neck region.

This study presents the first investigation of the role of L-SIGN neck-region variation in
susceptibility to tuberculosis. A number of studies have already explored possible correlations
between [-SIGN neck-region variation and susceptibility to other infectious diseases [51, 171,
175, 231]. For example, the L-SIGN tandem-tepeat 7/5 genotype has been associated with an
increased protection against HIV-1 infection in high risk individuals [175]. However, this
association remains controversial because a previous study failed to detect such an association
[171]. In the context of HCV infection, a study comparing the frequency distribution of L-SIGN
neck-region polymorphisms in a group of infected patients versus non-infected individuals failed
to demonstrate any statistical difference between the two groups [231]. However, the same
authors did observe an association between neck-region polymorphisms and individual HCV
viral loads, and suggested that length variation in the I-SIGN neck region affects HCV
replication efficacy. Finally, a study focusing on susceptibility to SARS infection has shown that
individuals who are homozygous for L-SIGN neck region repeats are better protected against
SARS infection [51]. Our results however, clearly indicate that the L-SIGN neck-region
allele/genotype frequencies are not statistically different between tuberculosis patients and
healthy controls in our cohort. However because of the low frequency of this polymorphism in
our population, we cannot conclusively exclude this length variation in the L-SIGN neck region

as a factor influencing tuberculosis susceptibility. A larger cohort would be required to confirm

this.

In summary, the results show that the length of the neck regions of both DC-SIGN and L-SIGN
are not associated with an increased or decreased host susceptibility to develop tuberculosis, at
least in our cohort [21]. These data are in contrast with other disease association studies where
the tandem-repeat polymorphisms of DC-SIGN and/or L-SIGN seem to contribute to different
susceptibilities to HIV-1 and SARS infections, and to the HCV replication efficacy [51, 175, 177,
231]..

In conclusion, the significant association found for the CD209 promoter variants together with
their phylogenetic status and frequency distribution strongly suggests that the -871G and -336A
alleles may reduce the risk of developing tuberculosis [21]. More generally, our results, together
with those reporting association of CD209 promoter variants with both HIV susceptibility and

dengue pathogenesis [200, 295] suggest that variation in this lectin may be of crucial importance
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in the outcome of a number of infections due to DC-SIGN interacting with pathogens. The low
level of sequence variation indicates the conservation of an important gene product and the
immune system is presumably more tolerant of fluctuation in transcription levels of DC-SIGN.
Detailed 71 vitro and in vivo studies assessing the functional consequences of CD209 variants on
the quality of the host immune response against pathogens, including M. #uberculosis, are now

required to eventually develop knowledge based and effective pathway targeted treatments.
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Chapter 5

Re-sequencing of the SP110 gene and
genotyping ot polymorphisms.

The major part of these results was published:

Babb C, Keet EH, van Helden PD, Hoal EG (2007)
SP110 polymorphisms are not associated with pulmonary tuberculosis in a South African
population.

Human Genetics 121:521-2
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5.1 Introduction

As discussed in Chapter 1, the use of murine models has led to the identification of genes such as
solute carrier family 11A member 1 (SL.C77.A47, formerly known as NRAMP7, natural resistance-
associated macrophage protein 1), where association with human tuberculosis has been
confirmed in a number of studies [132]. C3HeB/FeJ inbred mice are extremely susceptible to
virulent Mycobacterium tubercnlosis (M. tubercnlosis) and develop marked lung pathology, which leads
to their rapid death after infection [148, 158, 250]. The “super susceptibility to TB1” (ss#7) locus
in C3HeB/Fe] inbred mice has a specific effect on the progression of tuberculosis and was
related to less efficient control of M. tuberculosis multiplication, primarily in the lungs, after
infection [250]. It was recently reported that the intracellular pathogen resistance 1 (Ipr7) gene,
within the 577 locus, conferred a measure of innate immunity to M. tuberculosis infection in mice
[250]. Unlike SL.C77.47, which affects resistance to bacillus Calmette-Guérin (BCG) infection in
mice, Ipr! plays a major role in outcome of M. tuberculosis infection. Iprl is therefore a good

candidate gene to test human susceptibility to tuberculosis.

The human homologue of Ipr7 is SP710, a nuclear body protein, which is believed to be involved
in regulation of transcription by facilitating DNA-binding, as it contains a conserved SAND
domain (Sp100, AIRE-1, NucP41/75, and DEAF-1) [38, 333]. The expression of both Ipr! and
SP110 is regulated by interferons [146], indicating a role in immunity. The SP770 gene is found
on chromosome 2q, consists of 18 exons and has three transcripts (4, 4 and ¢). Transcript SP770b
is the closest homologue to the predicted Ipr! protein [35]. The SP770b protein physically
interacts with viral proteins such as Epstein-Barr virus SM protein and hepatitis C virus (HCV)
core protein [236, 385]. In addition, it has recently been found that there is an association
between mutations in the SP770 gene and hepatic veno-occlusive disease with immunodeficiency,
an autosomal recessive disorder, characterised by combined B and T cell immunodeficiency,
which presents with multiple infections [283].

A transmission disequilibrium test (TDT) association study in families from the Gambia, Guinea
Bissau and the Republic of Guinea, identified three SP110 gene polymorphisms that possibly
influenced genetic susceptibility to tuberculosis [351]. The single nucleotide polymorphisms
(SNPs) associated with tuberculosis susceptibility were 12114592, rs3948464 and a novel SNP,
SP7110int10 (£s41547617). Association testing by TDT showed that the haplotype rs2114592 and
1s3948464 (C/C) conferred susceptibility when all three populations were analyzed separately or
together (all populations combined, 384 families, p=0.000005) [351]. Polymorphisms in this gene
were tested in our South African Coloured (SAC) population (Chapter 2) in order to perform
replication of the above study in a different population, which is always important in validating

the association of a gene with a disease [15].
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5.2 Results

5.2.1 Sequencing of the SP770 gene

We sequenced the following regions of the SP110 gene in more than 11 random case-control
samples; exons 4 to 8, 11, 14, 15, alternative 15, 17 and 18 including surrounding intronic regions.
These regions contained either known polymorphisms or domains such as a SAND, zinc finger
or bromo domain, or caused a splice variant. The results are summarised in Table 5.1 and the
linkage disequilibrium (LD) plot is shown in Figure 5.1. Of the 46 SNPs investigated, 15 were
novel and identified by re-sequencing of at least 11 individuals (22 chromosomes) bi-directionally
(Appendix Al.4). All novel polymorphism were submitted to NCBI dbSNP and received rs
numbers (Table 5.1). Of the known polymorphisms reported in previous studies and in public
databases, 10 were not polymorphic in our population (Table 5.1). Exon 15 had no
polymorphisms within the sequenced region. As can be seen in Figure 5.1 there are no definable
blocks when using the parameter’s confidence intervals, and no tagSNPs were identified.

Heterozygosity was calculated with HaploView.

Although the D’ was high (reported value in block), the LOD score was low (light shading of the
block) (Figure 5.1). This is possibly because of the low polymorphism frequency and since few
samples were sequenced. However, when LD for the eight SNPs investigated in over 750

samples was analysed, there was still low LD (Figure 5.2).

Table 5.1: Polymorphisms found through bidirectional sequencing of the SP770 gene in the SAC

population.
Genotype Frequency
Homo-
Location Major/ Number of zygote
in SP110 dbSNP rs Base Minor Samples major Heteto- Homo-  Hetero-
gene number position allele Novel sequenced | MAF allele zygote zygote  zygosity
Exon 4 1s3177554 7529 c/T 15 0 1 0 0 0
rs11556887 7578 C/T 23 0217 0.696 0.174 0.13 0.34
rs41552315# 7714 C/T yes 23 0.13 0.826 0.087 0.087 0.227
Intron 4 rs6749386 7894 C/T 23 0 1 0 0 0
1s41554115# 7993 T/C yes 23 0.13 0.826 0.087 0.087 0.227
15413090964 8101 C/T yes 20 0.2 0.7 0.2 0.1 0.32
Exon 5 1528930679 8142 c/T 20 0.025 0.95 0.05 0 0.049
159061 8144 G/A 18 0278  0.611 0.222 0.167 0.401
151063154 8153 T/G 20 0 1 0 0 0
151047254 8160 A/G 22 0 1 0 0 0
Intron 5 rs3769839 8629 A/G 5 0 1 0 0 0
154973299 8637 T/C 11 0 1 0 0 0
1s3769837 8679 A/G yes 11 0318  0.364 0.636 0 0.434
153820974 8965 A/C 11 0.136  0.727 0.273 0 0.236
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Table 5.1: Continued

Genotype Frequency
Homo-
Location Major/ Number zygote
in SP110 dbSNP rs Base Minor of Samples major  Hetero- Homo-  Hetero-
gene number position allele  Novel sequenced | MAF allele zygote  zygote  zygosity
Exon 6 rs3769838 9063 A/G 11 0 1 0 0 0
Intron 6 rs3769837 9222 A/C 11 0.364 0.273 0.727 0 0.463
*152114592 10048 C/T 778 0.283 0.53 0.375 0.095 0.406
rs41552220# 10246 T/C yes 12 0.333 0.333 0.667 0 0.444
rs41548221# 10350 C/T yes 11 0.182 0.636 0.364 0 0.298
Exon 7 rs1129425 10579 A/G 12 0 1 0 0 0
rs12467 10608 G/A 12 0 1 0 0 0
Intron 7 rs6719893 12013 A/G 20 0 1 0 0 0
rs41553213# 12221 A/T yes 20 0.325 0.4 0.55 0.05 0.439
rs41543312# 12291 G/A yes 20 0.1 0.8 0.2 0 0.18
Exon 8 51365776 12545 A/G 777 0.166 0.705 0.257 0.037 0.277
Intron10 rs41545715# Indel yes 798 0.085 0.83 0.17 0 0.156
*rs41547617# 34384 A/G 30 0 1 0 0 0
Exon 11 *15s3948464 34539 C/T 763 0.267 0.547 0.374 0.08 0.391
Intron 11 rs41563112# 34660 A/C yes 25 0.08 0.84 0.16 0 0.147
rs41552512# 34667 G/C yes 21 0.095 0.81 0.19 0 0.172
rs2114591 34685 C/T 23 0.196 0.652 0.304 0.043 0.315
Exon 14 rs1804027 42978 T/C 742 0.302 0.495 0.407 0.098 0.422
Intron 14 rs41559116# 43130 T/C yes 13 0.038 0.923 0.077 0 0.074
rs41543719# 43315 C/G yes 13 0.038 0.923 0.077 0 0.074
rs1427285 43398 C/T 13 0.269 0.462 0.538 0 0.393
rs10933327 43474 T/C 13 0.269 0.538 0.385 0.077 0.393
Exon 15
Alternative  rs35495464 47638 T/C 792 0.021 0.958 0.042 0 0.041
Intron 17 rs12995739 47899 A/C 12 0.083 0.833 0.167 0 0.153
Exon 17 rs13018234 48388 C/T 11 0.045 0.909 0.091 0 0.087
rs3948463 48394 G/A 797 0.018 0.964 0.036 0 0.036
Intron 17 rs34034766 48486 A/G 11 0.091 0.818 0.182 0 0.165
rs34897866 48500 T/C 11 0.091 0.818 0.182 0 0.165
1545567238 48722 A/T yes 11 0.045 0.909 0.091 0 0.087
Intron 18 rs41541917# 48923 Cc/T yes 792 0.064 0.878 0.117 0.005 0.119
rs12988385 48943 A/G 11 0.091 0.818 0.182 0 0.165
rs11690519 48957 G/A 11 0 1 0 0 0

# indicates new NCBI dbSNP rs numbers after submission by Babb ez a/[15]

* SNP found to be associated with tuberculosis susceptibility by Tosh ez a/[351]
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Figure 5.1: LD plot for the SP770 regions in all samples sequenced. The shading of a block
indicates the LOD score (darker blocks represent a higher LOD score).
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Figure 5.2: A: Linkage Disequilibrium plot for the eight polymorphisms investigated in
gene SP770 B: Block 1 (in A) haplotypes and their frequency, defined by confidence

intervals in Haploview.
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5.2.2 Genotyping of eight polymorphisms and case-control analysis

The SNPs that were chosen to be genotyped were SNPs that had previously been investigated
and SNPs that spanned the gene. Eight SNPs were genotyped by SNaPshot ® Multiplex System
(Appendix A1.5.1) in 381 tuberculosis cases and 417 healthy controls. The mean ages for the two
groups were 37.1 and 33.1 years, respectively. The SNPs analysed included two novel intronic
polymorphisms; one was an insertion/deletion (indel) of 4 base pairs (submitted to NCBI
dbSNP, 1s41545715) and the other was in Intron 18 (rs41541917) and had a heterozygosity value
that indicated it would provide enough power with our sample size to detect a meaningful
significant difference between cases and controls. In addition we genotyped two polymorphisms
(52114592 and 1s3948464) that were previously found to be associated with susceptibility to
tuberculosis [351]. The third novel polymorphism, SP770intl0 (rs41547617), that Tosh et a/
found to be associated with susceptibility to tuberculosis [351], was not found to be polymorphic
in the SAC population after 30 samples were sequenced. The information on this polymorphism
was submitted to the NCBI dbSNP and the SNP received the rs number rs41547617. As this
SNP was found to be in LD with rs3948464 [351] it would not have provided additional
information. The technique used to genotype the samples, SNaPshot, also restricts SNP selection
because primers are designed to be adjacent to the polymorphism (Appendix A1.5.1).
Interestingly, SNP rs1804027 in Exon 14 falls within the SAND domain and if it had been
associated would have provided clues to a possible function. However, no significant associations
were found between the SP770 polymorphisms and susceptibility to tuberculosis (Table 5.2).

All polymorphisms were in Hardy-Weinberg equilibrium. This study had 95% confidence, 80%
power to detect an OR of 1.6 for both the previously implicated SNPs.

Table 5.2: §P770 genotype distributions in tuberculosis cases and healthy controls in the SAC

population.
Genotype frequencies
Allele Cases Controls Cases vs Controls”
Poly. 1 2 11 12 22 11 12 22 P OR (95% CI)
rs2114592* C T 0526 0379  0.095 0.533 0372 0.095 0.886 0971 (0.733-1.288)
51365776 A G 0710 0253 0.037 0.701 0262 0.037 0.813  1.046 (0.768-1.425)
rs41545715  GAAG - 0816  0.184  0.000 0.842 0.158  0.000 0.348  0.835 (0.577-1.209)
rs3948464* C T 0.551 0373 0.077 0.543 0374  0.083 0.828  1.033 (0.776-1.374)
rs1135791 T C 0500 0407 0.093 0.490 0.407  0.103 0.825  1.041 (0.780-1.389)
1rs3948463 G A 0950 0.050  0.000 0.976 0.024  0.000 0.060  0.472 (0.217-1.028)
rs41541917 C T 0869 0123 0.008 0.886 0.112  0.002 0.516  0.855 (0.559-1.308)
rs35495464 T C 0947 0.053  0.000 0.969 0.031  0.000 0.583  0.156 (0.217-1.028)

“The homozygotes for the most frequent allele were compared with the sum of the heterozygote and homozygote for the rate

allele. Comparing the homozygotes for the rare allele with the sum of the heterozygotes and homozygotes for the most

frequent allele gave similar results.

* Polymorphism found to be associated with tuberculosis susceptibility by Tosh et al in West Africa [351]



Stellenbosch University http://scholar.sun.ac.za

5.2.3 Sequencing of the SP770 gene in two disseminated BCG patients

In addition to the sequencing of case-control samples, the SP770 gene (regions as outlined in
section 5.2.1) was sequenced in two patients that suffered from disseminated BCG. Disseminated
BCG is an extreme phenotype where shortly after BCG vaccination the child develops disease. It
may be a rare event but the genetic, immunological and clinical study of the signalling defects can
lead to invaluable insights in human control of intracellular pathogens. In addition, the
identification of these unique defects should enable us to identify individuals at risk of an

adverse, sometimes fatal, reaction to BCG vaccination.

The patients investigated are described in a recent publication [128]. Patient DNA sample 1D
4338 is Patient ID 22 in the publication and Patient DNA sample ID 4339 is Patient ID 19
(Table 5.3). Neither was HIV positive, but Patient ID 4339 had a primary immunodeficiency (T-
cell deficiency). Both were from the SAC population, had a BCG scar present, were unrelated
and were adherent in terms of their therapy. Good adherence is defined as more than 80% of

doses taken.

No novel SP770 gene polymorphisms or mutations were identified in the disseminated BCG
patients and there were no unique differences between them and the SAC samples sequenced
(Table 5.4). Both the disseminated BCG samples are heterozygotes for a polymorphism in Exon
5, 1528930679, of which the minor allele frequency is 0.025 in the general population. The major
alleles of three SP110 polymorphisms (rs2114592, rs3948464 and rs41547617) were associated
with tuberculosis susceptibility in the West African populations. Of these, only one, rs2114592,
was heterozygous in one of the BCG disseminated patients. The other two, 1541547616 and
1rs3948464 were both homozygous for the major allele in the BCG disseminated patients.

Table 5.3: Disseminated BCG patient information.

4338 4339

Patient ID, reference [128] 22 19
Gender M F
Age (in months) at diagnosis (culture 2 16
positive M. tubercnlosis complex infection)
Mantoux TST finding (mm) 6 11
Revised paediatric disease classification Regional and dual disease Distant

due to M. tuberculosis. disease.
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Table 5.4: Comparison of the overall minor allele frequency (MAF) in SP770 of the SAC case-
control samples and the sequencing results for the disseminated BCG patients (4338 and 4339). *
Polymorphisms found to be associated with tuberculosis susceptibility by Tosh ez a/ (2006) [351] .

Location in Major/ Minor — DCG-0sis patient — nrAp (GAC  Number of
SP110 gene  Polymotphism Allele 4338 4339 case-control) samples
Exon4 rs3177554 C/T cc cc 0 15
rs11556887 C/T cc cc 0.217 23
1541552315 C/T cc cc 0.13 23
Intron 4 rs6749386 Cc/T cc cc 0 23
rs41554115 T/C tt tt 0.13 23
rs41309096 C/T ct tt 0.2 20
Exon 5 rs28930679 C/T ct ct 0.025 20
rs9061 G/A aa aa 0.278 18
151063154 T/G tt tt 0 20
rs1047254 A/G aa aa 0 22
Intron 5 1s4973299 T/C tt tt 0 11
SP110Int5 A/G aa ga 0.318 11
1$3820974 A/C cc ca 0.136 11
Exon6 1s3769838 A/G aa aa 0 11
Intron6 rs3769837 A/C aa ca 0.364 11
*r52114592 C/T cc ct 0.283 778
rs41552220 T/C tt ct 0.333 12
rs41548221 C/T cc cc 0.182 11
Exon 7 151129425 A/G 2a aa 0 12
1512467 G/A og og 0 12
Intron 7 rs6719893 A/G aa aa 0 20
rs41553213 A/T aa at 0.325 20
rs41543312 G/A gg gg 0.1 20
Exon8 151365776 A/G aa aa 0.166 777
Intron10 rs41545715 Indel wt wt 0.085 798
*rs41547617 A/G 2a aa 0 30
Exonll *rs3948464 Cc/T cc cc 0.267 763
Intron 11 1541563112 A/C 2a 2a 0.08 25
rs41552512 G/C gg gg 0.095 21
rs2114591 C/T tt ct 0.196 23
Exon 14 151804027 T/C tt ct 0.302 742
Intron 14 rs41559116 T/C tt tt 0.038 13
1541543719 Cc/G gg cg 0.038 13
rs1427285 C/T ct ct 0.269 13
1510933327 T/C tt ct 0.269 13
Exon 15 Alt.  rs35495464 T/C tt tt 0.021 792
Intron 17 rs12995739 A/C aa aa 0.083 12
Exon 17 1s13018234 C/T cc cc 0.045 11
rs3948463 G/A gg gg 0.018 797
Intron 17 1$34034766 A/G aa aa 0.091 11
rs34897866 T/C tt tt 0.091 11
SP110Int17C A/T aa aa 0.045 11
Intron 18 1541541917 Cc/T cc cc 0.064 792
rs12988385 A/G aa aa 0.091 11
1511690519 G/A og og 0 11
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5.3 Discussion

The SP770 gene was investigated by sequencing exons and their surrounding intronic regions and
determining the frequency of the polymorphisms found in tuberculosis cases and controls, as
well as two patients with disseminated BCG. We intended to use haplotype tagging through
Haploview to determine which SNPs would be most informative to genotype. However, for the
number of samples sequenced, the frequency of the polymorphisms was too low to provide high
enough confidence intervals to determine reliable haplotype tags. Allele frequencies were

determined and used as a guide for the selection of the polymorphisms investigated.

In the SAC population, no significant association with tuberculosis susceptibility was found for
any of the eight polymorphisms investigated (Table 5.2) [15]. Analysis of the haplotypes by
Haploview also revealed no association with any of the inferred haplotypes. LD over the whole
gene (Figure 5.1) appears to be low but this might be because of the low frequency of the
polymorphisms and sequencing of too few samples. However, when the LD for the eight SNPs
investigated in over 750 samples was analysed there was still low LD (Figure 5.2). A low LOD

score was a result of the low frequency of the polymorphism.

Replication of the association with tuberculosis susceptibility reported by Tosh ¢ a/ was not
found in the SAC case-control study. Each of the three polymorphisms found to be associated
with susceptibility to tuberculosis were genotyped by Tosh ¢f a/in a TDT study involving 298 to
373 families from three different West African nations, namely Guinea-Bissau, Republic of
Guinea and the Gambia. While this investigation was underway, two large studies in a Ghanaian
population [348] (over 990 cases, and 1000 controls) and a Russian cohort [335] (1912 cases and
2104 controls) found no association with SP770 polymorphisms, also by means of a case-control
analysis. Since a number of independent populations [15, 335, 348] and SP770 variations
spanning most of the gene, have now been investigated (Table 5.5), with only the West African
TDT study indicating an association with tuberculosis [351], it is likely that this gene does not

contribute significantly, if at all, to genetic susceptibility to tuberculosis in all human populations.
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In the West African TDT cohort, the major allele of the SNPs 152114592, rs41547617
(§P7170int10) and rs3948464 conferred susceptibility to tuberculosis. The two BCG-osis patients
were nearly always homozygous for these major alleles, but this was to be expected given the
allele frequencies of the three SNPs in the SAC population. This, unfortunately, does not provide
useful information for BCG-osis susceptibility prediction. If the minor alleles had been associated
with tuberculosis susceptibility and the BCG-osis patients were homozygous for the minor allele
(i.e. the frequency of the allele was higher than expected) then this would have provided useful
information for further investigation. The BCG-osis patients display an extreme phenotype and
identifying a genetic association will lead to a better understanding of tuberculosis pathology.
Further studies to identify polymorphisms in the IL-12/IL-23/IFNy axis previously associated
with BCG-osis patients [193, 254] should be done in these two patients.

Further investigation of the SP770 gene and promoter polymorphisms could be done by
association studies. It would also be interesting to investigate whether there is an association
between these SNPs and time to sputum conversion in first time pulmonary tuberculosis
patients, as was done with the "DR gene (Chapter 6). Finally, it is possible that SP770 may
confer protection against infection, which was not tested in this study (Chapter 7), as the majority
of the SAC population is latently infected with M. tuberculosis.

The SP770 gene was a promising candidate because of studies done in a mouse model, but was
subsequently not confirmed in human case-control studies. This situation is unlike that with the
SLCT1.AT gene [29], which was also identified through mouse studies of control of susceptibility
to BCG inoculation [159, 375]. As mentioned earlier SP770 was a more promising candidate,
since in mice, its homologue Ipr1 conferred innate immunity to M. uberculosis infection. That this
was not found in humans raises the question of whether mouse models are useful in identifying
human genes involved in resistance to M. tuberculosis. Although M. tuberculosis is not a natural
pathogen of mice, the mouse model has proved very helpful in understanding the immune
response in tuberculosis [247]. Proteins of the signalling pathway upstream and downstream of
the SP770b protein should not be excluded as candidates for susceptibility to tuberculosis, as
different stages in the pathway may be affected and in turn may affect susceptibility to
tuberculosis (Figure 5.3). The influence of the SP770 gene might be minor and not detectable in
an outbred human population, although it was detected in the inbred mouse strains. Alternatively
there might be different pathways between the two species that confer resistance or susceptibility

to tuberculosis.
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Figure 5.3: Predicted Functional Partners with the SP770b protein according to the
STRING website (http://string.embl.de//).

Note these are only text mining results, none are experimental.

http://string.embl.de/newstring userdata/net image XxsXn8jrshUA.png accessed
June 2007.
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Chapter 6

Vitamin D Receptor gene polymorphisms
and sputum conversion time in first time

pulmonary tuberculosis patients.

The major part of these results was published in:

Babb C, van der Merwe L, Beyers N, Pheiffer C, Walzl G, Duncan K, van Helden P, Hoal EG
(2007)

Vitamin D receptor gene polymorphisms and sputum conversion time in pulmonary tuberculosis
patients.

Tuberculosis 87, 295-302
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6.1 Introduction

The role of Vitamin D and its receptor (VDR) in innate immunity, and specifically tuberculosis, is
a subject of intense debate [37, 92, 169, 301, 391]. The treatment of tuberculosis in the earlier
part of the 20th century frequently consisted of consuming cod liver oil, or heliotherapy (sun
bathing), an important step in the synthesis of Vitamin D in the skin. Vitamin D is subsequently
metabolised in the liver to its active steroid hormone 1,25 dihydroxyvitaminD; (1,25(OH),D;) or
calcitriol [83, 86, 169]. In wivo studies have shown that calcitriol suppresses growth of M.
tuberculosis |13, 278] and is produced within granulomas by activated monocytes and macrophages
[303]. The growth-suppressive effect may be facilitated by Toll-Like Receptors ## vivo [178]. The
nuclear hormone receptor for calcitriol is encoded by the I”DR gene, which belongs to the family
of trans-acting transcriptional regulator factors. The receptor regulates a variety of metabolic
pathways such as those involved in the immune response, but the principle downstream targets
are involved in mineral metabolism. The receptor is widely expressed in all cells of the immune
system such as monocytes, macrophages, and dendritic cells (all antigen presenting cells), natural
killer cells, T cells and B cells [204, 230, 282]. In addition, when appropriately stimulated by
interferon gamma, calcitriol can be locally produced in monocytes [282, 331]. The importance of
Vitamin D and VDR has been investigated in a variety of conditions such as diabetes [244, 251],
cancer [44, 402], bone mass density [221, 344], Vitamin D dependent rickets type I [136, 152] and
mycobacterial infection [37, 92, 110, 169, 301, 391].

Case-control studies to assess the importance of [”DR polymorphisms in tuberculosis have
produced varying results in different populations [180, 391]. Roth et o/ (2004) reported an
association of DR Tagl and Fokl single nucleotide polymorphisms (SNP) with the time to
sputum conversion in 78 pulmonary and extra-pulmonary tuberculosis patients [285], although
no association with susceptibility to tuberculosis was found in a case-control analysis. They found
that sputum culture conversion was significantly faster if cases had the Fokl ‘FI’, or the Tagl “Tt
genotype. This was the first report of tuberculosis treatment response being investigated in
relation to a genetic component. Validation of this preliminary report of tuberculosis treatment
response being investigated in relation to a genetic component is vital and should preferably be

done in a different population.

We analysed three VDR polymorphisms, Fokl, Apal and Tagl, and a number of other clinical and
demographic factors in a large, well characterised group of first time pulmonary tuberculosis
cases from what is known as the Surrogate Marker (SM) study that was conducted over a 30
month period in the population discussed in Chapter 2, the South African Coloured (SAC). The
SM cohort is independent of all the previous case-control studies discussed in this thesis and is a
unique cohort of patients. A large number of patients were followed up with regular clinic visits
[39, 378] and blood samples were available for DNA analysis of the cohort.

VDR Polymorphisms

The VDR gene spans 79kb, has 11 exons and is found on chromosome 12q13.11. Four I"'DR

gene polymorphisms have been extensively studied in a variety of diseases. Three polymorphisms
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were analysed in this cohort because two of the four are in strong linkage disequilibrium (LD) in

a number of studies and in a variety of populations; in other words the SNP is tagged.

The Fokl (1s10735810) polymorphism is a functional polymorphism [379] and forms a new start
site / initiation codon (ATG to ACG) at the junction of intron 1 and exon 2. Although its role
still remains unclear, it has been shown that the Fogl “tf polymorphism has increased expression
[232, 357]. Fokl is not known to be in LD with any other known DK polymorphism [232, 356].

Apal (£s7975232) a G (Apal @) to T (Apal ‘A’) change in intron VIII, 3’ region was analysed
because it appears to form an important haplotype [232], in particular with Fokl. Bornman et a/
[37], showed significantly more transmission of the haplotype combination ‘FA’ to tuberculosis
affected offspring (x° =11.621, P=0.0007, 1 degree of freedom).

Taql (rs731236) is a silent polymorphism with a base T (Tagl T) to base C (Tugl t) change,
located in exon IX| in the 3’ region. Roth e a/ [285] found an association with the Tagl Tt
genotype and response to treatment of tuberculosis. There is strong linkage between Apal and
Taql, yet they are not predictive of each other. They are separated by 80 base pairs and are in LD
with a polyA variable number of tandem repeats (VNTR) in exon 9 which results in either a long

ot short allele, where the former is more transcriptionally active [126, 387].

Bsml (rs1544410) is a T/C SNP in intron VIII at the 3’ end and has frequently been analysed.
This polymorphism is in strong LD with Tagl (the “I” and ‘b’ genotypes) and was not analysed in
this study [285, 344, 391].

These I"DR gene polymorphisms have been suggested by Roth ez @/ as having potentially for
being involved in the response of tuberculosis patients to treatment, which requires validation in
a different population. In this study, we have extended the number of variables and examined
their effect on response during tuberculosis chemotherapy in a large, well-characterised cohort of

our SAC population.

6.2 Methods

6.2.1 Surrogate Marker Patient enrolment and surveillance

The tuberculosis cases used in this chapter were distinct from those in the rest of the thesis. All
tuberculosis cases were enrolled in a longitudinal study to evaluate pulmonary tuberculosis cases
during and after treatment; known as the SM study [39, 378]. All information and data was
accessed from version 4 of the SM database. Informed consent was obtained from all subjects.
Supplementary documentation for the SM database is in Appendix 2. Cases were all first-time
pulmonary tuberculosis patients, not non-tuberculous mycobacteria (NTM) infected, HIV
negative, 18-65 years old, not pregnant, had no chronic diseases, not multi-drug resistant
tuberculosis (MDR-TB) and received direct observed treatment short-course (DOTS). All cases

were diagnosed by having a positive sputum sample on auramine staining, a second positive
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sputum sample or a posterior anterior and lateral chest radiograph typical of pulmonary
tuberculosis. Blood was collected at diagnosis and total peripheral white blood cell (WBC)

counts, absolute neutrophil, monocyte, and lymphocyte numbers were measured.

Cases were followed up with regular clinic visits from diagnosis (day 0), including day 1 and day
2, then weekly visits until month 2 (day 55) followed by monthly visits until month 6 (day 182)
and subsequent visits in month 9 (day 273) and month 12 (day 364). Patients were followed for a
total of 30 months, to detect possible second episodes of disease. However, for our purposes,

information for the first episode of tuberculosis disease only was used.

For research purposes, sputum was collected at all time points for smear microscopy using Ziehl-
Neelsen (ZN) staining and for M. fuberculosis culture using the BACTEC method (Beckton-
Dickinson, USA). Restriction fragment length polymorphism (RFLP) of the M. fuberculosis strain
and isoniazid and rifampicin susceptibility testing was performed. Serum was not available for the

majority of samples, therefore the Vitamin D levels were not measured.

At enrolment to the study, a questionnaire was used to collect data on education level
(completion of high school, yes/no), smoking of tobacco or cigarettes (yes/no), cannabis use
(yes/no), alcohol consumption (yes/no) and limited data on income, measured as either above or
below ZAR1000 / £ £80/ £$150 per month. The following data was collected for all cases: age,
gender, number of self reported tuberculosis symptoms (Cough, Coughing Blood, Night sweats,
Chest pain, Back Pain, Deep breathing, Chest Tight, Fever, Weight Loss) at first clinical
examination, weight, height, body mass index, and Mantoux skin test size at diagnosis and month
2. The chest radiographs were interpreted based on a previous method [309], by a single clinician
who used a standardized reading form to evaluate the number of cavities visible on the chest
radiograph, and the extent of pulmonary involvement (<right upper lobe (RUL), =RUL, >RUL
and > 1 lung) as an indication of disease severity (Figure 6.1). Data on the number of cavities
present was also available but was not as informative as the extent measured by RUL, as it does

not take the actual size of the cavity into consideration.

Figure 6.1: Diagram of the lungs showing the lobes. The right upper lobe (RUL) was used
as a reference for the extent of pulmonary
involvement for the cases used in the
Surrogate Marker study.

1. Right upper lobe (RUL)

2. Right middle lobe

3. Right lower lobe

4. Left upper lobe

5. Left lower lobe

6. Oblique fissure

7. Horizontal fissure
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6.2.2 Case-control samples

The 249 tuberculosis cases were those enrolled in the longitudinal SM study as first time
pulmonary tuberculosis patients. The 352 healthy controls were taken from the “EileenTB”
database as discussed in Appendix 1 (Figure 6.2). Controls were older than 17 years. The average
age of males in the cases was 37 years, and the female cases 33 years. In controls the average age
of the males was 30 years and in female controls 31 years. Males formed 58% of the cases and
15% of the controls.

Figure 6.2: Samples that were genotyped for the I”DR polymorphisms Fokl, Apal and Tagl.

Surrogate Marker Samples

DNA Extraction and
genotyping
N=249

Case control Cohort:
Case: n=249 Conversion time reliably
+ estimated
Controls: (mid point between the last
n=352 positive and the first of tw
consecutive negatives)

6.2.3 Cohort with known sputum conversion times

A cohort from the longitudinal SM study (249 cases, section 6.2.1) was selected for conversion
time analysis. Inclusion required the case to have a conversion time for smear and/or culture.
Defaulters (patients who did not take the prescribed medication for at least 2 consecutive
months) and cases that transferred outside of the study area were excluded if there was no
conversion time available before this event. A conversion time in days (from positive to negative
M. tuberculosis in sputum) was estimated from the day of diagnosis (day 0) and a date midway
between the last positive result and the first of two successive negative results [285]. This resulted
in a total of 220 cases with smear conversion times and 222 cases with culture conversion times
(Figure 6.2). When more than 91 days had elapsed between the last positive and the first of two
successive negative results, samples were censored for analysis purposes and the last positive day

was used as the day of conversion.

The conversion time was estimated from information provided from the SM database. The smear
and culture sputum results were available in the ‘resSputum’ table in the SM database. This table
listed the results according to the “WhenID’ (Table 6.1). The “‘WhenlD’ was based on the number

of days of an expected clinical visit from the diagnosis. The clinical visit days were predetermined
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and part of the SM study design. However, use of the WhenIDs for the construction of survival
curves and Cox regression analysis the resulted in clustering of results on the particular “WhenlID’
days. To have more accurate and reliable results and the actual visit date to the clinic was

therefore used.

Table 6.1: The look up table: “Testlnterval Table’ in the SM database which lists the WhenID and

has a description of all the clinical visits when samples were collected.

WhenID When Interval Description

(days)
1 0 Diagnosis
20 1 Day 1
21 3 Day 3
2 7 Week 1
3 14 Week 2
4 21 Week 3
5 28 Week 4
6 35 Week 5
7 42 Week 6
8 49 Week 7
9 56 Week 8 (month 2)
23 59 Week 8 + 3 days
11 91 Month 3 (week 13)
12 126 Month 4 (week 18)
13 154 Month 5
14 182 Month 6 (week 26)*
24 245 Month 8
15 273 Month 9
16 364 Month 12
17 546 Month 18
18 728 Month 24
19 910 Month 30
22 0 Other

*Following standard DOTS, medication was stopped at Month 6.

The “WhenlD’ of the last positive sample for a patient was identified in the ‘resSputum’ table,
which also has the field “VisitDate’. The visit date lists the calendar date of a clinic visit. The visit
date of the diagnosis (‘WhenlD’ 1), the last positive and the first date of two consecutive negative
samples were extracted. This was done for both smear and culture outcomes. The actual number
of days from diagnosis was calculated with the use of Microsoft Excel. This resulted in the
conversion time not falling exactly on a particular ‘WhenlD’ day, giving a more accurate
conversion day. The true date was on average one ot two days from the expected ‘WhenlD’ visit

day.

The SM database was also carefully checked for samples that were possibly NTM samples (which
was frequently mentioned in the comments column and not correctly coded with 999/888 in the

result field). This was corrected in the next version of the SM database.
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Once the conversion day was established, patients could be divided into slow and fast responders
for both smear and culture conversion time. Fast responders were defined as cases that converted
to negativity before day 55 (month 2) and slow responders on or after day 55. Month 2 was
chosen as the cutoff as this corresponds to the International Union Against Tuberculosis and
Lung Disease recommendations for the time at which sputum conversion is determined in order

to establish treatment effectiveness.

6.3 Statistical analysis

A number of statistical analyses were done with the data from the study using SM samples. This
was because this was not only an association study but an investigation of variables affecting the
conversion time from a positive M. zuberculosis sputum sample to negative in both culture and
smear. There were a large number of factors available that could be risk predictors or possible
confounders for time-to-sputum conversion. Each analysis will be discussed in the relevant order:

Fast versus slow, survival curve, univariate and then multivariate analysis.
Cuase-control

Genotype, allele and diplotype frequencies of the polymorphisms were calculated. As unrelated
cases and controls were analysed, haplotypes could only be inferred using R (done by L. van der
Merwe) and Haploview (done by C. Babb) (Appendix A1.6.3). However, the diplotype is a true
representation of the genotype and was constructed by combining the observed genotypes in the
order in which they occur in the gene: Fokl, Apal and Tagl and their association with tuberculosis
was analysed by logistic regression. Hardy-Weinberg equilibrium and LD were determined. A
total of 249 cases and 352 controls were analysed to investigate associations with susceptibility to

tuberculosis using Fisher’s exact test.
Cohort

Analyses were done in R: A language and environment for statistical computing, Base R [266], as
well as packages survival [345], genetics [381], and haplo.stats [312] by Dr. L. van der Merwe, a
bio-statistician, specialised in genetic statistics, who conducted the analysis of the univariate and
multivariate analysis and assisted with the interpretation of results. The genotypes of the fast and
slow responders to treatment were compared by a y” test using GraphPad Prism (version 5). In
the construction of the Kaplan-Meier survival curves, the cases are subgrouped according to their
genotype (or whichever factor is investigated). The survival curve demonstrates the decreasing
proportion of positive sputum samples in the cohort, where Day 0 is the day of diagnosis and
initiation of treatment. Analysis is done by (Mantel-Cox) log rank, where differences in the curves
are assessed. Kaplan-Meier survival curves were constructed in Prism, where a significant p value
(<0.05) indicates significant differences between the curves. The use of Kaplan-Meier survival
curves possibly indicated to Roth e a/ that there was an association with the [’DR polymorphism
and time to sputum conversion in their tuberculosis patients. However, Kaplan-Meier survival
curves are not conclusive and further statistical analyses were required, including univariate

analyses to identify which factors could be possible confounders. Variables with significant p-
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values could then be used in the multivariate analysis, which provides a more statistically accurate

outcome of any association, by taking the confounders into consideration.

An individual, age and gender adjusted, Cox regression analysis (univariate) was done for the

variables separately for both smear and culture conversion times using R.

A multivariate analysis was done using R by means of the selection of an optimal Cox model for
cach of the methods (smear and culture) for measuring conversion times. A set of candidate
variables were identified from which the optimal selection was made. They included those that
have previously been found to be important for conversion in tuberculosis by Roth ez a/ [285] i.e.
high school completion, Tagl and Fokl. Isoniazid mono-resistance was investigated instead, as no
rifampicin mono-resistance was seen in this cohort (MDR-TB, a previously noted predictor, was
one of the exclusion criteria for our cases). We also added variables that were significantly
associated (p<0.050) with conversion time in smear or culture according to the age and gender
adjusted individual Cox analyses (univariate). A basic set of variables consisting of age, gender
and the genotypes were included in the optimal model irrespective of their effect. The variables
included in the final models were selected with a backwards procedure. With the backwards
procedure, one starts with a Cox model containing all the candidate factors. Factors are
discarded one at a time, until the model with the lowest possible Akaike information criterion
(AIC) is reached. The AIC is a measurement that describes how well the model fits the data: the
lower the AIC value the better the fit of the model. The procedure discards factors until the
lowest possible AIC is reached. The factors remaining indicate the best combination of factors

that describes the obsetrved conversion rates.

Some individuals (12%) had the value for a single variable missing and a few individuals had two
or a maximum of three data points missing, which were mainly blood measurement variables.
Following advice from the statistician, missing values were replaced with the mean (numerical
values) or median (categorical variables) of all the values for the individual’s diplotype, as it was

assumed that the missing values were missing at random for that diplotype.

6.4 Results

6.4.1 Case-control

For the DR polymorphisms a lower case (‘f’, ‘@’ or ‘") was used to indicate the presence of an
endonuclease site (Appendix A1.5.2). In the controls, there was strong LD between Apal and
Tagl (D” = 0.999). Fokl was not linked with either Tagl or Apal, (ID’=0.048 and D’=0.005,
respectively). All polymorphisms were in Hardy Weinberg equilibrium.

No association was found between genotype or alleles for the individual I"DR polymorphisms
and the presence or absence of pulmonary tuberculosis (Table 6.2). A non-significant association
was seen between the inferred Fokl-Apal-Tagl haplotype and tuberculosis (global p value=0.078),
with the Fokl-Apal-Tagl ‘FaT’ haplotype overrepresented in controls (p=0.063) and the FAT’
haplotype more frequent in cases (p=0.062) (Table 6.3). Of the 27 possible diplotypes only 18
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were observed. There were no significant differences between the diplotype frequencies in cases

and controls after adjusting for age and gender using logistic regression (p=0.24) (Table 6.4).

Table 6.2: Case-control analysis of DR genotype and pulmonary tuberculosis in the SAC

population.
Genotype frequencies
Allele Control (n=352) Cases (n=249) Cases vs Controls *
1 2 1 12 22 1 12 22 p OR (95% CI)
FokI f F 6 37 58 5 42 53 0.279 1.21 (0.8711-1.674)
Apal a A 18 49 33 16 43 41 0.058 0.72 (0.5143-1.009)
TagI t T 6 40 54 8 38 55 0.934 0.97 (0.7034-1.350)

“The homozygotes for the most frequent allele were compared with the sum of the heterozygote and

homozygote for the rare allele.

Table 6.3: Two and three locus inferred haplotypes for the I”DR gene polymorphisms Fokl, Apal

and Tagl in pulmonary tuberculosis cases and controls in the SAC population.

% of Controls % of Cases Global
Haplotype: (n=352) (n=249) Pvalue pvalue
Fokl, Apal, Taql
faT 10 11 0.913
fAt 6 9 0.117
fAT 8 6 0.826
FaT 32 27 0.063
FAt 20 17 0.386
FAT 24 30 0.062 0.078
Apal, Tagl
aT 43 38 0.099
At 26 27 0.896
AT 31 36 0.111 0.206
Fokl, Apal
fa 10 11 0.866
fA 14 15 0.327
Fa 32 27 0.069
FA 45 44 0.285 0.279
Fokl, Taql
ft 6 10 0.107
fT 18 17 0.95
Ft 20 17 0.388
FT 56 57 0.947 0.247

Note: Haplotypes for the polymorphisms were inferred and tested for

association with pulmonary tuberculosis using the R package: haplo.stats.
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Table 6.4: Observed diplotypes of I”DR gene polymorphisms Fokl, Apal and Tagl, in pulmonary

tuberculosis cases and healthy controls from the SAC population.

Diplotype Controls n (%) Cases n (%) Total n (%)
ffaaTT 3(1) 21 5()
ffAaTt 5 (1) 5(1) 10 (2)
ffAQTT 5 (1) 0 (0) 5(1)
ffA ALt 2(1) 3(D) 5(1)
fIAATt 4 (1) 2(1) 6 (1)
fIAATT 1(<1) 1(<1) 2(<1)
FfaaTT 25 (7) 17 (7) 42 (7)
FfAaTt 23 (7) 25 (10) 48 (8)
FfAaTT 39 (11) 27 (11) 66 (11)
FfAAtt 8 (2 7(3) 15 (2)
FfAATt 21 (6) 17 (7) 38 (6)
FIAATT 13 (4) 114 24 (4)
FFaaTT 35 (10) 21 (8) 56 (9)
FFAaTt 50 (14 20 (8) 70 (12)
FFAaTT 51 (14) 31 (12) 82 (14)
FFAAtt 12 (3) 94 21 (3)
FFAATt 37 (11) 25 (10) 62 (10)
FFAATT 18 (5) 26 (10) 44 (7)
Total n 352 249 601

Note: Logistic regression analysis of cases and controls, adjusting for

age and gender, gave a p value =0.24.
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6.4.2 Cohort and Sputum Conversion times

A variety of basic demographic information was available for the SM cohort. Some is

summatized in Table 6.5.

Table 6.5: Basic demographic information from the Surrogate Marker patient cohort.

Count Frequency

Age (years) 18-20 8 4
21-30 84 37
31-40 64 28
41-50 45 20
>51 25 11
Gender Males 132 58
Females 94 42
Drug sensitivity Yes 23 10
to isoniazid No 199 88
Unknown 4
Education None 5 2
<Std 3 53 23
Std 4-7 105 46
Std 8-10 50 22
Diploma 3 1
Unknown 10 4
Income Self None 16 7
In SA Rands <R250 pm 22 10
per month (pm) R251-500 pm 10 4
R501-1000 pm 18 8
R 1001-1500 pm 10 4
R1501-2000 pm 12 5
>2001 pm 6 3
Unknown 132 58
Drink Alcohol Yes 174 77
No 36 16
Unknown 16 7
Smoke Yes 202 89
No 12 5
Unknown 12 5
Died (none of tuberculosis) 5 2
Age (Years) Average Age 353
Average Age Males 37
Average Age Females 33.0
BMI Average male 18.1
Average female 18.63
Height (m) Average male 1.7
Average female 1.6

Time to sputum conversion was used as a measure of time to recovery. The median conversion

times for both smear and culture are in Table 6.6.
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Table 6.6: Median and average sputum conversion days for smear and culture results in the SAC

cohort of first time tuberculosis patients.

Smear Culture

Median  Average Median Average

days days days days
Opverall 41 441 71.5 67.5
Males 41 40.2 44 59.7
Females 41 47.0 72 73.0
Fokl FF 41 41.2 61 63.4
Fokl Ff 42 48.6 71.5 72.3
Fokl ff 41 36.4 71 67.5
Apal AA 42 45.9 71 68.7
Apal Aa 41 40.0 48.5 64.2
Apal aa 41 50.8 72.5 74.2
Tagl TT 41 44.3 71.5 70.1
Tagl Tt 41 40.8 61 63.1
Tagl tt 43 61.1 69.5 70.6

6.4.2.1 Fast/ slow sputum conversion time analysis of the VDR genotype

When the cases were divided into either fast (n=160) or slow (n=60) responders according to
smear conversion before/after day 55, i.e. month 2 (Table 6.7), there was a strong trend to slower
conversion in the ‘F’-containing genotypes of Fokl (p=0.055). Dividing cases into fast (n=96)
and slow (n=126) responders with respect to culture conversion before or after and including day
55 showed a significant association with the Apal genotypes (p=0.029). Fewer fast responders
(10%) had an Apal ‘a2’ genotype than slow responders (23%). None of the diplotypes were
significantly associated with a fast or slow response.
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Table 6.7: DR genotypes of fast versus slow responders for tuberculosis treatment (at day 55)
for the SAC cohort.

Smear (n=220) Culture (n=222)
Polymorphism, Fast responders§  Slow responderst Fast responders§  Slow responderst
genotype n (%) n (%) n (%) n (%)
Fokl
ff 10 (6) 12 5(5) 6 (5)
Ff 61 (38) 33 (55) 38 (40) 58 (40)
FF 89 (50) 26 (43) 53 (55) 62 (49)
p valuet p=0.055 p=0.649
Apal
aa 28 (18) 11 (18) 10 (10) 29 (23)
Aa 67 (42) 24 (40) 47 (49) 46 (37)
AA 65 (41) 25 (42) 39 (41) 51 (40)
p valuef p=0.959 p=0.029
Tagl
tt 9 (6) 6 (10) 7(7) 8 (0)
Tt 63 (39) 21 (35) 40 (42) 45 (30)
TT 88 (55) 33 (55) 49 (51) 73 (58)
p valuef p=0.490 p=0.573

§ Pulmonary tuberculosis cases that responded to treatment before day 55 after treatment initiation
T Pulmonary tuberculosis cases that responded to treatment on or after day 55 after treatment initiation

1 A Chi-square analysis was done.

In the Peruvian study, Roth e @/ used the much earlier time point of month 1. It is unclear why
they chose this particular time point but, by using it, associations with the I"DR polymorphism
Fokl (p=0.02) and Tagl (p=0.012) were found. Analysing our results at the time point of 30 days
did not show an association between DR genotype and time to conversion (Table 6.8). The
difference between the studies might be due to the culture method, namely MODS versus
BACTEC.
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Table 6.8: I”DR genotype and fast response to tuberculosis treatment at 30 days (1 month) in the
Peruvian and SAC populations.

Sputum conversion* at month 1 (30 days after treatment initiation)

Population: Peruvian SAC Peruvian SAC
Culture Culture Smear Smear
MODS BACTEC Auramine stained Ziehl Neelsen
n=78 n=222 n=78 n=220
Fokl FF 0.78 (7/9)a 0.14  (16/115) 1 9/9° 0.43  (50/115)
Ff 041  (9/22) 0.10  (10/96) 0.64 (14/22) 036 (34/94)
ff 0.30  (14/47) 0.09 (1/11) 0.62  (29/47) 036 (4/11)
Taql T 0.34  (24/71)¢ 0.11 (13/122) 0.66  (47/71) 043 (52/121)
Tt 0.86 (6/7) 0.13  (11/85) 0.71  (5/7) 0.39  (33/84)
tt 0 0 0.20 (3/15) 0 0 0.20 (3/15)
Apal AA - - 0.12  (11/90) - - 0.33  (30/90)
Aa - - 0.13  (12/93) - - 046  (42/91)
aa - - 0.10  (4/39) - - 041 (16/39)

*Sputum conversion is expressed as percentage of patients with a negative sputum result per genotype, where
the numbers that are negative are divided by the total number with the given genotype.

aSignificant difference between FF and either Ff or ff (p=0.023)
b Significant difference between FF and either Ff or ff (p=0.025)
< Significant difference between Tt and TT (p=0.012)

In addition, we investigated cases that had a fast or slow conversion time at day 30 (n=150) or
day 55 (n=149) according to both culture and smear conversion time (Table 6.9). In other words,
both their smear and culture results were negative at day 30 or day 55 for a fast conversion time.
There was no significant association in these cases between their genotypes or haplotypes and

time to sputum conversion.

Table 6.9: Pulmonary tuberculosis cases having a concordant culture and smear conversion time
at month 1 (day 30) or month 2 (day 55).

Smear and culture conversion day

VDR Polymorphism <30 230 p-value <55 255 p-value
Fokl FF 12 6l 50 24

Ff 9 60 36 33

ff 1 7 0.836 5 1 0.088
Apal AA 8 57 37 24

Aa 10 48 44 23

aa 4 23 0.742 10 11 0.333
Tagl T 10 67 47 32

Tt 10 50 38 21

tt 2 11 0.831 6 5 0.757
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6.4.2.2 Kaplan-Meier survival curves and 1og rank analysis

Construction of Kaplan-Meier survival curves allows for visualization of the conversion time and
differences in the curves are assessed by log rank (Mantel-Cox) analysis. All variables had a
Kaplan-Meier curve constructed and were assessed by log rank (Table 6.10). No significant
differences were detected with the Kaplan-Meier survival curves for conversion time with the
different genotypes (Figure 6.3).

Table 6.10: Kaplan-Meier (Mantel-Cox) log rank test results for [’DR polymorphisms genotyped

in a SAC population assessing smear and culture conversion times to negative smear.

p values*

Variables Smear Culture
Gender 0.148 0.008
Smokers: yes versus no 0.018 0.202
Isoniazid sensitive only, smokers versus non smokers 0.003 0.598
Fokl 0.193 0.333
Apal 0.501 0.652
Tagl 0.194 0.516
Fokl; Combined (ff versus Ff and FF) 0.169 0.142
Tagl; Combined (tt versus Tt and TT) 0.831 0.342
Fokl; Smokers only 0.284 0.273
Apal; Smokers only 0.491 0.811
Tagl; Smokers only 0.030 0.306
Fokl, Isoniazid sensitive cases only 0.255 0.308
Apal; Isoniazid sensitive cases only 0.427 0.545
Tagl; Isoniazid sensitive cases only 0.213 0.492
Fokl; Isoniazid sensitive and smokers 0.278 0.216
Apal; Isoniazid sensitive and smokers 0.413 0.720
Tagl; Isoniazid sensitive and smokers 0.045 0.325
Number of cavities (1,2,3,4,>4) 0.036 0.279
Extent of TB at Diagnosis (SRUL,RUL, >RUL, >1 lung) 0.003 0.005
Absolute neutrophil number (40-60, 60.1-70, 70.1-80, 80.1-92) 0.046 0.043
Absolute lymphocyte number (4-9, 9.1-12.0, 12.1-15, 15.1-18, 18.1-

21, 21.1-24, >24.1) 0.164 0.037
High school completion 0.014 0.120

* All p values are uncorrected for multiple comparisons.

79



Stellenbosch University http://scholar.sun.ac.za

Figure 6.3: Kaplan-Meier survival curves for the time to sputum conversion (as measured by

smear and culture) of individuals with the I”DR genotypes.
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In the log rank analyses there were significant associations with faster smear conversion time and

no smoking, low number of cavities at diagnosis, low extent of tuberculosis at diagnosis, low

absolute neutrophil numbers and completion of high school (Table 6.10). Non-smokers (n=12)

converted sooner than smokers. This association was significant with smear conversion time and

not with culture conversion time, but there was a similar trend in both (Figure 6.4). In smokers

(n=202), an association between smear conversion time and [”DR genotype was observed (p=

0.031), where individuals with a Tagl ‘tt’ genotype took longer to become sputum negative

(Figure 6.5).
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Faster culture convetsion time was associated with females, low extent of tuberculosis at

diagnosis, high absolute lymphocyte numbers and low absolute neutrophil numbers (Table 6.10).

Figure 6.4: Kaplan-Meier survival curves of A: smear (p=0.0162) and B: culture
(p=0.1066) conversion times for smokers and non-smokers.
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Figure 6.5: Kaplan-Meier survival curves for smear conversion time to negativity, of only
smoking tuberculosis patients, sub-grouped according to Tugl genotype (p=0.0314).
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Kaplan-Meier survival curves were constructed for all variables available. Of particular interest in
this department was the mycobacterial strains and the conversion time in patients. It has been
hypothesized that different M. tuberculosis strains may give different responses to infection and
treatment by the host. The SM cohort gave us the opportunity to investigate whether different
strains have an effect on time to sputum conversion. The M. fuberculosis strain families and the
median conversion times found in this cohort are summarized in Table 6.11. Kaplan-Meier

survival curves were constructed for survival of all the RFLP families and also the genotypic or
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virulence groups [324] (Figure 6.6) of the families. No significant associations were observed. The
most frequent M. fuberculosis families in this cohort were Family 11 and Beijing and these made up
more than 50% of the cohort (Table 6.11).

Table 6.11: M. tuberculosis RFLP families in the SM cohort and the median conversion time for

cach family.

RFLP Median Culture Median Smear Virulence
Family Count Frequency conversion day Conversion day  Group
0 6 2.7 67.5 215 0
2 8 3.6 60 42 2
4 4 1.8 65.5 72.5 2
6 6 2.7 42.8 21 2
7 7 3.1 58.5 23 2
8 1 0.4 41.5 21 3
9 5 2.2 56 41 2
11 47 209 72 42 2
12 1 0.4 42.5 139 0
13 3 1.3 42 21 2
14 6 2.7 31.5 23 2
16 4 1.8 66.5 31 3
17 1 0.4 73.5 10 3
18 4 1.8 57.8 27.5 3
19 1 0.4 59 73 2
21 2 0.9 47.2 23 3
23 2 0.9 21 41 3
24 2 0.9 42 42.5 2
25 1 0.4 20.5 2 1
27 2 0.9 57.3 57.5 1
28 6 2.7 413 20.5 2
29 69 30.7 72 41 1
30 1 0.4 116 212 0
31 1 0.4 72 72 1
110 5 2.2 43.5 225 2
120 8 3.6 56.8 42 2
130 2 0.9 72 57 2
140 18 8.0 43 38 2
150 2 0.9 423 16 2
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Figure 6.6: Kaplan-Meier survival curves for the sputum conversion time of the M.

tuberenlosis genotypic groups represented in the SM cohort.
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6.4.2.3 Individual Cox regression analysis

In the age and gender adjusted individual Cox analyses of smear conversion time (Table 6.12),
only the following factors were found to have a significant (p <0.050) effect on faster conversion:
not smoking, high school completion, low extent of tuberculosis at diagnosis, low total WBC and
absolute neutrophil numbers, and high absolute lymphocyte numbers. The number of cavities
present at diagnosis was weakly associated with smear conversion time (p=0.054). In the
individual, age and gender adjusted, Cox analyses of culture conversion time (Table 6.12), only
the following factors significantly affected faster conversion: low extent of tuberculosis at

diagnosis, short height, high absolute lymphocyte numbers and low absolute neutrophil numbers.
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Table 6.12: Results of the age and gender adjusted individual Cox regression analysis of the SAC

cohort for smear and culture conversion times.

Smear Culture

estimated coefficient p value estimated coefficient  p value
Fokl 0.116 0.330 0.220 0.074
Apal 0.053 0.570 0.057 0.560
Tagl 0.062 0.550 -0.050 0.650
Smoker Yes -0.064 0.0430 -0.274 0.390
Isoniazed sensitive No -0.159 0.490 0.078 0.740
High school completion Yes 0.427 0.0140 0.270 0.120
Self reported symptoms -0.037 0.540 -0.043 0.470
Extent at diagnosis -0.226 0.0005 -0.208 0.0017
Income level 0.077 0.180 0.013 0.820
White blood cell numbers -0.051 0.0077 -0.024 0.260
Absolute Monocyte numbers -0.013 0.700 -0.010 0.790
Absolute Lymphocyte numbers 0.027 0.0160 0.035 0.0063
Absolute Neutrophil numbers -0.021 0.026 -0.029 0.0047
Mantoux size at diagnosis 0.001 0.940 -0.015 0.230
Height (m) 0.073 0.930 -1.963 0.0400
Number of cavities >4 -0.293 0.054 -0.147 0.350
High Income (>R1000 per month) 0.044 0.830 -0.262 0.210
BMI 0.039 0.084 0.021 0.340

6.4.2.4 Optimal Cox model

Smear conversion time: Variables that were independently predictive of faster smear conversion
time in the final, optimal Cox model (Table 6.13), were the genotypes Apal ‘AA’ versus ‘aa’ and
Tagl ‘Tt and “T'T” versus ‘tt’. Low extent of tuberculosis at diagnosis, not smoking and low total

WBC count at diagnosis were also predictive.

Culture conversion time: Variables that were significantly associated and independent predictors
in the optimal Cox model for faster culture conversion time were low extent of tuberculosis at
diagnosis, short height and low absolute neutrophil numbers. The magnitude of the effect of the

variables can be seen by referring to the estimated coefficient in Table 6.13.
The final optimal Cox models constructed for time to smear and culture conversion, were both

highly significant (p=0.0004) (Table 6.13). These models obviate the need to adjust for multiple
testing.
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Table 6.13: Optimal Cox regression analysis model of factors influencing time to sputum

conversion in tuberculosis patients from the SAC population.

Smear (n=220) Culture (n=222)

Variables: p value Est. coef. p value  Est. coef.
Age 0.910 -0.001 0.560 -0.004
Gender 0.940 0.011 0.440 -0.145
Smoking Yes/No 0.047 -0.675 - -
High school completion Yes/No 0.150 0.272 0.078 0.318
Extent of TB at diagnosis from
chest radiograph (<RUL, =RUL,
>RUL, > 1lung) 0.010 -0.186 0.024 -0.164
Total White blood cell count at

diagnosis 0.039 -0.043 - -
Absolute Neutrophil numbers at

diagnosis - - 0.023 -0.026
Height (cm) - - 0.003 -0.029
Fokl Ffversus ff 0.094 -0.576 0.470 0.262
Fokl FF versus ff 0.480 -0.235 0.180 0.476
Apal Aaversus aa 0.130 0.338 0.960 -0.011
Apal AA versus aa 0.040 0.480 0.920 0.024
Tagql Tt versus # 0.047 0.600 0.740 0.105
Taql TT versus # 0.026 0.679 0.960 -0.014
Final model Global p value 0.0004 0.0004

RUL Right Upper Lobe
A significant p value (in bold) indicates that a variable in the model contributes independently to
conversion time.

Est. coef. = Estimated coefficient for modelled conversion time in days.

6.5 Discussion

Host genetic susceptibility to the development of tuberculosis after infection has been the subject
of many case-control studies comparing genotypes between the groups. More subtle effects of
genotype are those impacting on the severity of disease, or the ability of the treated tuberculosis
cases to recover ie. undergo sputum conversion to negative culture or smear stain. We
investigated both of the above aspects with respect to the VDR gene in a large study of a South
African population, as ["DR polymorphisms have been implicated both in susceptibility to
pulmonary tuberculosis disease [28, 37, 169, 301], and recently, in the time to mycobacterial

resolution of tuberculosis in a Peruvian population [285].
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No significant association was found in our case-control analysis between pulmonary tuberculosis
and the I"DR polymorphisms. Diplotypes and haplotypes were also analysed because they are
believed to be more informative than individual polymorphisms [37], but we found only weak
associations between the [”DR haplotype and tuberculosis susceptibility. In our study the Fokl-
Apal-Tagl ‘FAT’ haplotype tended to be associated with tuberculosis and may be a risk factor,
whereas the ‘FaT’ haplotype is possibly protective. A recent case-control analysis of a South
African Venda population found that the haplotype TbAT", but not the genotypes, significantly
protected from tuberculosis [183]. In a TDT study of West African families, Bornman ez a/ [37]
found an association between tuberculosis and the Fokl-4pal ‘FA’ haplotype where the Apal ‘A’
allele showed increased transmission to affected offspring. However no association between the
Apal genotype and tuberculosis susceptibility was found in a Gambian case-control study [28]. In
our case-control study 41% of cases had the Apal ‘AA’ genotype compared with 33% of
controls, but this difference was statistically non-significant, as was the association of the Fokl-
Apal ‘Fa’ haplotype with controls (p=0.070). There was no association between the DR
diplotype and tuberculosis susceptibility. A larger sample set might provide more information

although the present case-control study provided 80% power to detect an OR of 1.7 or higher.

The polymorphisms investigated here may be in LD with another polymorphism which
determines susceptibility, possibly the polyA repeat region which affects transcription [139, 387].
Patterns of LD vary between populations, often accounting for the inconsistency in results from
different investigations [69, 140, 169]. The population frequencies for the I"DR genotypes differ
between populations. Particularly in the Peruvian population there appears to be a major change
in population frequency of the Fokl I"DR polymorphism. The most frequent allele in the
Peruvian population for SNP Fokl (f) is the least frequent in all other populations (Table 6.14).

Table 6.14: Frequency of VDR genotypes in vatious populations (adapted from Wilbur e a/
2007) [390].

Genotype
FokIl Taql

Population FF Ff ff TT Tt tt
US, Mostly white 34 036 049 0.15 036 0.46 0.18
Aftrican (Gambian) 28] 048 043 0.09
Gujarati P91 0.61 034 0.05 041 050 0.09
Indian 1301 042 0.43 0.15
Indian 1288l 0.43 045 0.12
Korean females ['>1] 039 044 0.17

Chinese 1332 0.95 0.05 0.00
Han Chinese b2 0.90 0.10 0.00
Taiwenese Females 123, 133] 042 034 0.24 0.90 0.10 0.00
Japanese %] 0.66 031 0.03
Peruvian 28] 0.08 035 0.57 0.87 0.12  0.00
Ache, S. America 3% 0.67 033 0.00 0.44 0.51 0.05
Ava, S. America 3% 0.78 0.16 0.06 0.69 0.31 0.00
South African Coloured 19 0.56 040 0.28 0.55 039 0.07
South African Venda 183 0.77 021 0.02 0.57 042 0.01

West African (The Gambia, Guinea and Guinea-Bissau) 1] 0.62 034 0.05 0.52 039 0.08
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Comparison between the fast and slow responders to therapy indicated that individuals with an
Apal ‘A’-containing genotype had a faster response to treatment (culture conversion time
p=0.029), and tended to convert before day 55 (month 2) when on standard DOTS treatment.
Fokl ‘F’-containing genotypes tended to show delayed conversion, but the frequency of Fokl ‘tf’
was too low in our population to show a significant effect (smear conversion time p=0.055).
Roth ez a/ [285] (n=78) found a significant difference at an earlier time point of 30 days (month
1), where the homozygous Fokl genotype of the less frequent allele was associated with faster
conversion time by culture or smear. Their study also found an association between Tagl
genotype and culture conversion time at 30 days although no Tagl ‘tt” genotypes were present in
the Peruvian cases. In the SAC, the frequency of the Tagl ‘tt’ genotype is 7%. Investigating
individuals that had a negative sputum result for both their culture and smear conversion times at
days 30 or day 55 revealed no associations with the genotypes (Table 6.9). We found no
association with Tagl and the response to treatment at day 30 or day 55, but Tagl was an
independently significant predictor of smear conversion time in our final, optimal Cox model
where Tagl ‘tt’ genotype was associated with delayed smear conversion time. Such associations

could be used to identify people who would benefit from more intensive treatment or follow up.

The use of Kaplan-Meier survival curves allows for the visualization of the conversion time. The
log rank analysis assesses differences between conversion times of the different subgroups but
cannot take confounding factors into consideration. Roth e¢# a/ found an association with Fokl
and both culture and smear conversion time, where the Fokl ‘FF” genotype (the least frequent
genotype in the Peruvian population) converted fastest (Figure 6.7). We did not find an
association in our Kaplan-Meier survival curves and the genotype Fokl time to smear conversion
(Figure 6.7).
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Figure 6.7: Kaplan-Meier survival curves assessing the DR Fokl genotypes in A: Culture
(MODS) and B: Smear (auramine staining) in a Peruvian cohort (n=78) compared to the
conversion time in the SAC population C: Culture (BACTEC) and D: Smear (Ziehl Neelsen).
The solid line is Fokl ‘FI genotype, the dashed line is Fokl ‘Ff” genotype, and the dotted line is
the Fokl ‘tf genotype. The Fokl genotype was associated with conversion time in the Peruvian
cohort [285] as measured by culture, and by smear, where TE resulted in faster conversion

(p=0.0179).
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There were numerous M. tuberculosis strains represented in this cohort, however the frequency of
the rarer families was low and therefore did not provide enough information to make an
assessment of their impact on time to sputum conversion. Families 29 and 11 were the most
frequent in this cohort. This corresponds with previous studies done in the same population
[275]. More samples of the rarer strains would be required to determine if they affect time to
sputum conversion. Assessing the families according to their genotypic groups [324] did not

reveal an association with time to sputum conversion.
In the cohort study of pulmonary tuberculosis cases, the only wvariable to contribute
independently to the final optimal model of both smear and culture conversion time during

treatment, was the extent of tuberculosis at diagnosis as determined by chest radiograph. It could
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be expected that the extent of tuberculosis at diagnosis would be associated with the length of
time to sputum conversion, with severely affected cases taking longer, as has been shown to
occur with MDR-TB disease [134]. However, this is the first report, to the best of our
knowledge, of a correlation between the severity of tuberculosis disease and the rate of treatment

response.

In the final, optimal model of variables contributing to smear conversion time, [’'DR genotypes
contributed independently to the model. Both the Tagl and Apal genotypes were independently
significant, as were smoking status and total WBC count at diagnosis. In the culture conversion
optimal model, additional independently significant variables were absolute neutrophil numbers
at diagnosis and height. Although not independently predictive of faster conversion, high school
completion contributed to both optimal models, and lower educational level is a known risk
factor for tuberculosis [306, 343]. The final models were both highly significant (p=0.0004).

The final model of the Cox regression analysis therefore indicates that the following variables are
independent predictors of a faster conversion time in smear and/or culture: not smoking, low
extent of tuberculosis at diagnosis, low total WBC count and low absolute neutrophil number at
diagnosis, shorter height, an Apal ‘AA’ genotype, and a Tagl “I” containing DR genotype. In
the optimal model for smear conversion (Table 6.13), it can be seen from the estimated
coefficient that I”DR genotype and smoking had a greater clinical effect than the other variables.

All effects were fairly modest.

The function of the Tagl polymorphism is not clear. Previously, the Tagl ‘tt” genotype was found
to protect against tuberculosis in a Gambian population [28] and the combination of the Tagl
“TT/Tt genotype and 25-hydroxycholecalciferol deficiency was associated with tuberculosis in
Gujarati Asians [391]. Contrary to these indications that Tugl ‘' may be advantageous, the Tagl
‘tt” genotype is associated with decreased levels of [“’DR mRNA and protein levels in peripheral
blood mononuclear cells [244]. Roy ¢ a/ [289] found the Tugl ‘tt’ genotype to be associated with
susceptibility to leprosy per se, and Tagl ‘tt” predisposed Tamil-speaking females to tuberculosis
[301]. Our results correspond with the latter views of the function of Tugl in that cases with a ‘tt’
genotype take longer to respond to tuberculosis chemotherapy, and therefore may have a poorer
immune response. Even though a patient is undergoing chemotherapy for tuberculosis, an
efficiently functioning immune system is still necessary for optimum response and eatly sputum

conversion.

The negative correlation between total WBC count at diagnosis or absolute neutrophil number at
diagnosis and time to conversion in the final models for smear or culture respectively, may reflect
the involvement of both of these cell types in the acute response to inflaimmation. Our results
extend to the human model, the evidence recently presented by Keller ¢ a/ [150], that an eatly

influx of granulocytes contributes to susceptibility to M. tuberculosis in mice.

An association between smoking and tuberculosis infection status (a positive tuberculin skin test)
has been reported in our population [71] and in India smokers have a higher rate of progression
from infection to clinical tuberculosis [101]. We have shown here that smoking is also a

significant factor in delaying sputum conversion time while on DOTS, as measured by smear.
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This was seen in all three analyses done; log rank, univariate, and multivariate, optimal model.
However, the number of non-smokers in this cohort was low and a further study would be
needed to confirm this.

The association between height and culture conversion time could be an artifact due to the fact
that there were a small number of people of small stature and high mass in whom culture
conversion time was unusually fast. As can be seen from the estimated coefficient in Table 6.13,

the actual effect of height was negligible.

The statistical model that is the most informative is the optimal cox regression (multivariate)
model, as it takes all factors into consideration. The two analyses done before this model provide
clues and assists in the interpretation of the optimal model. The association between smoking
was consistently associated with time to sputum conversion. The same applies to extent of
disease according to chest radiograph at diagnosis, which was associated with conversion time in
both smear and culture. The absolute neutrophil number was also a significant factor in all three
analyses. WBC count was not significant in the Kaplan-Meier survival curves but this might be
because the subgroups were incorrect and the association was missed. Grouping could also

explain why height was not found associated in the Kaplan-Meier survival curves.

The lack of concordance in the results between smear (ZN) and culture (BACTEC) conversion
illustrates the complexity of this disease and the subtly different end points measured by the two
techniques. At month 2, 31% of patients were smear negative but still culture positive. Roth ez a/
found an association between [”DR genotypes and culture conversion times (as measured by
MODS) [285] whereas in our large study of patients with strict inclusion criteria and intensive
follow-up, associations were found with smear conversion times. Culture is more sensitive, but as
a very low number of bacteria can give rise to a positive culture, it may be a less robust tool for

measuring an endpoint of sputum conversion time.

Further investigations into the effects of Vitamin D metabolism in response to the medication
used in DOTS, would also be of benefit to better understand the role of Vitamin D and its
receptor on response to tuberculosis treatment [41, 64]. There have been some reports on the
benefits of vitamin D supplementation during tuberculosis treatment but they have been
methodologically flawed [201]. A double blind trial placebo-controlled study was recently
reported which showed that a single oral dose of 2.5mg vitamin D significantly enhanced the
ability of participants’ whole blood to restrict BCG-/ux in vitro 6 weeks later [202].

Currently, in most tuberculosis programmes, the first measure of effective therapy is sputum
conversion at 2 months. The discovery of a genetic or immunological marker indicating how
efficiently a patient responds to treatment could have a major impact on clinical trials and shorten
the time period necessary for drug testing. In the coming era of personalized medicine, genetic
markers have the potential to be developed into simple, affordable tests applicable even in high-
burden countries. Estimates of disease transmission in the community studied here are extremely
high, and the percentage of tuberculosis due to transmission could be in excess of 70% [362].
The extended time to microbial resolution of tuberculosis may be a contributory factor in the

continuation of the tuberculosis epidemic.
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Chapter 7

Concluding remarks
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In the South African Coloured (SAC) population, susceptibility to tuberculosis was investigated
using a case-control study design. With the number of samples available, there was sufficient
power to determine whether there was an association with tuberculosis susceptibility in a variety
of candidate genes (Table 7.1). Polymorphisms in these candidate genes were assessed for an
association with susceptibility to active tuberculosis and not susceptibility to Mpycobacterinm

tuberenlosis (M. tuberculosis) infection (otherwise healthy individuals that are latently infected).

Table 7.1: Summary of all the polymorphisms investigated via a case-control method using the
SAC population.

Results in  significant

Gene SNP table: p values Comment

RANTES -403(rs2107538) 3.1

RANTES +1092(rs1065341) 3.1

CCRS 59029(rs1799987) 3.1

CCRS5 A32(rs333) 3.1

CCR2 641(rs1799864) 3.1

SDF1 3'A(rs1801157) 3.1

DC-SIGN -939 41

DC-SIGN 871 41 82x10*

DC-SIGN -336 41 0.01

DC-SIGN -139 41

DC-SIGN 2392 41

DC-SIGN 3220 41

DC-SIGN 3838 41

DC-SIGN 4235 41

DC-SIGN neck length variation 4.3

L-SIGN neck length variation 4.3

SP110 rs2114592 5.2

SP110 rs1365776 5.2

SP110 rs41545715 5.2

SP110 rs3948464 5.2

SP110 rs1135791 5.2

SP110 rs3948463 5.2

SP110 1541541917 5.2

SP110 rs35495464 52

VDR Fokl (rs10735810) 6.3

VDR Apal (1s7975232) 6.3 Appears to weakly contribute to smear
conversion time (Table 6.13)

VDR Taql (rs731230) 6.3 Appears to weakly contribute to smear
conversion time (Table 6.13)

In addition, this admixed population was formally assessed for population stratification and the
Ravensmead/Uitsig SACs were found not to be stratified. However, a possible criticism is that
the 25 single nucleotide polymorphisms (SNPs) used were not enough to confidently assess the
stratification within an admixed population. Further analysis of more SNPs or microsatellites
could be done [258] to strengthen the evidence that the SAC population is not stratified. The
impact that possible population stratification could have on case-control association studies is
debated and the extent and implications have not been established [47, 96, 346, 377].
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Candidate polymorphisms in RANTES, CCR5, CCR2 and SDF1, which had previously been
associated with a number of diseases, were not associated with tuberculosis susceptibility. The
polymorphisms occurred at high enough frequencies to provide sufficient power to detect an OR
of at least 1.6. The RANTES polymorphism -403 initially showed an association, which was lost
when additional samples were genotyped. This illustrates one of the challenges with association

studies.

The DC-SIGN gene was re-sequenced using samples from the SAC population, and the
genotyping of promoter polymorphisms -336 and -871 found both to be associated with
tuberculosis susceptibility. The association was strong and was still present after (non-significant)
stratification adjustment. The DC-SIGN -336A variant has been implicated in increased DC-
SIGN expression which could explain its role in tuberculosis susceptibility. The increased
expression of DC-SIGN may be the underlying reason for an increased efficiency of host
phagocytes. As both DC-SIGN -336 and -871 are promoter polymorphisms, further studies
assessing their functional consequences, for example gene expression studies where luciferase
reporter vectors are utilised, are now required to eventually develop knowledge-based and
effective pathway-targeted treatments. These functional studies are being done at the Pasteur
Institute, Paris, France. Additional DC-SIGN haplotype tagging SNPs (htSNPs) were also

investigated but not associated with tuberculosis susceptibility.

The SP770 gene was identified as a potential susceptibility gene through mouse studies, as was
SLCT11A47 (NRAMP1). Re-sequencing sections of the SP770 gene identified fourteen novel
polymorphisms and in the case-control study eight polymorphisms in the SP770 gene were
genotyped. No SP110 genotypes or haplotypes were associated with tuberculosis susceptibility.
Although, SL.C77.A47 was identified through mouse studies and subsequently proved to be a
susceptibility gene for tuberculosis in humans, the same does not appear to be true for the SP770
gene. The mouse model has its uses but it is not designed to identify human candidate genes, as
the mouse does not always reflect the human disease model sufficiently to allow findings to be

translated to the human patient.

Both the §P770 and DC-SIGN genes were re-sequenced to determine the frequencies of the
polymorphisms, identify novel SNPs and determine linkage disequilibrium (LD) and infer
haplotypes present in the SAC population. When testing for an association with tuberculosis,
haplotype tags (htSNPs) and tagSNPs were desired, as one polymorphism could provide
information on a whole haplotype. In particular, in an admixed population it is useful to sequence
and identify LD and haplotypes within that population. Re-sequencing SP770 gene sections to
determine the haplotype and LD showed low LOD values and no tagSNPs could be determined.
The re-sequencing of the DC-SIGN gene did enable us to determine htSNPs.

There are indications that 60 independent samples would provide optimal performance of
tagSNPs, when considering a common SNP (>5% frequency) [220]. In a resource-poor setting
the sequencing of 60 samples might not be feasible, in particular when the gene is fairly large.
The use of htSNPs and tagSNPs does reduce the cost of genotyping as all SNPs spanning the
gene do not need to be genotyped. Information on tagSNPs and htSNPs is available from the
HapMap database (http://www.hapmap.org/). The SAC population is not represented in this
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database, but the information has been found to be translatable to other populations. Using
online resources will provide a wealth of information from reference populations, but they
seldom reflect admixed populations, a term that can refer to many distinct populations. As the
SAC population is admixed with contributions from Asian, Caucasian and African populations,
all the tagSNPs spanning the gene of interest from all the reference populations should be used,
as this will provide the most reliable information. This includes polymorphisms that are unique to
one of the reference populations together with the other tagSNPs identified, and common to all
three reference populations (M. Méller PhD thesis 2007). However, this could result in a large
number of polymorphisms that would need to be genotyped. Thus the initial expenditure of re-
sequencing genes in samples from the SAC population might be beneficial in providing valuable
information on LD, tagSNPs and novel SNPs in this population. Re-sequencing or using online
resources both have their advantages and disadvantages and do not have to be mutually

exclusive. Combining the information from both sources provides the most information.

Care must be taken when assessing published positive associations with disease. There are many
underpowered, poorly-defined studies published and they should be used with caution. Specific
guidelines for the publication of association studies have been released to ensure that there is no
bias towards positive associations, and studies are published on the basis of correct design, not a

positive result [281].

There are a plethora of positive association studies that have not been replicated and there are
numerous reasons why some studies cannot be replicated [58]. As seen in Chapter 3, there was
initially a positive association with the RANTES -403 polymorphism but after analysis of more
samples there was no association. The positive association could be spurious and also indicates
why replication in an independent study and with an alternative population is important. The
initial study should be scrutinised to assess whether it has enough power to justify its claims. A
simple check is to assess if the cases and controls are reasonably closely matched for age,
ethnicity, gender and, if feasible, similar exposure in environment. Care must be taken that

reporting of subgroups is not done in an attempt to put a positive spin on negative results.

Polymorphisms in the SP770 gene were associated with tuberculosis susceptibility in West
African populations but not in SAC, Russian and Ghanaian populations. This could indicate a
sputious result in the original West African populations, or the polymorphisms could be
indirectly associated with disease through LD. The investigations in Ghana and Russia used
thousands of samples in their case-control association studies [335, 348]. Only if the
polymorphism occurs at a low frequency are these numbers required. A large number of samples
is not always necessary if there is sufficient power in the statistical analysis [43], but it does
provide convincing evidence for negative results. However, when a polymorphism with a low
frequency is associated with susceptibility for a common disease, the practical implications are
limited, as the population attributable fraction of the susceptibility genotype will be low. In other
words, the findings will have theoretical value but have little practical public health value [279].

Finally, I’'DK gene polymorphisms Fokl, Apal and Tagl were investigated in a case-control study
and found not to be associated with susceptibility to tuberculosis. The 249 cases were from a

longitudinal study, known as the Surrogate Marker (SM) cohort, of first time pulmonary
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tuberculosis patients, which were followed during and after their treatment. With the regular
sputum sample testing which had been done, it was possible to reliably determine when sputum
conversion, from a positive to negative result, took place. Sputum results were available for both
smear and culture. Apart from Kaplan-Meier survival curves and univariate analysis, an optimal
Cox regression (multivariate) analysis was done. The optimal Cox regression model is a useful
analytical method as it takes all variables into consideration and no statistical correction for
multiple testing is required. The final optimal model lists all factors that may contribute to the
outcome being investigated, i.e. time to sputum conversion. The optimal model identified that
the "DR polymorphisms, ~4pal and Taql contributed to smear conversion time. The extent of
tuberculosis at diagnosis, according to the chest radiograph, was the only variable that
contributed to both smear and culture conversion time. This model provides a wealth of
information that takes factors from the environment, host and pathogen into a holistic
consideration, and not merely as individual factors. This provides a more nuanced investigation

of gene effects than the conventional case-control study.

The SM cohort will be useful for further studies investigating time to sputum conversion in
tuberculosis patients and the contributions of various genetic loci to treatment outcome. This
type of investigation has only been done with the I”DR gene in SAC and Peruvian populations.
Knowledge of which gene polymorphisms contribute to sputum conversion would provide
valuable information for antibiotic development and trials, and possibly provide a surrogate
marker to identify poor responders to treatment. Selection of candidate genes for association
with time to sputum conversion would be different from those assessing associations with
susceptibility to tuberculosis disease, as sputum conversion will involve genes important in
recovery from tuberculosis disease while on treatment and not necessarily those involved in

progression to disease.

The ability of the M. tubercnlosis strains to elicit a heterogenous response from the human host
and the role that genetic variants play needs further investigation. The interaction between M.
tuberculosis strains and DR genotype was briefly assessed in the SM cohort, with respect to
influence on time to sputum conversion, but there were no significant findings. In genetic
association studies it would require the cases to be phenotyped and catergorised by the strain type
of the patient and the clinical form of disease. There are clearly interacting roles for the host,
pathogen and the environment and we require a better understanding of the intricate interplay

taking place.

Tuberculosis susceptibility has been investigated in a number of genes worldwide and a number
of positive associations (some unpublished) have been found. The combined effects, either
additive or epistatic, of these polymorphisms needs to be determined [229]. As the response to
M. tuberculosis infection is complex, it is possible that individual susceptibility genes may occur in
complementary pathways, or gene function may be compensated for by another redundant gene.
In addition, epigenetic effects might also be playing a key role in susceptibility to tuberculosis
disease and these have not been explored yet [144]. Comprehensive studies considering the
genomics, transcriptomics, proteomics and metabolomics would provide a complete view of the

hosts’ response to M. tuberculosis infection.
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These results, and other association studies, could have implications for vaccine and drug
development [114, 392]. The design of drug and vaccine trials might need to take the effect of
these polymorphisms into consideration, either by stratification of study populations or
correction in statistical analysis of the efficacy of the drug or vaccine. Failure to consider inter-
population genetic differences could have implications on the efficiency and the outcome of trials
when tested in different populations. This important point has already been raised in HIV
vaccine trials [114, 392] but would apply equally to tuberculosis. This may already be
demonstrated by the variable efficacy of BCG vaccination in different populations [9]. Host
genetic variability might not only affect the efficacy of a trial between sites but in addition disease
progression and the outcome of treatment. Knowledge of the genetic background of the
susceptibility to a disease is required to implement effective treatment. Positive genetic
associations in the population that we studied would need to be replicated in other population
groups, including those from other areas in South Africa, before we could contemplate using this

knowledge to improve tuberculosis treatment and public health.

Tuberculosis is a major burden to the world, especially developing countries. With no major
developments in vaccines and drug therapy for over 40 years, something drastic needs to happen.
There are new drugs in the clinical trial pipeline but there seem to be no ‘golden bullets” within
sight. There is still a lot we do not understand and we require better knowledge on what
contributes to tuberculosis disease, which will hopefully help develop better vaccines or
therapeutics. Therapeutics that reduces the treatment period of 6 months and the development
of rapid, low cost diagnostics are required. A vaccine that would protect both children and adults
and particularly one that could target the genetically susceptible groups would help to reverse the

epidemic.
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Appendix 1

Methods and Materials

These Methods were used in the following publications:

Babb C, Keet EH, van Helden PD, Hoal EG (2007)
SP110 polymorphisms are not associated with pulmonary tuberculosis in a South African
population.

Hum. Genet. 121:521-2

Babb C, van der Merwe L., Beyers N, Pheiffer C, Walzl G, Duncan K, van Helden P, Hoal EG.
Vitamin D receptor gene polymorphisms and sputum conversion time in pulmonary tuberculosis

patients.
Tuberculosis 2007;87:295-302.

Barreiro LB, Neyrolles O, Babb CL, Tailleux L, Quach H, McElreavey K, Helden PD, Hoal EG,
Gicquel B, Quintana-Murci L (2006)

Promoter Variation in the DC-SIGN Encoding Gene CD209 Is Associated with Tuberculosis.
PLoS Medicine 3:¢20

Barreiro LB, Neyrolles O, Babb CL, van Helden PD, Gicquel B, Hoal EG, Quintana-Murci L
(2007)

Length Variation of DC-SIGN and L-SIGN Neck-Region has no Impact on Tuberculosis
Susceptibility.

Human Immunology 68:106-12

97



Stellenbosch University http://scholar.sun.ac.za

A1.1 Patients and Controls

Samples have been collected over the last 10 years from the Ravensmead and Uitsig communities
and some adjacent suburbs in the proximity of Tygerberg Hospital, Parow, Western Cape.
Individuals that were enrolled for the studies are from the population discussed in Chapter 2,
namely the South African Coloured.

All projects received ethical approval from the ethics committee of the Faculty of Health
Sciences, University of Stellenbosch, South Africa. The case-control study received project
registration number: 95/072, the Surrogate Marker has project registration number 99/039 with

amendments and the Sequella/ Aeras study has registration number 95/072 with amendments.

Tuberculosis patients are diagnosed and bacteriologically confirmed through the local health
system and placed in the direct observed therapy, short course (DOTS) treatment as prescribed
by the South African National Tuberculosis Programme, based on World Health Organization
(WHO) guidelines discussed in Chapter 1.1.4. For the human susceptibility to tuberculosis

studies described, only HIV negative patients were included.

Controls were enrolled from a variety of sources such as clinics, households and places of work
in the same area as the tuberculosis cases. They were all from high TB incidence suburbs, similar
socio-economic status and the SAC population group. They reported having no clinical
symptoms of tuberculosis and have no record or recollection ever having had tuberculosis. In
addition their medical records (if any) were checked for a history of tuberculosis. No PPD results
were known, but as discussed in Chapter 1, they are very likely to be positive because of the high
tuberculosis exposure in this community [371, 372, 383]. Familial information was collected for
over 225 families, to allow for family-based studies, such as transmission disequilibrium test
(TDT) studies. I checked and constructed all pedigrees, for future TDT studies, in Cyrillic

version 3.0.3. However no familial studies were done for this thesis.

Venous blood samples of between 2 and 10 ml were collected from subjects in one to two
EDTA lavender vacutainers (BD Vacutainer Systems, Plymouth, UK, provided by Scientific
Group Cat no. BD367655). The date of sampling, date of birth, medical history, consent forms
and, in some cases questionnaires, were all collected at the same time. Records were kept in the
“EileenTB” database which is stored on the server “Zeus” in the Division of Molecular Biology
and Human Genetics, Faculty of Health Sciences, Tygerberg Campus, University of Stellenbosch.
Confidentiality is strictly adhered to with numerical Patient IDs being assigned on the first visit.
All clinical and epidemiological information is linked to the Patient ID and only clinicians, the

primary investigator and database manager were permitted access to patient names.

Al.2 Genomic DNA Isolation

On the day of phlebotomy samples were kept upright at room temperature. Once the plasma had
settled one millilitre was pipetted from each of the vacutainers into a 2ml tube. This was then

centrifuged at 14 000 rpm for 1 minute, so that any remaining red blood cells pelleted. Two ml of
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plasma was then pipetted into two one millilitre eppendozfs to be stored at minus eighty degrees.
The collection tube containing the pellet was discarded. The two aliquots of remaining whole
blood were then pooled in a 50ml sterilon collection tube and stored at minus 20°C until
genomic DNA was extracted using the Nucleon BACC3 Kit for blood (Amersham Biosciences,
UK Catalogue number: BACC RPN-8512). Extractions were done according to manufacturers

instructions, which are briefly described below.

Outline of Nucleon DNA extraction case-control Samples

1.Dilute Reagent A 1 to 4 in distilled water: (12 samples = 94.5ml Reagent A + 283.5ml
water).

Cell lysis

2.Collect the defrosted 50ml collection tubes, containing the pooled blood, from cold
room. Two millilitres of plasma has been removed and should contain 5-10 ml of
whole blood. Fill with diluted Reagent A to 30 ml.

3.Vortex each tube for +- 30 seconds

4.Centrifuge at 1300g for 15 minutes (Switch the waterbath on and dilute some bleach).

5.Pour off the supernatant into the diluted bleach. Be careful not decant the pellet.

6. Add 2ml of diluted Reagent A to the remaining pellet in the 50ml collection tube (double
lysis). Shake by hand to release the pellet from the bottom of the tube.

7.Centrifuge the 50ml tubes at 1300g for 15 minutes. Collect 15 ml sterilon tubes, two for
cach sample. Add 500ul of sodium perchlorate to one set of empty 15ml tubes.

8.Pour off the supernatant in the 50ml tubes into the diluted bleach, again being careful not
to loss the pellet.

9.Add 2ml Reagent B to the 50ml tube.

10. Place the samples in the water bath (37°C) until the pellets are dissolved in reagent B.
Check and switl by hand every few minutes.

Deproteinisation

11. Transfer the diluted pellet to the 15ml sterilon tube, containing the 500ul of sodium
perchlorate solution, by pouring. Mix by inverting = 20 by hand.

DNA extraction

12. Add 2ml of chloroform to the 15ml tube containing the sample. Mix by inverting = 20
by hand.

13. Add 300 ul of resin that is supplied with the kit. Add slowly and close to surface so it
does not splatter.

14. Centrifuge the sample at 1300g for 8 minutes

DNA precipitation

15. Remove the top layer, ~2.5ml (NOT RESIN), to an empty 15ml sterilon tube.

16. Add 5ml of ice cold ethanol. The DNA will precipitate and become visible.

17. Remove the strands out of the ethanol by pipetting, to a 1.5 ml eppendozf tube. +- 70
ul of ethanol can be pipetted with the DNA. Invert the 15ml tube as more DNA
lumps may appear, collect any precipitate.

DNA washing

18. Centrifuge the 1.5ml tube at top speed (4000g) for 5 minutes to pellet the DNA.

19. Pour off the ethanol supernatant.

20. Add ~ 1.5ml of 70% ethanol.
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21. Centrifuge for 5 minutes at top speed.

22. Pour the ethanol off completely. Carefully as not to loose the pellet of DNA.

23. Reconstitute the DNA pellet with TE. The volume of TE required depends on the size
of the pellet, usually between 200 and 1000 pl when starting with 5-10ml of whole
blood. Flick the 1.5ml tube to release the pellet. The pellet must dissolve fully before
reading the concentration on the Nanodrop (NanoDrop Technologies Inc., USA).

Advisable to leave on a rotary wheel, at least, overnight.

Al.3 Polymerase Chain Reaction

All techniques in this thesis used PCR as the starting point of all genotyping. The different
elements of PCR will be discussed in this section. Unless stated otherwise all PCRs were done on

an Eppendorf Mastercycler Gradient PCR Machine (Eppendorf, Hamburg, Germany).

A1.3.1 Primer Design

Correct primer design is important to achieve accurate results. Using online databases is essential
but should be used with caution as mislabelling and incorrect alignments can sometimes occur.
Online databases store globally produced data and make them publicly available. The most
commonly used are: NCBI (http:/ /www.ncbi.nlm.nih.gov/), Ensembl
(http://www.ensembl.otg) and EMBL (http://www.ebi.ac.uk/embl/). A compatison of the
desired target nucleotide sequence between these different databases is desirable because, even
though they have overlap in data input, they also have unique submissions of data from various
sources around the world. When designing a primer, and consideration for pseudogenes,

incorrect alignment and homologues must be taken.

If possible the target DNA sequence should be sequenced. Not only will sequencing ensure that
the correct sequence is being used, but will also allow for the detection of novel polymorphisms
that may not be present in populations that currently dominate genome projects, such as the
CEPH group, white American or African American. Once the correct target nucleotide sequence

template has been identified, primer design can take place.

There are a number of computer programs that can assist with primer design. We used DNAman
Version 4.1 (http://www.lynnon.com/), but another that is commonly used is Primer3
(http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi). Information on the primer
includes the GC content, melting temperature (Tm), molecular weight and more. Primer design
must follow these basic guidelines: avoidance of substantial tandem repeats of one or more
nucleotides, avoid sequences prone to secondary structures which could form hairpin loops and
dimerization, and the Tm should be between 50 and 60 °C.

The program Oligocalculator (http://trishul.sci.gu.edu.au/tools/OligoCalculator.html) was used
as an independent check for the Tm and the GC content. Testing for the presence of hairpins

and dimers was done by using Scitools Oligoanalyzer 3.0
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(http:/ /scitools.idtdna.com/Analyzer/oligocalc.asp). This program tests for auto- and hetero-
dimers, and hairpin loops. Any dimers that were more than 4 bp and overlapped the 3” end were
rejected, as were primers where a hairpin bound at the 3’end and had a Tm above 39.9 °C. The

program AutoDimer was used as an additional check [359].

To check that the primers will anneal only to the desired target, a BLAST needs to be conducted.
This is done through the NCBI website (http://www.ncbi.nlm.nih.gov/blast/) and choosing the
"search for short nearly exact matches" or "nucleotide-nucleotide BLAST" option to ensure
specificity. Selection of "chromosome" as the database, "Homo sapiens" as the organism, and
checking the "Mask for lookup table only" box, which then gives a real idea of the hits on the
genome without all the confusion of different genes, mRNA etc. It must be noted that the
BLAST results ate ranked by "expect value", and this calculation means that a hit of 16
continuous bases in a 20bp primer will rank higher than a 19bp hit with one gap in it. Therefore

all hits must be manually checked to find the ones of biological importance.
A virtual PCR on the website (http://grup.cribi.unipd.it/cgi-bin/mateo/vpcr2.cgi) was done to

check if amplification would occur with the chosen primer pair. However this is just a check and

cannot replace actual experimentation and optimisation of the PCR, as it is not always accurate.

A1.3.2 PCR amplification

Super-Therm Gold DNA polymerase (JMR holdings, USA, Catalogue Number JMR 850
supplied by Southern Cross SA) was the Taq used throughout all the experiments.
Deoxynucleotide triphosphates (dANTPs) were all supplied from Bioline (catalogue number BIO-
39025) and a master mix with 25mM of each dNTP, with a working concentration of 2.5mM was
used throughout. Primers were manufactured by Integrated DNA Technologies Inc (IDT, USA;
supplied by Whitehead Scientific, SA). The stock was diluted with distilled water to a
concentration of 100uM and a working concentration of 10pM. Genomic DNA was used at a

concentration between 10 and 50ng/ul.

PCR programs were done with the general program: 1 cycle at 94°C for 15 minutes followed by
35 cycles at 94°C for 30 seconds, annealing temperature °C for 30 seconds and 72°C for 45
seconds, then 1 cycle at 72 °C for 10 minutes and finally a 15°C hold step.

Agarose gels were either Tris-borate-ethylenediaminetetra acetic acid (TBE) or Sodium Boric

(SB) acid [42] buffer gels. SB buffer allows gels to be run at higher voltage without causing a high

temperature increase, which decreases the run time of a gel.
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Al.4 Sequencing

Instead of the Sanger/ chain terminator sequencing method, labelled terminators were used,

commonly called 'dye terminator sequencing'. The major advantage of this approach is that the

complete sequencing set can be performed in a single reaction. This is accomplished by labelling

cach of the dideoxynucleotide chain-terminators with a separate fluorescent dye, each with a

different wavelength. Software allows for automated calling of the bases.

A1.4.1 PCR Clean-Up

To get good quality sequencing, cleaning/purification of PCR products is requited to remove

primers, buffers and dNTPs. Initially, all purification for genomic DNA sequencing was done
using the Wizard ® SV Gel and PCR Clean-Up system (Promega, Catalogue number: A9282),
briefly described below.

Outline of Wizard ® SV Gel and PCR Clean-Up system

This is a DNA purification done by centrifugation protocol, as described by the
manufacturer:

Processing PCR reactions

Added equal volumes of the membrane binding solution to the PCR reaction.

Binding of DNA

The SV minicolumn was inserted into the collection tube.

The prepared PCR sample was transferred to the minicolumn assembly and incubated at

room temperature for 1 minute.

4. Then was centrifuged at 16 000g for 1 minute. The through-flow was discarded and the
minicolumn reinserted into the collection tube.

Washing

5. 700ul of Membrane Wash Solution (ethanol already added, as required by manufacturer)

was added to the minicolumn. Then was centrifuged at 16 000x g for 1 minute. Through

flow was discarded and the minicolumn reinserted into the collection tube.

6. The above step was repeated with 500pl of membrane wash solution, and centrifuged at
16 000g for 5 minutes.

Elution

7. Carefully transferred the minicolumn to a clean 1.5ml microcentrifuge tube.

8.

50pl of nuclease free water was added to the minicolumn and incubated for 1 minute at
room temperature, then was centrifuged at 16 000g for 1 minute.
Discarded the minicolumn and stored the cleaned PCR product at 4°C or -20°C until

needed.

The above method worked but we found that the ExoSAP-IT (USB Corporation, Catalogue

Number: US78201) clean-up method produced a definite improvement in sequencing results.
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The ExoSAP-IT protocol, briefly described below, was easier and simpler to follow and despite

being more expensive, the benefits of having clean, clear sequencing outweighed the costs.

Outline of ExoSAP-IT Clean-Up
1. ExoSAP-IT was to be stored on ice through the whole set-up.
2. 8ul of post-PCR reaction product was mixed with 4ul of ExoSAP-IT. Giving a total of

14ul. This gave excess volume for bi-directional sequencing (one sequencing reaction
required 6 pl). Compared to the manufacturers’ advice we added a slight excess of
ExoSAP-IT to guarantee Clean-Up.

3. The mix was incubated at 37°C for 15 minutes to degrade the remaining PCR primers
and nucleotides.

4. A further incubation step at 80°C for 15 minutes was done to inactivate the ExoSAP-IT
enzymes.

5. The cleaned PCR product was then stored at 4°C or -20°C until needed.

A1.4.2 Sequencing reactions

Sequencing was done by using the ABI PRISM BigDye Terminator v3.1 Ready Reaction Cycle
Sequencing Kit (100 Reactions) (Applied Biosystems, CA, USA, Part Number: 4337455), from
here on referred to as the sequencing kit. It contains all the required reagents in a premixed, ready
to use format, including the fluorescently labelled dideoxynucleotides ([F]JddNTPs), which are
added sequentially to the primer through the sequencing reaction. Sequencing templates should
generally be shorter than 800bp, but there are other kits on the market which will sequence over
1000bp successfully.

Per sample, the reaction required 0.5pl of DMSO, 1.5ul of sequencing kit (these were premixed
in a 1:3 ratio), 5pl of primer at a concentration of 1.1uM, and 5pl of cleaned template PCR
product. The additive DMSO is required to open secondary structures that may form. For
bidirectional sequencing, 10ul of PCR product is required and 5ul of each primer, per sample.
Sequencing reactions were done in a 96-well plate format. Each plate contained a positive control
which is provided with the kit. The positive control requires twice the volume of the sequencing
premixed reagents (3pl), 1ul of DMSO and 1.5pl of pGEM template with 5ul of T13 primer. The
sequencing reaction for the samples was scaled down from manufacturers’ recommendations to

save consumables.

After setting up the sequencing reaction, the plate was run on a 3700xl thermocycler (Applied
Biosystems) with the following cycles: 95°C for 5 minutes, followed by 35 cycles of 95°C for 45
seconds followed by 58°C for 4 minutes and then a hold step of 4°C.

A further cleaning step to remove the [F]JddNTPS and primers was required using the Centri-

SEP 96 protocol, briefly desctibed below, was also in plate format. The samples were then ready
to be run on the ABI-Prism 3130x] DNA analyzer platform.
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Outline of Centri-SEP 96 Protocol

Clean-up of the sequencing reaction was done according to the Centri-Sep 96 protocol

(Princeton Separations, USA Catalogue number CS-965). This is a simple and easy
method to follow.

1. The Centri-Sep 96 plate must be at room temperature before use. Removed the adhesive
from the bottom and then from the top of the Centri-Sep 96 plate.

2. The Centri-Sep 96 plate was stacked on top of a 96-well wash plate and centrifuged at
1500xg for 2 minutes. (The use of an external timer was advised.) Discarded the liquid
from the wash plate. The gel matrix in the wells appeared opaque now.

3. The samples (20ul or less) were transferred to the Centri-Sep 96 plate, taking care to place
the samples in the centre of the gel beds.

4. The Centri-Sep 96 plate was stacked on top of a 96 well collection plate (96-well optical
reaction plate, Applied Biosystems, Part number: 430673) and centrifuged at 1500g for 2

minutes, again using an external timer. The samples were ready to be analysed.

In the Data Collection software Version 3.0 (Applied Biosystems), the layout of the plate was
entered, and linked to the plate loaded on the platform of the sequencer. The assignment of
sample names was done so that the sample name and the primer used were easily identified. Prior
to loading the plate on the analyzer, it was ensured that the running buffer (stock solution of
running buffer with EDTA was a 10x concentrate (Applied Biosystems: Part number 402824
25ml)) was fresh and replaced if necessary.

The sequencing reaction was run on a 36 cm 16 capillary array (3130 Cap Array 36cm, Applied
Biosystems, part number: 4315931) with Performance Optimum Polymer (POP) 7 (Applied
Biosystems, part number 4352759) in the Division of Molecular Biology and Human Genetics
using the Sequencing analysis software Version 5.2 (Applied Biosystems) with the Instrument
protocol ‘Seq_Z_36_POP7’ and Analysis Protocol 3130POP7_BDTv3-KB-Denovo_v5.2".
Sample results were then analysed on the Sequencing Analysis software. As part of quality
control, all plates contained pGEM with primer T13 as a positive control and all results were

analysed first by the sequencer operator and subsequently and independently by the researcher.

The SP770 gene was sequenced to identify novel polymorphisms and to search for the presence
and frequency of known polymorphisms in our population. We sequenced SP770 exons 4 to 8,
11, 14, 15, alternative 15, 17 and 18, including surrounding intronic regions. Per sample,
amplification was done using 0.13pl of Taq, with 2.5pl of 10x PCR buffer, 2ul of dNTPs, 13pl of
distilled water and 0.35ul of each primer (forward and reverse), giving a total volume of 19pul
before 1l of DNA template was added. The final 20pl reaction mix was amplified using the
primers listed in Table Al.1. The samples were then cleaned with ExoSAP-IT before undergoing
the sequencing reaction, the Centri-Sep 96 purification and finally being run on the ABI Prism
3130xl Genetic Analyzer, as described previously.
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Table Al.1: Amplification and Sequencing Primers for the SP770 gene with the fragment lengths

and annealing temperatures.

Fragment Annealing

Primer Name Orientation  Sequence 5° — 3’ Length temp. (°C)

SP110Exon4,5 Sense TCT GAG TCT CCA GGG TACTGA TG 796 62
Antisense GGT TGG CAG ACG CAT GTT

SP110Exon6 Sense AGC TTC TCA AAT TGT ATC ACT TGT CC 737 62
Antisense CTATCC AAGTCT ACCTTTTCC AGACT

SP110Exon7 Sense GCA GAG CTT TAT ATG TCT TTG CTG 821 62
Antisense GTC ACATAG TGG TGC TCT TGC CA

SP110Exon8 Sense CCT TTC AAA CCT CAA GCCCT 781 64.5
Antisense TGG CTT CCC ATT GCATTT A

SP110Exonl1 Sense TGA GCA AGA CAG ACA CAA ATC C 765 62
Antisense CAA TCC TGC AAATGT GTC CA

SP110Exon14 Sense TGG AAA GGT AGA AGG CCA CA 797 62
Antisense CCATTICCTITTCT CCTTCC ATTT

SP110Exon15 Sense CCA CAG GGT CAG CATTCG TG 397 59
Antisense CTG TCC AGG GAA TAG CAT ACT AG

SP110Exon15 Sense CAG TGT GAT GTC TGG GTA CAG 460 61

Alternative Antisense GGT CTT GCT ATG TTG CCT AGG

SP110Exon17,18  Sense CTT GGA CAC TCT GGG AGG TG 789 66.7

Antisense ACC AGG TAG TCC CTC TCC AGA

Al.5 Genotyping of Polymorphisms

There were a variety of genotyping methods that were used to assess the various genes. The
methods used include; Restriction enzyme digestion (for genotyping CCR5, CCR2, SDF7 and
IVDK), Amplification refractory mutation system (ARMS; for genotyping RANTES
polymorphisms), Template-directed Dye-terminator Incorporation with  Fluorescence
Polarization (TDI-FP; for genotyping of DC-SIGN) and SNaPshot (for genotyping SP770).
Taqman, a hybridisation method which requires no post-PCR processing or label-separation
steps was also used in the analysis of the DC-SIGN gene but was not conducted as part of this
thesis, so will not be discussed. The ARMS method is an oligonucleotide ligation technique;
TDI-FP and SNaPshot are both primer extension techniques, which is also known as mini-
sequencing. All are frequently used for genotyping of single nucleotide changes in the genome
[334]. In addition two insertion-deletion (indel) polymorphisms (CCR5A32 and SP770indel) were
also genotyped by band separation on agarose gels. The repeat length variation in the neck region
of DC-SIGN and I-SIGN were also genotyped in the same manner at the Pasteur Institute,

France.

The principle of primer extension for the analysis of PCR products, is that a primer is designed
so that the 3’end hybridises one base prior to the 5’end of the polymorphism. This does have its
limitations as the design of a primer is confined to the sequence surrounding the polymorphism,

which does not always allow for annealing of a primer.
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A1.5.1 SNaPshot ® Multiplex System

SNaPshot ® multiplex system (Applied Biosystems) is a primer extension technique that can
interrogate up to ten polymorphisms between one and ten templates in a single reaction [40, 265,
355]. SNaPshot was done on the ABI-Prism® 3130xI DNA analyzer platform for the genotyping
of polymorphisms in the §P770 gene (Chapter 5).

A1.5.1.1 Primer design for SNaPshot (primer extension method)

The design of SNaPshot primers requires them to be designed so that they are immediately
adjacent to the polymorphism of interest. The correct primer design can save expense, time and
improve quality of data. Particularly when a multiplex SNaPshot reaction is used, correct design
is vital as there is always the risk of unforeseen cross reactions, binding of primers and
hybridisation with the incorrect sequence. To reduce the chance of this happening there are a
number of steps that were taken when designing SNaPshot primers for the analysis of the SP770

gene.

The SNaPshot primers were initially designed as standard primers (section 2.3.1), and checks for
hairpins, dimers and BLAST analyses were done. Not only must the primers pass these checks
individually but also when combined, particularly avoiding dimerisation with each other and
binding to the incorrect fragment. Dimers where the bases were complementary at the extreme 3’
end of two primers were avoided as they could reduce amplification efficiency and this could
result in spurious or incorrect results. If a primer failed any checks, the complementary strand
was used as a template for redesign. Primers that were intended to run in a multiplex were

designed to have equal or similar annealing temperatures.

Following completion of primer design for the polymorphisms of interest, compatibility of the
primers for a SNaPshot multiplex was assessed by conducting a Local BLAST in Bioedit version
7.0.5.3 [120]. This required the construction of a nucleotide database file with FASTA reports for
all the fragments amplified. (Open the program ‘Bioedit’, ‘Accessory application’ in the toolbar,
then selection of ‘BLAST” and subsequently ‘Create a local nucleotide database file’). A Local
BLAST is then conducted on this database (Open the program ‘Bioedit’, ‘Accessory application’
in the toolbar, then selection of ‘BLAST” and subsequently ‘Local BLAST"), with a query done on
the SNaPshot primers designed for the multiplex. Each primer should only match the fragment

where the polymorphism of interest is situated.

Analysis of the polymorphisms by SNaPshot was done by two assessments; the electrophoretic
mobility (run length) of the primers, and detection of the dye present. To ensure that the primers
have varying lengths and therefore different electrophoretic mobility, 5> non-homologous tails of
neutral sequence (dC) or (dGACT) were added to the 3’ end in order to act as mobility modifiers
(Table A1.2). This is recommended by the manufacturers of the SNaPshot assays (Applied

Biosystems) and has been verified in various studies [40, 265].
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Table A1.2: Extension primers used in the genotyping by SNaPshot of seven polymorphisms in
the SP770 gene.

Primer
conc. in
the master
mix for
SNaPshot Primer SNaPshot
SP110 SNP Orientation  Sequence 5° — 3’ [expected allele call] (uM)
rs3948463 Sense AGTTGCACCTTCTGCAGGAT(g/a] 0.2
rs3948464 Sense ATGTGCCCGAAAGTCCAGAT[c/1] 0.5
rs1135791 Sense CCCCCCGGAATATACGTTGTGAGGAAc/1] 0.5
rs1365776 Antisense CCCCCCCCCCCCTTGTACTCTCATCTTACCTC[c/t] 0.5
rs2114592 Antisense CTGACTGACTGACTGACTGACTTCTATTGCTTTGACGTCTATGT[g/a] 0.5
r$s35495464 Sense ACTGACTGACTGACTGACTGACAACTTCTCTGCTGCGGc/1] 0.3
rs41541917 Antisense CTGACTGACTGACTGACTTCTGTTCTCCAGCTTCCTGA[g/a] 0.2

To achieve adequate separation of the products during electrophoresis, the primers are required
to be separated by 4 to 6 bp. Polymorphisms with complimentary pairs could be the same length
(Figure A1.1A), but in hindsight it would have been more beneficial, for analysis purposes, to
have them at slightly different lengths (Figure A1.1B).

Figure Al.1: Spacing of the SNaPshot primers.
A: As advised and used in this thesis for §P770 gene polymorphisms.

B: Separation that in hindsight would have eased analysis.

G/A C/T G/A C/T G/T

G/A C/T G/A C/T G/T

This suggested spacing would have avoided the incorrect automated annotation when there was
spectral pull up (Figure Al1.2), a phenomenon which occurs when there is overloading and the

[F]ddNTP extended primer calling ‘pulls’ up all other fluorescent colours as well.
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Figure A1.2: An example of spectral pull up. This occurs when an A allele (green) is called, but
because of spectral pull up the G allele (blue) was also called, which was manually removed. If
the G bin had not fallen within the A allele bin, this would not have occurred.

22 23 =0 2

When all SNPs have the same alleles present, a complimentary pair can be created by designing
the primer on the antisense strand, as the reverse complementary base will then be called, i.e. the
dyes will be different. Is important to note when a primer has been designed on the antisense
strand as then the results will be the reverse complementary of the expected polymorphism. The
advice of Applied Biosystems is that primers over 30 oligonucleotides in length should be high
performance liquid chromatography (HPLC) purified, however all primers were HPLC purified
in this study.

Despite primer design being done correctly, there was no guarantee that they would work
successfully in a SNaPshot multiplex, so optimisation was carried out. This required testing
individual primers in a singleplex and then in a multiplex. Samples with a known genotype run in
a singleplex, allowed us to determine the electrophoretic mobility for each primer, before
combining them in a multiplex. Heterozygotes were preferably run as this allowed for the

identification of the run length for each allele and therefore we were able to determine the bins.

The optimisation of the SNaPshot multiplex was done on samples that had been sequenced. The
fragments that had been amplified for sequencing in singleplexes (seven separate PCR reactions)
were pooled for the optimisation of the SNaPshot multiplex. Initially the concentration of each
primer was 0.5uM, but this was adjusted according to the intensity of the fluorescence detected
during the optimisation runs. Ideally all fluorescent peaks should be of a similar height and
decreasing or increasing primer concentrations in the multiplex this can be corrected (Table
A1.2).

A1.5.1.2 Preparation of the PCR template for SNaPshot

Before the SNaPshot reaction can be run, an amplification PCR is required to amplify the
fragments of the SP770 gene containing the polymorphisms of interest. The seven
polymorphisms that had been optimised in the SNaPshot reaction were found in seven different
fragments. To reduce the number of amplification reactions from seven, which was time

consuming and required 7ul of DNA, a multiplex amplification PCR was optimised. When
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possible the sequencing primers were used, however these PCR products had similar lengths and
varying annealing temperatures (Table Al.1). This made it difficult to optimise one multiplex
reaction as the bands would overlap when run on an agarose gel. Initially there were seven single
amplifications, but with redesign of primer SP110 Exon 4 and 5 this was reduced to four, where

one multiplex PCR contained four primer sets (Table A1.3).

Table A1.3: Primers used in amplification of samples for SNaPshot of the SP770 gene.

Fragment

Primer Name Orientation  Sequence 5 — 3’ Length

SP110Exon4,5B* Sense GGT ACA AACCCAAACTCA ACTTTT AT 1440
Antisense ACT AGT GTG AGT GTT ACG CAG GTT AC

SP1710Exon7* Sense GCA GAG CTT TAT ATG TCT TTG CTG 821
Antisense GTC ACATAG TGG TGC TCT TGC CA

SP1710Exon8 Sense CCT TTC AAA CCT CAA GCCCT 781
Antisense TGG CTT CCC ATT GCATTIT A

SP1710Exon11* Sense TGA GCA AGA CAG ACA CAA ATC C 765
Antisense CAA TCC TGC AAATGT GTC CA

SP110Exon14 Sense TGG AAA GGT AGA AGG CCA CA 797
Antisense CCATICCTITTCT CCTTCC ATTT

SP1710Exon15* Sense CCA CAG GGT CAG CATTCG TG 397
Antisense CTG TCC AGG GAA TAG CAT ACT AG

SP110Exon17,18 Sense CTT GGA CACTCT GGG AGG TG 789
Antisense ACC AGG TAG TCC CTC TCC AGA

* in the multiplex PCR

Amplification of SP770 Exon 8, 14 and 17 were done in singleplex reactions using 0.13pl of Taq
with 2.5ul of 10x PCR buffer, 2ul of dANTPs, 13ul of distilled water and 0.35pl of each primer
(forward and reverse), giving a total volume of 19ul per sample before 1ul of DNA template was
added. The final 20pl reaction mix was amplified according to the following program: 1 cycle at
94°C for 15 minutes followed by 35 cycles at 94°C for 30 seconds, annealing temperature in
Table Al.1 (°C) for 30 seconds and 72°C for 45 seconds, then 1 cycle at 72 °C for 10 minutes
and finally a 15°C hold step.

The multiplex PCR consisted of the four primer sets; SP770Exonll, SP770Exon7,
SP71710Exon4,5B and SP770Exon15 (Table Al.3). During optimization we adjusted the primer
concentrations to get similar quantities of product for each fragment. The final volumes per
primer were 0.35ul for SP770Exonll and SP770Exon7, 0.70ul for SP770Exon4,5B and 0.18ul
for SP770Exonl5 (final concentrations were therefore 0.175uM, 0.35uM and 0.09pM

respectively). The amplification was done as above but with an annealing temperature of 62°C.

Prior to SNaPshot analysis, quality control was done by running samples on a 1% agarose gel at
150V for 40 minutes to ensure amplification of all fragments. The expected fragment sizes are in
Table A1.2. Once amplified, the four separate PCR products of the same sample were mixed in
equal volumes into one sample to use in the SNaPshot reaction. A plate format was used and as
quality control, each plate contained a negative control and a sample that had previously been

sequenced.
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Purification was required to remove primers, dNTPs, enzymes and buffer. Purification for
SNaPshot was done with a Shrimp Alkaline Phosphatase (SAP) (Promega Cooperation, USA)
and Exol (USB, USA) treatment (not ExoSAP-IT). The use of this method reduces the
background level of ‘noise’. In the SP110 project it was found that 1.5 times the usual SAP and
Exol ratio worked more effectively. 1pl of PCR product was used and 0.5ul (stock 1U/ pl) of
SAP and 0.02pl (stock 5U/pl) of Exol was added. The SAP-Exol mixture was thoroughly mixed
with the PCR template and incubated at 37°C for 1 hour. To inactivate the enzymes an additional

incubation step at 75°C for 30 minutes was done. Subsequently the samples were kept on ice.

A1.5.1.3 SNaPshot reaction

The SNaPshot reaction incorporates the [F]JddNTPs which are present in the SNaPshot
Multiplex Ready Reaction Mix (Applied Biosystems, Part Number: 4323154).

The following master mix was prepared (per sample): 5ul of SNaPshot Multiplex Ready reaction
mix, 1pl of the pooled SNaPshot primers (Table A1.2) and 1pl of deionized water. A volume of
7ul of the master mix was aliquoted into plates and 3ul of purified PCR products was added,
giving a total volume of 10ul.

A1.5.1.4 Thermal cycling and SNaPshot Post-extension treatment

The plates were placed in a GeneAmp 9700 thermal cycler (Applied Biosystems) and the
following cycles were repeated 27 times: 96°C for 10 seconds, 58°C for 5 seconds, 60°C for 30
seconds, followed by a hold at 4°C. Instead of 58°C a temperature of 50°C is usually used, but

with this primer combination a higher temperature worked better.

The post-extension treatment was done by adding 1 Unit of SAP (Promega, Catalogue number:
M8201) to the SNaPshot post-extension product. This removed [F]ddNTPs that would
otherwise co-migrate with the fragments of interest and could cause interference. Once mixed
thoroughly with the SAP it was incubated at 37°C for 1 hout. Deactivation of the enzyme

required a further incubation at 75°C for 30 minutes. Samples were then stored at 4°C.

A1.5.1.5 Preparation of Sample for Electrophoresis on the ABI PRISM 3130 x/ DNA analyzer

The ABI Prism 3130x]l Genetic Analyzer was set up with a 36cm capillary array and POP-4
polymer (Applied Biosystems, Part number: 4352755) with dye set E5 for analysis by SNaPshot.

Sample preparation requires genetic analysis grade Hi-Di formamide (Applied Biosystems part
number: 4311320), SNaPshot PCR product and GeneScan-120LIZ size standard (Applied
Biosystems, Part number 4324287). 10ul of Hi-Di formamide is added to each well of a new 96-
well optical reaction plate. 1l of SNaPshot post-extension product is added to each well, along
with 0.4ul of GeneScan-120LIZ size standard. The septa sealed plate was then vortexed and spun
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down. Denaturation of the samples was done by placing them at 95°C for 5 minutes in a 9700
thermal cycler (Applied Biosystems). As soon as the 5 minutes was completed the samples were
placed on ice, to hinder re-annealing of the product. The samples were then ready to load on the
ABI Prism 3130xl Genetic Analyzer. The protocol used was the preset run module
“SNP_E5_36_POP4_run”. In this preset run SNaPshot products were injected electronically for
22 seconds at 2kV and electrophoresed at 15kV and 5pA at 60°C.

A1.5.1.6 Analysis of SNaPshot results in GeneMapper

Analysis of SNaPshot results was done on the GeneMapper software version 3.7 (Applied
Biosystems). A ‘bin’ was created for each allele and is defined as the fragment size or bp range
and dye colour that define an allele. A bin set (one set per polymorphism) was set up for each
primer and included a separate bin for each allele (Figure A1.3). During optimisation, bin sets
were determined for all polymorphisms to allow for automated annotation of the fluorescent
peaks (Figure A1.4). This is why SNaPshot primers are required to be 4 or 6 bps apart, so that
bins which have the same dye colour (ie incorporation of the same base) do not overlap. All

primers were designed to be 6bp apart to lessen the chance of this occurring.
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Figure Al.3:

Example of an electropherogram
sample run for SNaPshot analysis of
SNP rs2114592 (G/A) in the SP770

gene.

A) All dye colours with bins for

alleles in rs2114592
Dyes colours separated:

B) dye blue (G) with bin

C) dye green (A) with bin

D) dye red (T). The peak seen is
for another SNP, which will
have a different bin for it to be
called.

E) dye yellow (C) (appears black
on software for easier reading).
The peak seen is for another
SNP.

I) dye orange- the size standard
GeneScan-120 Liz

Fluorescent peaks that fall out of the
bin for this SNP, such as in E), are for
different primers (i.e. polymorphisms)
and are only shown here for

demonstration purposes.
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Figure Al.4: Bin sets for the analysis of 8 polymorphisms in the SP770 gene by
SNaPshot in the GeneMapper Software version 3.7 (Applied Biosystems).

19 21 23 5 27 2 3 33 35 3t k] Ll 43 a5 a7 49 bl 53

38F 328F 25R 45F 7R
28F 2R 2R

The size of the primer detected will not always be as expected (Table Al.4). This is because of
differences in the electrophoretic mobility of the primers, mainly determined by length, sequence
and the dye incorporated [265]. As long as the same colours (ie base calling) do not coincide, this

does not inhibit analysis.

Table Al.4: §P770 SNaPshot primer expected and observed run lengths as
determined by GeneMapper.

Expected run  Observed run Observed run
SP110 SNP  length length, allele 1 length, allele 2
rs3948463 20 23.5-27.9 23.5-25.3
rs3948464 20 24.5-26.5 26.5-28.2
rs1135791 26 29-32.3 20-31.1
rs1365776 32 34.4-36 35.5-37.5
*rs2114592 44 46-49.5 46-48
rs35495464 38 40-44.5 40-41.5
rs41541917 38 40.5-43.5 40.5-42

A negative control was run at all times, both in the optimization with singleplex and later and all
plates had at least one negative control sample with no template. Apart from being able to detect
contamination, the negative control would reveal whether primers are annealing to each other.
The automated genotype calling was checked by the technician and subsequently by the

researcher and discrepancies were further investigated.
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As mentioned previously, there is the possible problem of spectral pull up (Figure A1.2). If a bin,
for a different fluorescent colour, was overlapping another fluorescent bin and spectral pull up
occurred this could cause incorrect annotation. However the software flagged samples with

spectral pull up and manual annotation of the bin was done.

A1.5.2 Restriction enzyme digestion

Restriction enzyme digestion, also known as allele specific restriction enzyme array (ASREA),
makes use of an enzyme that cuts at a specific location of a PCR amplified fragment. The
presence/absence of a SNP will often determine if the recognition sequence of the enzyme
exists. It is advisable to have an internal control cut site (where the enzyme always cuts) to ensure
that enough enzyme was added and the conditions were correct for a reaction to take place.

Appendix 1 lists the enzymes and their cut sites that were used for the analysis of the
polymorphisms CCR5-59029, CCR2-641, SDFI 3°A, DR Fokl, I’"DR Apal and 1"DR Tagl.

A1.5.2.1 Amplification of the CCR5, CCR2, and SDYI fragments for restriction engyme digestion

The method of analysis for CCR5-59029, CCR2-641 and SDFI 3’A was as reported by
Kristiansen e¢f 4/ [160], with some modifications. CCR2-641 required antisense primer (5> GAG
CCC ACA ATG GGA GAG TA 3’). Amplification of CCR2-641 was done using 0.13ul of Taq
with 2.5pl of 10x PCR buffer, 2ul of dNTPs, 18.7ul of distilled water and 0.35ul of each primer
(forward and reverse) (Table A1.5), giving a total volume of 24ul per sample before 1ul of DNA
template was added. The final 25yl reaction mix required an annealing step of 60°C. 10ul of PCR
product was aliquoted out for digestion with 1ul of the appropriate enzyme.
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Table Al.5: Primers used in the PCR amplification of CCR5, SDF7, CCR2 and VDR fragments
for restriction enzyme digestion.

Annealing
temperature
Polymorphism Orientation Sequence 5’ — 3’ (°C)
CCR5-59029 Sense TGG GGT GGG ATA GGG GAT AC Multiplex 66
Antisense TGT ATT GAA GGC GAA AAG AAT CAG
SDF13' Sense CAG TCA ACCTGG GCA AAG CC Multiplex 66
Antisense AGCTTT GGT CCT GAG AGT CC
CCR5A32* Sense CTT CAT CAT CCT CCT GAC AAT CG 60.3
Antisense GAC CAG CCC CAA GIT GACTATC
CCR2-641 Sense TTG TGG GCA ACATGATGG Multiplex 66
Antisense GAG CCC ACA ATG GGA GAG TA
IVDR-Fokl Sense AGC TGG CCCTGG CACTGA CTC TGC TCT 67.5
Antisense ATG GAA ACA CCTTGC TTC TTC TCC CTC
IVDR-Apal Sense same as Tagl 67
Antisense same as Tagl
IVDR-Tagl Sense GGG ACG ATG AGG GAT GGA CAG AGC 67

Antisense GGA AAG GGG TTA GGT TGG ACA GGA

*(used in indel genotyping, Section A1.5.4)

The multiplex PCR for CCR5-59029, CCR5A32 and SDF1 3’A, was done using 0.13ul of Taq
with 2.5ul of 10x PCR buffer, 2ul of dNTPs, 16.7ul of distilled water and 0.35ul of each forward
and each reverse primer (Table A1.5), giving a total volume of 14pl per sample, before 1ul of
DNA template was added. The final 24ul reaction mix was amplified with an annealing
temperature of 66°C. 10ul aliquots were taken for digestion with 1ul of the appropriate enzyme,
except CCR5A32 (Section A1.5.4) insertion/deletion detection.

A1.5.2.2 Amplification of the VDR fragments for restriction engyme digestion

Primers used are listed in Table Al.6 [391]. Samples were amplified using an annealing
temperature of 67°C. The Fokl fragment was amplified by using 0.13ul Taq with 2.5pl of 10x
PCR butffer, 2ul of ANTPs, 13.5ul of distilled water and 0.35pl of each primer, giving a total
volume of 19ul per sample, before 1pl of DNA template was added. Conversely the Tagl
fragment (including Apal fragment), per sample, used 0.16pl of Taq with 3.2ul of 10x PCR
buffer, 2.5ul of ANTPs, 17.3pl of distilled water and 0.44ul of each primer, giving a total volume
of 24ul before 1ul of DNA template was added.
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Table A1.6: Restriction enzyme digestion and the expected fragment lengths that would be visible

on a gel.
Fragment lengths in base pairs

Polymorphisms Restriction  Digestion

investigated enzyme temp. (°C)  wild type heterozygote homozygote
CCR5-59029 Bsp12861 37 453 453,408 408
SDF1'3A Mspl 37 201,101 201,101,302 302
CCR2-641 Bsal 60 129 (21),108,121 (21),108
VDR-Fokl Fokl 55 270 270, 208, 62 208,62
VDR-Apal Apal 37 716 716, 485, 231 485, 231
VDR-Tagl Tagl 67 512,204 512, 311, 204, 201 311, 204, 201

A1.5.2.3 Engyme digestion

Enzymatic digestion was described previously [37, 160, 285, 391, 399] with the following
conditions; The Bsp72861 (Amersham Biosciences, USA) (CCR5-59029) and the Mspl (Promega,
USA) (§DF71 3’A) digests were incubated at 37°C for at least 1 hour. CCR2-641 PCR products
were digested by Bsal (New England Biolabs, USA) at 60°C for at least 3 hours. Analysis of
CCR5A32 does not require restriction enzyme digestion and the fragment does not contain a cut
site for any of the restriction enzymes used, as a mismatch was added into the reverse primer to
prevent the amplification of a non-mutation specific Bsal endonuclease cut site [160]. Therefore
the CCR5A32 results could be read in conjunction with another digested sample (Section A1.5.4).
All VDR fragments were digested overnight at 65°C, 37°C and 55°C with Tagl, Apal and BseGI /
Fokl restriction enzymes (Fermentas, Canada), respectively. The restriction enzymes, their

recognition cut sites and incubation temperatures are listed in Table A1.7.

Table Al.7: Alphabetical list of the restriction enzymes, their recognition cut sites and incubation
temperatures used for the analysis of SNPs in the genes [’'DR, CCR2, CCR5 and SDF7.

Restriction Polymorphism Incubation

enzymes Analysed Recognition site temperature

Apal VDR Apal 5-G GGCC|C-3 37°C
3-C1CCGCG G-¥%

Bsal CCR2-641 5 —GATNN | NNATC -3 60 °C
3’ - CTANN 1 NNTAG -5’

Bsp12861 CCR5-59029A/G 5 -G (AIGIT)GC(A/CIT) | C-3' 30°C
3 —C 1 (T/AIC)CG(T/G/IA) G-5

Fokl VDR Fokl 5 -GGATG NN | -3’ 55°C
3—CCTACTNN -¥%

Mspl SDF1-3’A 5-C | CG G--Z 37°C
3-G GC 1t C-%

Tagl VDR Tagl 5-T|CG A-3 67°C

3-A GC1T-5
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The enzymatically digested PCR aliquots were separated on a 2 or 3% Agarose gel (Hispanagar,
Spain), using SB buffer [42] containing 5ug ethidium bromide / 100ml. Gels were run at 180V
for an hour and viewed under UV light (Figure A1.5). Resulting fragment sizes are listed in Table
A1.6. For the I”DR polymorphisms a lower case (‘f, ‘a’ or ‘t’) was used to indicate the presence

of an endonuclease site.

Figure A1.5: Gel electrophorectic analysis after restriction enzyme digestion of the DR gene:
genotyping of the SNPs Fokl, Apal and Taql (left to right).

EE] AA

A1.5.3 Amplification Refractory Mutation System (ARMS)

ARMS [235] is an oligonucleotide ligation technique that has a primer designed for both of the
alleles present at a polymorphic site. The technique generally requires two reactions (one for each
allele specific primer) but has been modified to be done in a single reaction [89].

Genotyping of the RANTES polymorphisms -403, -109, -28 and +1092 was done by means of a
two-tube ARMS and was done by Hanno Nel and Erika Truter of our Division Molecular
Biology and Human Genetics. Amplification of the regions surrounding the polymorphism of
interest was done by external primers and an allele specific primer (Table A1.8). A mismatch was
introduced in the allele specific primer to destabilise non-specific allele binding where the non-
specific primer partially primes to the DNA. The SNPs are named according to the numerical
system used by Liu e7 @/ [176] that considered +1 as the first nucleotide of the RANTES mRNA.
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Table A1.8: Primers used for amplification refractory mutation system (ARMS) analysis of the

RANTES polymorphisms.
Annealing temp. (°C)
Polymorphism  Orientation Sequence 5 — 3’
RANTES-403  Sensc GGT CGC CTT AGC AAG TAA ATG G 60
Antisense GTC CAC GTG CTG TCT TGA TC
Allele Specific CAT GGA TGA GGG AAG GCG [G/A]
RANTES-109  Sensc GGT CGC TTA GCA AGT AAA TGG 58
Antisense GTC CAC GTG CAG TCT TGA TC
Allele Specific CGG AGG CTA TTT CAG TTT TGT [C/T]
RANTES-28 Sense ACT CTA GAT GAG AGA GCA GT 50.4
Antisense GAC AGT ATT CAT GCT ACA GTT G
Allele Specific CCT AGG GAT GC CAT [G/C]
RANTES+1092  Sense AGA GCT TCT GAG GCG CTG 58
Antisense CGG GAG GAA ATC AAG AGT C
Allele Specific GGA AGC TTA AGA GTG CIG [C/T]

[ ] indicate the two possible oligonucleotides that were added to the ends of the allele specific primers.

Bases are underlined where a mismatch was introduced to destabilise non-specific allele primer binding,.

PCR amplification was done with the following protocol using an Eppendorf Mastercycler
Gradient PCR Machine (Eppendorf, Hamburg, Germany) and a Hybaid Touchdown
Thermocycler system. The final reaction contained 1x Buffer A, 300uM dNTPs each, 3-4mM
MgCl,, 25-5pmol primers and 1-2U of Taq. Specific concentrations of MgCl, and primers for
each ARMS-PCR analysis are shown in Table A1.9.

Table A1.9: Magnesium Chloride and primer concentrations for the set up of ARMS analysis of
the RANTES gene.

RANTES MgCl, Allele specific Shared primers  Control primers
Polymorphism (mM) primer (pmol) (pmol) (pmol)
-403A/G 4 7-8 4.5 1.6
-109T/C 2.5 10-12 10 4
-28C/G 4 2.8-3 5.5 0.7
+1092A/G 3 9-11 6.3 2.3

The following program was used: 1 cycle at 95°C for 5 minutes followed by 35 cycles at 94°C for
30 seconds, annealing temperature in Table A1.7 °C for 30 seconds and 72°C for 60 seconds,
then 1 cycle at 72 °C for 10 minutes and finally a 4°C hold step. Per sample this was 0.3pl of Taq
with 3pl of MgCl,, 0.6pl of dNTPs, 38ul of distilled water, 0.5ul of the allele specific and reverse
primer and 0.2pl of the forward primer.
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A1.5.4 Insertion/deletion detection

If there is an insertion/deletion (indel) present in an amplified PCR product of a heterozygote
there will be two fragments of different lengths. Depending on the size of the indel and the
amplified fragment, the gels used for analysis should be at a sufficient concentration to allow for

adequate separation.

Through sequencing, a four base pair indel was identified in intron 10 of the SP770 gene.
Amplification was done using primers SP770indellF 5-TGA GCA AGA CAG ACA CAA ATC
C-3"and SP770R 5- CTT CTC ATG TTC CCA GCC C-3’. The PCR reaction, per sample, was
0.07pl of Taq with 1.25ul of 10x PCR buffer, 1pl of ANTPs, 6.7ul of distilled water and 0.18pl of
each primer, giving a total volume of 9.5ul before 0.5ul of DNA template was added and
amplified with an annealing temperature of 58°C. 5pl of PCR product was run on a 3% gel at
120V for 120 minutes. The fragment lengths that could be seen were 216 and/or 212bp in length
(Figure A1.6).

Figure A1.6: Insertion deletion in the SP770 gene, intron 10. Fragment run on a 3%

agarose gel.

Internal Control Primer

Amplification of the indel CCR5A32 was done using the primers in Table Al.5, where a
multiplex PCR was performed to analyse other polymorphisms by restriction enzyme digestion
(Section A1.5.2). Analysis of CCR5A32 did not require restriction enzyme digestion [160]. The
presence of the 32bp deletion, and the length of the fragment meant that the CCR5A32 could be

detected on a gel in conjunction with another digested sample (Section A1.5.2).

A1.5.5 Template-directed Dye-terminator Incorporation with Fluorescence Polarization detection
(TDI-FP) using Victor (Perkin Elmer) (primer extension method)

The AcycloPrime™-FP SNP Detection Kit (Perkin Elmer, USA) utilizes Template-directed Dye-
terminator Incorporation with Fluorescence Polarization (TDI-FP) [97, 164] technology with the
use of the Victor instrument (Perkin Elmer, USA). This procedure involves primer extension,
similarly to the SNaPshot technique, and primer design should follow the same principles

(Section A1.5.1). However, unlike SNaPshot, this procedure was used to analyze one SNP per
reaction. The kits contain [F]JddNTPs which are labeled with either the fluorescent dyes TAMRA
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or R110. The detection kit required was determined by the polymorphism present and the
orientation of the extension primer. The various combinations of polymorphisms and the dye
labelling the base are listed in Table A1.10.

Table A1.10: AcycloPrime ™ -FP SNP detection kit combinations of polymorphisms that can be
detected with fluorescently labeled ddNTPs.

R110/TAMRA
G/A
G/C
G/T
C/A
A/T
C/T

For analysis using TDI-FP, it was necessary to do an amplification PCR and then a second
extension PCR using the extension/Victor primer that incorporates the [F]JddNTP at the site of
interest. Polymorphisms were selected after the sequencing (Section 2.4) of 28 randomly chosen

samples and determination of tagging SNPs (Section 2.6.3).

The amplification PCR used 0.1pl of Taq, 0.15ul of MgCl, at a concentration of 25mM, 2.15pl of
distilled water, 0.6ul of dNTPs at a concentration of 1.25mM and finally 0.25ul of each
amplification primer (Table A1.11) at concentrations of 3pM. This gave a total volume of 4pl per
sample to which 1ul of DNA template was added. Template DNA concentration needed to be
10ng/pl as this was vital to ensure similar PCR yields for the extension step, and was important
for the fluorescent polarization intensity. We ensured correct concentrations by diluting all
samples after conducting spectrometry readings. One possible way to correct for irregular
concentrations of DNA is to first do whole genome amplification on the samples prior to testing.
This ensures that there is sufficient sample for all the tests and that the DNA concentration is

constant in all samples.

The PCR program used for amplification was: 94°C for 10 minutes followed by 40 cycles of 94°C
for 15 sec, annealing temperature from Table A1.11 °C for 30 seconds, 72°C for one minute,
followed by a step at 72°C for 10 minutes and a hold at 15°C.

Random samples were chosen and run on a 2% agarose gel to check for amplification. Then a
PCR Clean-Up was done using enzymes supplied in the AcycloPrime™-FP SNP detection Kkit,
where 0.2pl of PCR Clean-up enzyme and 1.8pl of buffer was added to 2ul of PCR product.
Subsequently the primer extension with the [F]ddNTPS could be performed, as in Table A1.12.
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Table A1.12: Victor PCR mixture that incorporates the [F]ddNTP.

Ingredient ul (per sample)
AcyloPol 0.05

10x Buffer 2.0
AcycloTerminator mix (R110/TAMRA) 1.0

SNP Primer V (10puM) 0.5
dHO 9.45

Total 13

PCR product per aliquot 7

Since fluorescent polarization was used for detection, specific plates are required and black
microplates (M] research) were used. Each plate had eight control samples to ensure that the dyes
were read correctly. The controls included 2 wildtype homozygotes, 2 heterozygotes, 2 homozygotes
for the polymorphism and 2 blanks. Nine 96-well micro-plates of DNA stocks were set up for the
case-control analysis of DC-SIGN and L-SIGN genes (Chapter 4). The first column in the plate was

left empty to allow for the control samples.

A1.5.5.1 Analysis of results using V'ictor and fluorescent polarization

The SNP ‘macro Victor 96-well’, an Excel-based workbook for data analysis and allele calling
(available for download at http://lifesciences.perkinelmer.com/products/snp.asp) automatically
analyzed the polarization of labelled samples and, with the use of the known control samples and the
blanks, the allele-calling could be done. The TAMRA polarization and R110 polarization for each
sample was plotted on an Excel graph. The dye which was incorporated at the site of the
polymorphism determined where a sample fell in the plot, e.g. the bottom left cluster contains the

blanks and the top right cluster contains the heterozygotes (Figure A1.7 A).

The primer extension PCR done with the commercially available detection kit is a very stable
reaction and samples could be subjected to additional thermocycles if the clustering of samples was
not appropriate for scoring (Figure A1.7 A and B). In addition the centrifugation of the plate also
affected the reading of a sample (Figure A1.7 C and D). This was useful for repeated analysis of

samples that fell outside an allocated quadrant.
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Figure A1.7: SNP detection by TDI-FP using VICTOR.

A) 25 thermocycles C) mild centrifugation

B) an additional 5 cycles to plate in A), giving a
total of 30 cycles

D) additional centrifugation on the same
plate as C)

The red bar is the division of positive (above) and negative (below) for TAMRA incorporation.
If a sample falls within the box, it is considered as a ‘no call’ result. The yellow bar applies to
R110 incorporation.
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A1.6 Analysis

Databases

Apart from the “EileenTB” database used for management of the case-control data, the “Surrogate
Marker (SM) Database version 3” was used in this thesis. These had the relevant information on
subjects and different collection procedures and ethic approvals. The SM Database was used for the
VDR study (Chapter 6). All databases were managed by the software package Microsoft-ACCESS.
As dual entry had not been used, considerable time was spent checking and cleaning the data as well
as managing and maintaining the databases. Publicly available online databases of nucleotide
sequences and polymorphism used include NCBI (http://www.ncbi.nlm.nih.gov/) and Ensembl

(http://www.ensembl.org/index.html). Microsoft-Excel worksheets were used during active analysis.
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A1.6.1 Hardy-Weinberg Equilibrium

The Hardy Weinberg Equilibrium (HWE) states that the segregation of two alleles in a large,
randomly mating population will be such that there will be constant proportions of the three possible
genotypes. The Hardy Weinberg Theorem predicts genotype frequencies AA, Aa, and aa are p’, 2pq,
and ¢, respectively, and uses a binomial equation: p> +2pq + p° = 1, where p and q are the
proportions of the alleles present. It is primarily used as a data quality check. When an allele falls out
of HWE it could be for a number of reasons such as poor genotyping (primarily occurring when
heterozygotes are genotyped as homozygotes) inbreeding, population stratification, or selection,
however it could be a sign of disease association particularly if only the case population is out of
HWE. A locus that falls out of HWE should not be immediately discarded, but carefully investigated

to determine the cause [390].

The binomial equation will calculate the expected frequencies of the genotypes from the known
frequencies of the alleles. The y* statistic calculated using the  equation
y’=X(observed-expected)’/expected, should be less then 3.84 (one degree of freedom), not to be
significantly out of HWE. This is also known as the Pearson’s y* analysis which tests for deviations
from HW between the observed and expected frequencies of the polymorphism. HWE was checked
in this population for all genotypes tested.

A1.6.2 Testing for an Association

To test for an association with tuberculosis, genotype frequencies were compared between cases and
controls. The frequency of the genotypes, alleles, minor allele containing genotypes versus the

remaining, haplotypes and diplotypes were also compared between cases and controls.

GraphPad Prism version 4.03 and version 5 were used for statistical analysis in the case-control
studies. Associations were tested by construction of a 2xn contingency table. For genotypes this was
a 2x3 table containing the number of individuals with each genotype in the groups of cases and
controls. Chi-square (x°) tests were subsequently carried out with a confidence interval of 95%. In
addition, a dominant/recessive model was constructed where the genotypes with the most frequent
allele were compared to the homozygote of the rare allele, and then the genotypes with the rare allele
were compared to the homozygote of the most frequent allele. Associations for the
dominant/recessive model were analysed using a 2x2 contingency table and a Fishers exact test
where the odds ratios and relative risks with 95% confidence intervals were calculated as well as the
p value. This is not always recommended, as it requires an assumption of HWE in cases and controls
combined [18]. For the analysis of the alleles, 2x2 contingency tables with Fishers exact test were

done to test for an association with tuberculosis.

When analyzing the DR gene in relation to sputum conversion time, a number of additional

statistical analyses were done, including Kaplan-Meier survival curves using PRISM and Cox
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regression analysis using the program R: A language and environment for statistical computing, Base
R [260] as well as packages survival [345], genetics [381], and haplo.stats [312]. This was discussed in
Chapter 6.

Statistical genetics has the difficult issue of multiple testing. It is important to consider in association
studies but there is no ‘best fit’ approach to handling this thorny issue. Within our analyses, we made
corrections for multiple testing as much as possible. There is always the risk of over-correction, in
particular when multiple polymorphisms are investigated in one gene [238]. The Bonferroni
correction is widely used. This is a conservative correction where the number of independent tests
done (usually individual SNPs analysed) is used to ‘correct’ the p value. However, polymorphisms in

a single gene are seldom independent, and associations might suffer a multiple testing penalty [18].

To correct for population stratification is another issue. As discussed in Chapter 2 the population
used in this study is admixed and the concern of population stratification is not unwarranted but,
considering the history of the population, is unlikely. With the analysis of 25 unlinked SNPs the level
of stratification (i) could be represented by the mean y* statistic among the SNPs investigated and

could be used to correct for stratification [272].

A1.6.3 Linkage Disequilibrium Analysis and Haplotypes

Linkage disequilibrium (LD) refers to the situation where two apparently independent loci occur
more or less frequently than would be expected. Loci that are in complete LD are considered to be
linked and are co-inherited. The programs HaploView version 3.32 [23], PHASE version 2.1 [329]
and GOLD version 1.0 [3] were used to analyse LD and infer haplotypes for the various genes
investigated (weblinks for the various programs are listed in Table A1.13). The most frequently used
LD coefficients are D’ and t°. D’ is biased upward inversely with sample size [386] and is known to
fluctuate when assessing small numbers or rare alleles. Loci are considered to be in ‘complete’ LD
when D=1 and are completely reshuffled when D’=0. D’ is useful in assessing the probability of
historical recombination in a given population whereas the square of the correlation coefficient

between the loci, r, is more useful in the context of association studies [225, 259, 386].

Table A1.13: Weblinks for downloading of haplotype analysis programs.

PHASE http:/ /www.stat.washington.edu/stephens/

Haploview | http://www.broad.mit.edu/mpg/haploview

Unphased http:/ /www.hgmp.mrc.ac.uk/~fdudbrid/software /unphased/
GOLD http:/ /www.well.ox.ac.uk/asthma/GOLD

Through using PHASE and HaploView the determination of haplotypes was possible. As cases and
controls were used, with no familial data, haplotypes could only be inferred, i.e. the data was

unphased. HaploView uses an expectation-maximization algorithm for the assignment of alleles to a
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haplotype with a high probability. The only limitation with this algorithm is that it assumes HWE in
cases and controls. The reconstruction of haplotypes was therefore also done using PHASE which
implements a Bayesian statistical method [328, 329]. HaploView [23] was used to determine
haplotype tagging SNPs. Tagging SNPs partially or totally report the state of other polymorphisms in
the same haplotype which are considered tagged SNPs [121]. An association analysis between the
haplotypes in the cases versus controls was carried out. In addition ‘Cocaphase’ within the program
Unphased version 2.404 [81] was used to test for association of multilocus haplotypes for unphased
genotype data.

Power Calculations were done using Epilnfo 2000 version 1.1 (http://www.cdc.gov/epiinfo)
subprogram Statcalc. Sample size and power calculations for unmatched cases and controls, at a
confidence interval of 95% and a power of 80% were performed and these, depending on the

frequency of the polymorphism, indicated the odds ratio of the association found.

A1.7 Submission of SNPs into NCBI database

All SNPs, novel and known, were submitted to the NCBI SNP database (dbSNP) [305]. The handle
that is used by our group is EILEEN. To check that the SNP was not already in the database, or to
find the NCBI dbSNP rs number, the online program BLAT (http://genome.ucsc.edu/cgi-
bin/hgBlat’command=start) was used. It requires a short sequence surrounding the polymorphism

to be entered and will identify, if present, the dbSNP rs number.
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A1.8 Materials

Agarose Gels
1% w/v to 2% w/v were made up with 1x TBE \ SB running buffer

0.5M ethylenediaminetetraacetic acid/ ethylene-diamino-tetra-acetate (EDTA)
93.06g EDTA.2H,O

Approximately 10g NaOH pellets
Add 400ml distilled water, adjust the pH to 8.0 using the 10M NaOH pellets.
Make up to 500ml

Autoclave and store at room temperature

Ethidium Bromide stock solution

Ethidium bromide was dissolved in TE buffer to a final concentration of 10mg/ml

Orange G Gel loading dve
0.1% Orange G

20% Ficoll
10mM EDTA pH 7

Filter through a 0.22um filter

20 x Sodium Boric (SB) buffer
19.1 g of disodium tetraborate decahydrate in 500 ml of distilled water.

1x TBE

200ml of 5x TBE made up to 1000ml with distilled water
TE buffer

1.21g Tris-HCI

0.372¢ EDTA

Add approximately 800ml distilled water and mix. Once dissolved adjust the pH to 8.0 with
concentrated HCI and make up to a final volume of 1000ml.

Autoclave

5x Tris-Borate-EDTA buffer (TBE)
54¢ Tris-HCI (1M pH 8.0 or 7.6)
27.5g Boric acid
20ml 0.5M EDTA (pHS8.0)
Make up to 1000ml with distilled water

1 M Tris-HCI
121.1¢g in 800ml dH>O pH to 8.0 or 7.6 make up to 1000ml using 10M Hydrogen Chloride (HCI)
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Appendix 2

Supplementary Documentation for the
Surrogate Marker database version 4 provided
by K. Lawrence, Desmond Tutu TB centre,

Tygerberg Campus, Stellenbosch University.
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Initial file descriptions for the SM database:

2 10 July 2003

SUMMARY: DEFINITIONS OF OUTCOMES FOR SURROGATE MARKER
1. ENROLLED

313 Patients were enrolled for the Surrogate Marker study on an initial SAIMR smear result
from the dlinic. Of these 14 were not included as they did not meet the Inclusion Criteria,
which are listed below.

2. INCLUSION CRITERIA

L. Two sputum samples: Both smear positive, OR
2 Two sputum samples, one smear positive, one culture positive OR
3 One sputum sample, one smear positive, chest X-ray typical of pulmonary TB.

3. ACCEPTABLE SAMPLES
3.1 Inclusion
« Samples sent by the clinic to State lab (SAIMR / NHLS or Tygerburg Hospital
AND / OR
« Samples sent to the Research lab at Diagnosis, Day 1 or Day 3.

3.2 Outcome
« Only Research Laboratory samples were accepted for outcomes.

3.3 Analysis
« Only Research Laboratory samples were accepted for analysis.

The above samples were accepted for both Inclusion (first Episode) and for Retreatments
(second Episode).

Final Inclusion: N=299 Patients.

OUTCOME DEFINITIONS

All outcomes are based on the International definitions as stated in the source documents
below.

New Patient

Def: On treatment is from start of treatment until all prescribed tablets have been taken or
on treatment not longer than 15 months from the start.

f.  Cure: a patient who is sputum smear negative in the last month of treatment and on
at least one previous occasion.

2. Treatment Completed: A patient who has completed treatment, but who does not
meet the criteria to be classified as either a cure or a failure, due to a smear not being
done, or the smear being contaminated.

3 Failure: Any new patient that has remains or becomes smear positive at 5 months or
later during treatment.

4, Defaulter: Default treatment for at least 2 consecutive months OR prescribed
treatment not completed within 15 months.

5. Transferred Out: Transferred while on treatment to another reporting or recording

unit, where treatment is continued, and for whom outcome is not known.

Death while on TB treatment: Any death, not necessarily death from TB.

Not Treated: < 10 dosages taken.

N

C:\SM_Vers3_0\SM_Vers3_0_for_CD_20041012\5M Summary of Outcome Definitions.doc
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2 10 July 2003

Retreatment
Same rules as above, but treatment is 8 months instead of 6.
The last negative sputum should be taken at 7 months or later.

SOURCES

WHO, IUATLD, KNCV. Revised international definitions in tuberculosis control. Int 3 Tuberc
Lung Dis. 2001: 5(3): 213-215.
Tuberculosis Guide for Low Income Countries. Fifth Edition 2000 IUATLD

Updates to the above file:

SURROGATE MARKER EXCLUSION CRITERIA AND DEFINITIONS

Only patients who qualified for inclusion into the study will be included in this database.

INCLUSION CRITERIA

«Two sputum samples: Both smear positive, OR

«Two sputum samples: One smear positive, one culture positive OR

«One sputum sample: Both smear positive and culture positivesOne sputum sample: One smear
positive, chest X-ray typical of pulmonary TB

Results were accepted from either the Stellenbosch laboratory or the SAIMR/NHLS laboratory.

INITIAL EXCLUSIONS

Any patient who does not have an initial exclusion, must have an Outcome.

Initial exclusion criteria according to the study protocol (pg3) will include all patients who:
s are HIV positive
» have had previous treatment for TB
« have drug resistant TB at anv time during treatment(MDR)
« have any disease or medication known to affect the immune system e.g. diabetes
mellitus, malignancies, oral or inhaled steroids.

« MOTT
« NTB
e Other

e |nitial protocol violators

The initial exclusions include any patients that presented with any one of the above during their 6
months of treatment. In other words, they qualified for the study according to the inclusion
criteria, but then become an initial exclusion due to one above the above reasons, at any time
during their first treatment period.

Any person who “qualifies” for an initial exclusion, must have InitExcl in the Outcome column. All
other patients must have an outcome. If an outcome is not known, “U” (Unknown) must be
entered. (After this exercise, there should be NO unknowns for any first episodes of the SM
study).
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SM Vers4 Table Layout 4/13/2005

mﬂddﬁeﬂhhm&hmmdhhw

A mmmmmmmummpm_m_

Excluded date wil be the same a5 the envolimert date of the second
_Mgmmmsammmmwummumg*

i e e T
Mub&mﬁuaaﬁgg’s- 1, No=2) whether or not included as a retreatment case
The final outcome for each pabs of the study or ¥ on retreatment

s - [Episode : Tabl

_______ o sa—

Outcom based on intermational (WHO: TUALTD) definitions - only smear resuks
mmmwmrmmwmmmcm_@_js M
”geddlhfuwd\td_:__ .

EpisodelD: Use this to link to most of the other tables. This key is unique for each episode.

SM Vers4 Table Layout.doc Page 1 of 8
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SM Vers4 Table Layout

4/13/2005

Clinical Table

Kl 0S0
FiinicallD AltoMumber | Unique Key for eachcnical record
|EpisodalD wfDlumber  ILinks to the specific episode of the patient
WhenlD Number Links to the specific visit. of the patient
Date Date/Time Date of clinic visit .
S BCG 1 Text BCG Scal i
/| BadyMass Number Weight
Length Number el B ot L
HIV Text HI¥ Result: Be careful of this field: multiple records per patient per episode -
BMI Number ... 10 be calculated if both Mass and Length are present
Mantoux Number Mantous result 1 o
2] Temperature Number ’ ;
QtherMedProblems Text Not dual entered
Unigue Key:
diinicallD: This key is unique for each dlinical record,
Other Keys:
EpisodelD: Links the clinic record to the specific episode
WhenlID: Links the clinic record to the visit time-point.
Blood Table
|2 0S0 Blood aple
' Y 8loodID AutoNumber Unique key for each blood sample
EpisodaID Number, ..iLinked to a specific patient episode
WheniD Mumber Linked to a specific visit per episode
BarcodelD | Nurnber DO NOT USE (db management)
ifDate Date{Time Date blood was taken
b Number afl
[ WBC Number - _
| NeutrPerc Number Fa of total WBC
LymphPerc {Number % of total WBC
i8| MonoPerc Number % of total WBC
EosPerc Mumber % of total WBC
i Platelets Number
Unique Key:

BloodID: This key is unique for each FBC record.

Other Keys:

EpisodeID: Links the clinic record to the specific episode

SM Vers4 Table Layout.doc
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SM Vers4 Table Layout 4/13/2005

WhenID: Links the clinic record to the visit time-point.

resSputum Table

E] Micrasoft Access - [resSputun : Table]

utoNumber - q
_‘Number _]PatiedtlD - link ko Patient table
..Number . |EpisodelD - link ta Fpisode table
Text- Lab number (also found in Episode table)
Number Link to Visit table and Sample table on when sample collected
Text Description of Sample visit - .9, Diagnosis, D1, Week! etc
ExpectedvistDate iDatefTime Date Patient expected for a check up / ta give a sample
visitDate : __iDate/Time Actual date patient gave sample
Text 23: DO NOT USE THIS FIELD T
Text 37: DO NOT WSE THIS FIELD
Text DO NOT USE THIS FIELD o
iText DO NOT LISE THIS FIELD
Text Smear result
B Text - - _{Culture result G
Number Time to postivity (in days)
i Text | Sensitive to Inh: If S = Sensitive; If R = Resistant
Text Sensitive to Rif: IF 5 = Sensitive; IF R =-Resistant
TDatefTime ; . o
Text Not dual entered
Date/Time

Unigue Key:

SputumID

Other Keys:

PatientID: Links to the patient table. Be careful - it does not discriminate between episodes
EpisodelD: Links to the specific episode.
WhenID: Links to the specific time-point within an episode

SM Vers4 Table Layout.doc Page 3 of 8
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SM Vers4 Table Layout 4/13/2005

Sampie Table

Microsoft Access - [Sample : Table]

| e W Rix
Autohumber

Number

Number

Number ' TestID ;

{Number . Points to Flow of sample

| Text : ; :

I Text ___i¥here sample is currently
Text Status of sample at creation

Text Original barcode

Text.

_|DatefTime

Number

| EpisodelD : ....::Numbe
WhenlD g, LR ‘Number
ExpectedvisitDate Date/Time
Date/Time

This table records each Expected Visit Date and Actual Visit Date for each person per episode.

Test Table

This table lists all the types of tests and samples at each time point. It is more of a complicated
lookup table than of any practical use for anaylsls.

TestCategory Table

This table categorises the various tests. Itis a lookup table, used mainly for weekly reports.

SM Vers4 Table Layout.doc Page 4 of 8
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SM Vers4 Table Layout 4/13/2005

TestDescription Table

This table describes what needed to happen to each test/sample. Itis a lookup table, used
mainly for management.,

SampleUse Table

This table lists which samples have been removed from storage, and will be deleted from the
final analysis database. It is used for management of Samples.

TestInterval Table

Although a lookup table, this table is very important as it lists the WhenID and Description of the
visits,

0 Diagnosis

1 1
2 7 W1 4
3 14 W2 5
4 21 W3 5
5 28 W4 7
6 35 w5 8
7 42 W6 9
8 49 W7 10
9 |56 WETA 11
11 91 M3(W13) 13
12 126 IM4(W18) 14
13 154 M5 15 .
14 182 MB(W25) ] 116
15 273 M9 R E
16 364 M1 19
17 546 IM18 20
18 728 M24 21
19 910 M30 22
20 D1 2
21 3 D3 I3
22 0 Other 0
23 59 W8+3 12
24 245 M8 17

* Always use WhenID when looking up specific visits

SM Vers4 Table Layout.doc Page S of 8
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SM Vers4 Tabie Layout 4/13/2005

| Autohumber -
Number.

Text

Number

s L e
s listed as

n
Oaskcan

Unigue Key
WhenlD

Treatment Table

Ed Microsoft Access - [Treatment : Table]

ALk
[Number __ ‘ .
Text Intensive or Continuation phase
Date/Time | Start of treatment
Date/Time. End of Treatment
o Text
{DosagesTaken Number Number of dosages taken within the phase
/7| PossibleDosages Numbet Total number of dosages that could be taken
Unigue Key:
TreatmentID
SM Vers4 Table Layout.doc Page 6 of 8
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SM Vers4 Table Layout 4/13/2005

CXR Table

AutoNumber
Number
Number
Date/Time 4
Text . B N —
- .
Text )
Text . y
Text s R
Text _IRequired onl ere are cavities
i Text New;Required only if there are ¢ S |
i Text Required only If there are cavities (nono
Text g ;
Text ;
Text: : i
Text. .
Text
iText
{Text : e
Text
Text

alue in Cavities Location)
e in Cavities Location)

ExtentAlvDis
CxRQuality

AutoMumber
‘Number
Date/Time
Text
Text
Number
Number
‘Number
YesiNo

SM Vers4 Table Layout.doc Page 7 of 8
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SM Vers4 Table Layout 4/13/2005

Culture Table

F2 Microsoft Access - [Culture : Table]

fal
‘Number
‘Number
‘Number
Date/Time
Number
Text
 Text

Text .
Text

Text

Text
earPos, Text
CulturePos d ! Text

M30_Outcome_LU 29/07/2005

M30_OutcomelD [ Mé:ﬁ Outcome_Desc
NOT SEEN AT M30
3 NOT SEEN AT M30: LOST
4NOT SEEN AT M30: MOVED AFTER M6
5NOT SEEN AT M30: DIED AFTER M6
6 UNKNOWN
' 7RETREATMENT: CURED AT M6
8 RETREATMENT: TREATMENT COMPLETED AT M
9 UNFAVOURABLE . FAILED AT M6
10 UNFAVOURABLE: DEFAULTER AT M6
IUNFAVOURABLE: PROTOCOL VIOLATOR AT M6
12|UNFAVOURABLE TRANSFERRED OUT AT M¢

~13INITIAL EXCLUSION
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Keys for the Surrogate Marker Database

KEY education
Nil 0
<Std3 1
Std 4-7 2
Std8-10 3
Diploma 4
1 =yes
0=no
Gender
m =male
f= female
Sensitivity
1=R Outcome episode table
0=S 1 C cured
2 TC treatment complete
Key Income 3 F failed
2 consecutive months no
Nil 0 4 Defaulter medication taken
<R250 pm 1 no ProtViol left study
R251-500 pm 2 no Trans transferred out of study area
R501-1000 pm 3
R 1001-1500 pm 4 Censored Date
R1501-2000 5 1 Cured, all information available
>2001 pm 6 0 censored
Key extent Alv Disease Last positive
1 <RUL -1 never had a positive result
2 =RUL 0 day0
3 >RUL
4 >1LUNG
Genotypic Groups Family (RFLP)
1 31,29,27,25,20
2 1,2,3,4,6,7,9,10,11,13,14,15,19,24,26,28,32,110,120,130,140,150
3 5,8,16,17,18,21,22,23
4 Unclassified
0 Pseudofamily 0
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Appendix 3

Website Information
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Websites used and additional sites of interest

Program Link and description
http:/ /www.cstl.nist.gov/div831/strbase//AutoDimerHomepage/ AutoDim
AutoDimer erProgramHomepage.htm
Rapidly screens previously selected PCR primers for primer-dimer and
hairpin interactions in short DNA oligomers (< 30 nucleotides).
Biocarta http:/ /www.biocarta.com/genes/index.asp
Illustrates how genes interact in dynamic graphical models.
Bioedit http:/ /www.mbio.ncsu.edu/BioEdit/bioedit.html
Allows for sequence alignhment.
BLAST http://www.ncbinlm.nih.gov/BLAST/
Finds regions of local similarity between sequences.
ClustalW http://align.genome.jp/
Allows for the aligment of multiple sequences.
DNAMan http://www.lynnon.com/
For molecular biology applications for high efficiency sequence analysis.
EMBL http://www.ebi.ac.uk/embl/
Europe's primary nucleotide sequence resource.
Ensembl http:/ /www.ensembl.org/index.html
A joint project between EMBL - European Bioinformatics Institute and the
Wellcome Trust Sanger Institute to develop a software system which
produces and maintains automatic annotation on selected eukaryotic
genomes.
GAIA http://bbu.cf.ac.uk/html/reseatch/biostats.htm
Tests for statistical interactions between loci.
GOLD http:/ /www.sph.umich.edu/csg/abecasis/ GOLD/
A graphical summary of linkage disequilibrium in human genetic data.

Haploview http://www.btoad.mit.edu/mpg/haploview

Simplifies and expedites the process of haplotype analysis.

HapMap http:/ /www.hapmap.org/
The International HapMap Project is a multi-country effort to identify and
catalog genetic similarities and differences in human beings.

Harvester http:/ /hatvester.fzk.de/harvester/
Harvester is a bioinformatic tool that crosslinks a large number of databases
including : BLAST, ensEMBL, Entrez, gopubmed, HomoloGene, MapView,
Mitocheck, OMIM, STRING, Unigene, UniprotKB.
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Program

Human Blat Search

NCBI

Oligocalculator

primer3

Pubmed

Scitools Oligoanalyzer

Sequencher

Software for Genetic

analysis

String

Virtual PCR

Link and description

http://genome.ucsc.edu/cgi-bin/hgBlat

With the entry of about 30 base pairs of sequence results surrounding an
identified SNP, databases are screened to identify if the SNP is already
known in any online databases.

http:/ /www.ncbi.nlm.nih.gov/

National Centre for Biotechnology Information. Public database porthole.
http://trishul.sci.gu.edu.au/tools/OligoCalculator.html

Checks the melting temperature and the GC content of primers.
http://frodo.wi.mit.edu/cgi-bin/ptimer3/primer3_www.cgi

Identifies primers in a DNA sequence.

http:/ /www.ncbi.nlm.nih.gov/entrez/query.fcgi?ddb=PubMed

Journal and citation search engine.
http://scitools.idtdna.com/Analyzet/oligocalc.asp

Tests for the presence of hairpins and dimers in primers.

http://www.genecodes.com/

Used for alignment of multiple sequences (very useful)

http://dmoz.org/Science/Biology/Genetics/Software/
http://linkage.rockefeller.edu/soft/list. html

Lists software available for genetic analysis
http://string.embl.de/

A database of known and predicted protein-protein interactions.
http://grup.cribiunipd.it/cgi-bin/mateo/vpcr2.cgi

Conducts a virtual PCR using information from the NCBI database
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Appendix 4
Published articles

From Chapter 2
Lombard Z, Brune AE, Hoal EG, Babb C, van Helden PD, Epplen JT, Bornman L. HLA class II

disease associations in southern Africa. Tissue Antigens 2006;67:97-110.

From Chapter 4 and partly Chapter 2

Barreiro LB, Neyrolles O, Babb CL, Tailleux L, Quach H, McElreavey K, Helden PD, Hoal EG,
Gicquel B, Quintana-Murci L. Promoter Variation in the DC-SIGN Encoding Gene CD209 Is
Associated with Tuberculosis. PLoS Medicine 20006; 3: e20.

From Chapter 4

Barreiro LB, Neyrolles O, Babb CL, van Helden PD, Gicquel B, Hoal EG, Quintana-Murci L.
Length Variation of DC-SIGN and L-SIGN Neck-Region has no Impact on Tuberculosis
Susceptibility. Human Immunology 2007; 68: 106-12.

From Chapter 5
Babb C, Keet EH, van Helden PD, Hoal EG. SP110 polymorphisms are not associated with

pulmonary tuberculosis in a South African population. Human Genetics 2007; 121: 521-22.

From Chapter 6
Babb C, van der Merwe L., Beyers N, Pheiffer C, Walzl G, Duncan K, van Helden P, Hoal EG.
Vitamin D receptor gene polymorphisms and sputum conversion time in pulmonary tuberculosis

patients. Tuberculosis 2007; 87: 295-302.

van Helden PD, Moller M, Babb C, Warren R, Walzl G, Uys P, Hoal E. TB epidemiology and
human genetics. Novartis Found Symposium 2006; 279: 17-31.
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Introduction

Abstract

Southern Africa harbors several population groups representing a diversity of
gene pool origins. This provides a unique opportunity to study genetic disease
predisposition in these populations against a common environmental back-
ground. Human leukocyte antigen (HLA) association studies of these populations
could improve knowledge on inter-population variation and HLA-related disease
susceptibility. The aim of this paper is to review HLA class 11 disease associations
reported for southern African population groups, compare them with findings in
other populations and identily those unique to southern Africa. A number of
HLA class Il disease associations appear to be unique to southern African
populations. These include DRB1*14011 association with insulin-dependent dia-
betes mellitus susceptibility in the Xhosa and DRB1*¥10 and DQB1*0302 with
rheumatoid arthritis susceptibility in the South African (SA) Indian and SA
Coloreds, respectively. A noteworthy similarity in class Il disease association
was observed among southern African Caucasoid and their European parental
populations. Unique HLA class Il disease associations observed in southern
Africa are consistent with the notion that unigue environmental and natural
selective factors have resulted in certain ethnic-specific HLA class 11 disease
associations, while common HLA class Il disease associations found across
different populations support the notion that common diseases are caused by
common, ancient alleles present in indigenous African populations.

such as the South African (SA) Coloreds and groups of

The African continent is home to more than 2000 distinct
ethnic groups and languages. responsible for a consider-
able genetic diversity among native African populations
(1). Southern Africa has seen waves of immigration from
the African continent to the north in pre-recorded times
and Caucasoid and Asian during the past three and a hall
centuries. This population diversity within a uniform
environment creates a unique opportunity to study popu-
lation genetics and complex diseases of genetic etiology.
The southern African population native
African groups such as the Zulu, Xhosa, Sotho, Tswana,
Ndebele, Swazi, Pedi, Lemba, Shona, Khoi, and San; the
white population descended from Dutch, British, German,
and French immigrants: admixture population groups

includes

@ 2008 The Authors
Joumnal compilation 67 (97-110) @ 2006 Bleckwell Munksgaard
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Asian descent (2, 3).

Archaeological evidence indicates that southern Africa
was first peopled by the ancestors of the San people. who
exhibit the most ancient of African mitochondrial DNA
lineages, the L1 lineage (1). The Khoi migrated into south-
ern Alrica about 2000 years ago from the north and co-
existed with the San. Bantu-speaking pastoralists moving
south entered the eastern part of southern Africa from
approximately AD 250 (3). Pressure [rom these migration
waves and subsequent European colonization drove the
remaining San into the semi-desert areas of southern
Africa. It is likely that there was substantial admixture
between southern African blacks and the Khoi and San,
as evidenced by the presence of San-specific Gm markers
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Southern African class Il disease associations

in the majority of black SA groups, particularly the Xhosa
population (2, 4). South Africa’s largest population group,
the Zulu, belongs to the Nguni linguistic division of the
Niger-Congo people, as do the Xhosa (5). The Gokomere
people, a Bantu-speaking group of migrant farmers,
inhabited the Great Zimbabwe site from about AD 500,
displacing earlier Khoisan people. These were the ances-
tors of the Shona. who consititute approximately 80% of
the current Zimbabwean population (2).

The Venda population in the north of South Africa
is regarded as one of the last population groups to migrate
to the country and have experienced little admixture with
other SA groups. The SA Coloreds are an ethnic group of
mixed ancestry. This distinct group emerged about 300
years ago and received genetic input from Malaysia and
Indonesia, as well as from the European Caucasoid and
indigenous Khoi, San, and other black Africans (2, 6).
The Indian population in South Africa originated
from different regions of the Indian subcontinent, includ-
ing the Hindu group originating {rom South India,
Muslims from the Gujerat and Maharashtra, and
the Tamil community. and is considered to be a hybrid
population with some genetic contribution from
Caucasoid, Black, and Chinese (2, 7). The genetic
diversity in southern Africa is illustrated by the varying
frequencies ol both the human leukocytle antigen (HLA)
class I (%) (not discussed in this review) and HLA class 11
alleles in the different groups (Table 1). The traditional
geographic locations of various groups are indicated in
Figure 1.

HLA genes and disease susceptibility

The HLA complex plays a undamental role in disease
predisposition. The HLA class [ antigens were discovered
first. and many diseases were initially coupled to this
genetic locus. The subsequent characterization of the
HLA class II antigens and their related genes revealed that
this association was most likely due to linkage dis-
equilibrium with the HLA class II region (9). A vast body
of evidence relates various HLA class IT alleles with suscept-
ibility to multiple diseases, including those of infectious
etiology.

Several hypotheses explaining the role of HLA genes in
disease susceptibility involve the ability of HLA molecules
to govern the immune response to antigens. Most of the
molecular mechanisms underlying HLA disease associa-
tions have not yet been [ully established, as the contribu-
tion of HLA is usually studied after disease onset. At this
stage of disease, the task of the HLA melecules in initiat-
ing the immune response is surpassed by the cascades and
cellular processes associated with human immunity,
obscuring the exact molecular role of the HLA molecules
(9, 10).
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The southern Africa context

Southern Africa lends itself to study genetic predisposition
to disease in different populations and offers a unique
opportunity to compare candidate genes between (i)
European populations residing in the contrasting environ-
ments of Europe or South Africa, (ii) various native ethnic
groups, and (iii) admixture populations and their parental
population groups.

Such studies may provide support for the common dis-
ease/common variant hypothesis (11). According to this
hypothesis, susceptibility alleles are assumed to be ancient
and therefore most likely present in native Aflrican popu-
lations. Alfrican-based genetic susceptibility studies are
also valuable in establishing cases where less-frequent
population-specific alleles predispose to disease (1).

The majority of research centers reside in economically
developed areas (1, 12). explaining the lack of sampling of
certain southern African population groups (Table 1).

Here, we summarize the literature available on HLA
class [l-associated disease susceptibility in southern
African populations, some unique to the area, and com-
pare it with data from other populations. Knowledge of
unique patterns of disease susceptibility defined by HLA
class II molecules could improve the understanding of the
molecular mechanisms contributing to disease susceptibil-
ity in this geographic region and may in future contribute
to the development of novel therapeutic approaches.

HLA class Il diversity and disease susceptibility
of southern African population groups: genetic
and molecular implications

Insulin-dependent diabetes mellitus

Insulin-dependent diabetes mellitus (IDDM) results from
hypo-secretion of insulin caused by Thl cell-mediated
autoimmune destruction of the pancreatic islet B cells
(13, 14).

IDDM was one of the [irst autoimmune diseases to be
associated with the HLA complex (15). Worldwide, IDDM
susceptibility is associated with the HLA DRB1*03 and
DRB1*04 alleles, with DRB1*03/*04 heterozygous individ-
uals exhibiting the greatest risk of developing IDDM (16,
17). An increased [requency of DRBI*03-DQA1*0501-
DQBI1*02 and DRB1*0401-DQA1*03-DQB1*0302 haplo-
types was reported in Brazilian type [ diabetes patients (18)
and DRBI*0402-DQA1*03-DQB1*0302 and DRBI1*
0301-DQAT*0501-DQB1*02 in IDDM patients from
Turkey (19).

Similar associations of IDDM  susceptibility with
DRB1*03 and DRB1*04 have been observed in southern
Alrican populations (Table 2) — DRB1*03 in the Zulu (5),
Shona (20) and SA Indian population (21); DRB1*04 in
the Zulu (22) and SA Indians of North Indian descent (21)
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Figure 1 Populations  studied in Southern
Africa. Shaded areas indicate the approximate
traditional distributions of the wvarious groups.
Subsequent urbanization has resulted in large-
scale migration.

and DRBI*03/%04 heterozygosity in the Zulu and SA
Indian population (21, 22). In contrast, the SA Coloreds
showed no significant association between HLA DRB1*03
and IDDM (23). Xhosa patients with IDDM showed a
unique DRBI*14011 susceptibility association (22),
whereas a study on the Zulu population showed various
susceptibility associations. of which HLA-DRBI1*09 was
most significant (5). A study conducted on the Shona

Southern African class Il disease associations

Country Key
South Africa
Swaziland
Lesotho
Namibia
Botswana
Zimbabwe
Mozambique

Il

]

il
Soth

08 O 00 101 =

association between

population found a
IDDM and HLA DRBI1*0301, DQA*0301, DQB*0201,
and DQB*0302 (20). HLA class II alleles associated with

significant

IDDM also differed significantly between southern
African populations and the rest of the world. Whereas
DRBI*15, DQBI1*0602, DQBI1*0301, and DQAI1*0102
conferred protection [rom 1DDM in most other popula-
tions (24), it was found that DRB1#0302 and DQA1*04

Table 2 HLA class |l alleles associated with IDDM in southern African populations

Population group HLA class Il allele Association (P value) Cases Controls P value corrected Validation® Reference
Susceptibility
Indian DRB1*03 <0.035 35 235 Yes No 21}
(DRB1*03/*04
heterozygote)
Colored DRB1*04 <0.02 57 Mot stated Yes Mo 23)
Zulu DRB1*03/*04 Mot stated 56 105 Yes No (22)
(heterozygote]
DRB1*04 0.002 47 3 Yes No 5)
DRB1*03 0.003
DRB1*09 <0.001
DQB*0302 <0.001
DQAT*03 <0.035
DCGB1*02 <0.004
Xhosa DRB1%14011 <0.06 50 Mot stated Yes Mo 23)
Shona DRB1*03 <0.005 40 82 Mo Yes (20)
DRB1*04 <0.01
DQAT*0301 <0.001
DQB1*0201 <0.001
DQB1*0302 <0.01
Resistance
Zulu DRB1*0302 Mot stated 47 3 Yes Mo (5
DQAT*0102 Mot stated
DQA1T*04 Mot stated
Shona DRB1*11 Mot stated 40 82 No Yes (20}
DQB1*0602 Mot stated
Colored DR2 <0.01 57 Mot stated Yes No (23)

*Validation is interprated to be the replication of the study findings by the same authors on a different selection from the same population group, in
the same study, or replication of the findings by another research group on the same population group.

Allele associations shown in bold are unique to southern Africa.
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were negatively associated with IDDM in Zulus (5).
Similarly, DRBI*11 and DR2 were observed to be asso-
ciated with IDDM resistance in the Shona (20) and the SA
Coloreds, respectively (23)

Although it is thought that HLA molecules contribute
to a discrepancy in binding affinity of autoantigenic pep-
tides to distinet polymorphic alleles, the precise molecular
mechanism for HLA-associated susceptibility or resistance
in IDDM is not clear. A proposed mechanism is that
favored binding of certain f-cell peptides to the above-
mentioned  susceptibility-associated HLA
occurs, leading to the activation of autoreactive T cells
(10).

molecules

Rheumatoid arthritis

The connective tissue in the joints, in particular the syno-
vial membrane, is the target of auteimmune attack in
rheumatoid arthritis (RA), leading to inflammation and
thickening of the membrane and joint deformation (13,
14).

Several studies suggest that the main contributors to RA
susceptibility are HLA-DRBI alleles coding for a five
amino acid motif in the third hypervariable region of the
DRp1 molecule. These alleles code for a positively charged
amino acid (Arg or Lys) at residue DRB71, making these
molecules prone to binding potential arthritogenic pep-
tides containing a negatively charged amino acid at residue
four (10, 25). HLA-DRBI1*04 encodes this motif and is
most often associated with RA (25-27). Similarly, HLA-
DRBI1*04 is associated with RA susceptibility in most
southern African populations, including the Zulu (27)
Sotho (28), Xhosa (29), SA Muslim Indians (30), the
Shona (31, 32), SA Coloreds (29), and Afrikaner Whites
(26) (Table 3). An association with DR10 was observed in
Indian Hindi and Tamil communities in South Africa (30)
and in the Shona (32). The Shona and SA Colored popu-
lations exhibited a further association of RA susceptibility
with HLA-DQB1*0302, which is unique to these groups
(26, 32). The DRB1*0301 and *0302 alleles both showed a
unique, significant protective effect for RA in both the
Xhosa and SA Colored (29).

Other diseases
Juvenile chronic arthritis

Juvenile chronic arthritis (JCA) is a combination of many
clinically heterogeneous diseases, with the common clinical
feature being the persistence of one or several inflamed
joints caused by autoimmunity (33). Few disparate popu-
lation groups have been studied. but it is evident that,
similar to RA, DRB1*04 is associated with JCA suscept-
ibility (34) in addition to DR& and DR11 — each depending
on the JCA subgroups represented (35). A distinct
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southern African association between JCA and DRI10
has been found in SA Coloreds (36) (Table 4).

Chronic rheumatic heart disease

The structural homology between the Streptococcal M
protein and human myocardial and valve proteins leads
to a late-onset autoimmune reaction directed against the
cardiac tissues of the host (13, 37). DRB4 super-specifici-
ties (DRB1*04 and DRB1*07) have been associated with
chronic rheumatic heart disease (CRHD) susceptibility in
Egyptian (38) and Brazilian patients (39), and an increased
DRB1*0403 frequency was observed in Mexican patients
(38). A unique association between CRHD and DRB1*01
and DR6 was observed in black SAs (40) (Table 4). At a
molecular level, it has been proposed that HLA-DRB4
and its super-speciflicities preferentially present peptides
from the M protein to T cells, instigating the autoimmune
process (39).

Idiopathic dilated cardiomyopathy

In idiopathic dilated cardiomyopathy (IDC), T-cell autoreac-
tivity and increased expression ol HLA class [ and Il molecules
on myocyles of cardiomyopathy sufferers may contribute to
sustained myocardial damage (41). IDC was found to be
associated with HLA-DRB1*10 in black SAs (42) (Table 4).

Graves’ disease

Graves’ disease is due to the lymphocytic infiltration of the
thyroid and presence of autoantibodies directed against
thyroid proteins, often manifesting as goiter and
hyperthyroidism (13, 14). Susceptibility to Graves® disease
is associated with DRBI1*03 and DRBI*01 in the Zulu
population (43). Similar associations are observed in
French, German, and Indian patients (44).

Human T-cell leukemia virus-1-associated myelopathy

Human T-cell lymphotrophic virus-1 is a retrovirus that
infects human CD4" T cells (45). A small percentage of
infected individuals develop either adult T-cell leukemia
(ATL) or a disabling progressive neurological disorder
named human T-cell leukemia virus-1-associated myelopathy
(HAM), where immunogenetic factors influence outcome
(46). Globally, the DRB1*0101-DQB1*0501 haplotype has
been implicated with HAM susceptibility, whereas this hap-
lotype is rare in ATL sufferers (47, 48). A weak association
between HAM and DR2 was observed in Zulus (49).

Systemic lupus erythematosus

Systemic lupus erythematosus (SLE) is a chronic inflam-
matory, multisystemic disorder of the connective tissue

@ 2006 The Authors
Journal compilation 67 (97-110p @ 2006 Blackwell Munksgaard
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Table 3 HLA class Il alleles associated with RA in southern African populations

Population HLA class Association P value
group Il allele (P value) Cases Controls correctad Validation® Reference
Susceptibility
Zulu DRB1*04 <0.001 100 513 Yes No (27)
Sotho DRB1*04 <0.001 25 43 MNo No (28)
Xhosa DRB1*04 <0.001 25 94 Yes MNo (29)
Indians 121 446 Yes No (30)
Muslim DRB1*04 <0.01 30 49
Hindi DRB1*10 <0.001 38 135
Tarmil DRB1*10 <0.01 B3 262
Colored DRB1*04 <0.001 65 114 Yes Yes (29)
183 3716 Yes Yes (26)
DQOB1*0302 <0.001 B5 114 Yes Yes 129)
0.03 183 3716 Yes Yes (26)
Whites DRB1*04 <0.001 66 1059 Yes No (26)
Shona DRB1*04 MNot stated 72 82 No Yes (32)
Shona DRB1*04 Mot stated 26 119 No Yes (31}
89 8z No Yes 132)
DRB1*10 MNot stated 69 82 No MNo 132}
DQB1*0302 MNaot stated 26 119 No No (31)
Resistance
Xhosa DRB1*03 0.028 25 94 Yes No (29)
Colored DRB1*03 <0.001 65 114 Yes No 129)

*Validation is interpreted to be the replication of the study findings by the same authors on a different selection from the same population group, in
the same study, or replication of the findings by another research group on the same population group.
Allele associations shown in bold are unique to southern Africa.

and is thought to be the result of the malfunction of the genes FAS and FASL (52), FCGR2B (53), and various
regulatory mechanisms of the autoimmune system (13, 14). candidates within the HLA class I region. Three distinct
A multitude of genes have been shown to influence SLE haplotypes within the class II region have been identified
susceplibility, among them CTLA4 (50, 51), the apoptosis that exhibit transmission distortion, in a large collection of

Table 4 HLA class |l alleles associated with susceptibility to other diseases in southern African populations

Population HLA class F value
Disease Group Il allele Pvalue Cases Controls corrected Reference
Juvenile chronic arthritis Colored DRB1*10 <0.001 N 549 Yes (36)
Chronic rheumatic heart disease Black DRE1*01 =<0.045 103 220 Yes 40)
DR6 <0.045
Idiopathic dilated cardiomyopathy Black DRE1*10 <0.02 57 220 Yes 42)
Grave-s disease Zulu DRB1*01 <0.014 63 330 Yes 43)
DRB1*03 <0.023
Human T-cell leukemia Zulu DR2 Borderline 40 566 Yes 49)
virus-1-associated myelopathy
Systemic lupus erythematosus Zulu DRB1*02 <0.005 49 87 No (57)
DQB1*0602 «=0.025
Sotho DRB1*02 <0.005 49 87 Mo (57)
DQB1*0602 <0.025
Colored DRz 0.0005 75 548 No (58]
DRB1*07 0.02
Multiple sclerosis Colored DR2 0.25-0.1 24 1042 Mo (60)

Allele associations shown in bold are unique to southern Africa. None of these studies were validated. Validation is interpreted to be the replication of
the study findings by the same authors on a different selection from the same population group, in the same study, or replication of the findings by
another research group on the same population group
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families with SLE (54). DR2 is significantly associated
with SLE in American Caucasians (55) and Malaysians
(56) and has also been observed in the Sotho, Zulu, and
SA Colored patients (57) (Table 4). Unique SLE associa-
tions with DRB1*07 were observed in the SA Colored
population (58) and in the Sotho and Zulu populations
with DQBI1*0602 (57).

Multiple sclerosis

Multiple sclerosis (MS) is characterized by small, scattered
areas ol degeneration of the myelin sheath of nerve fibers
(13). MS progression begins when viral antigens are pre-
sented to T cells by specilic HLA molecules. Activated T
cells cross the blood—brain barrier into the central nervous
system. interact with cells bearing HLA class II molecules
presenting the myelin antigens to which the T cells were
originally primed. which leads to inflammation and myelin
damage (59). DR2 has been implicated in MS suscept-
ibility in SA Coloreds (60), similar to reports on
Northern Europeans (59), North Americans, Californian
Caucasians, and [talians (61).

Infectious diseases

In comparison with autoimmune diseases, research on
HLA and susceptibility to infectious diseases within the
southern African context is limited.

Mycobacterial disease (tuberculosis and leprosy)

Mycobacterium tuberculosis and Mycobacterium leprae are
the causative agents of tuberculosis (TB) and leprosy,
respectively. In general, leprosy is characterized by bac-
teria-induced skin and nerve lesions, whereas with TB, the
most common clinical manifestation is pulmonary TB,
resulting in similar lesions within the lungs (62). HLA-
DR2 is most consistently associated with TB in a diversity
of populations, including Indian (63, 64), Polish (65), Thai
(60), Indonesian (67), and Russian (68). Similarly, DR2
has been associated with susceptibility to leprosy in
Brazilian (69) and Indian populations (70). Nonetheless,
inter-population variations in HLA/TB associations have
been reported. HLA-DQB1*0503 was found to influence
TB progression in the Cambodian population (71);
DQBI1*0601 was associated with TB susceptibility in the
Thai and South Indian population (64, 66), and the HLA
haplotype DRB1*08032-DQBI1*0601 was associated with
genetic susceptibility to multidrug-resistant TB in Korean
patients (72). A study of the Venda population (92 TB
patients and 117 controls) showed an association of
DRBI*1302 with TB susceptibility (Lombard et al.,
unpublished data), whereas Boshofl et al. (unpublished
data) have shown a marginal association of DRBI*03
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with TB in the SA Colored population (106 TB patients
and 107 controls).

Human immunodeficiency virus susceptibility

The hallmark of human immunodeficiency virus suscept-
ibility (HIV) infection is a decline in CD4" T cells, result-
ing in compromised immunity (73). Several reports have
suggested an association of HLA class 1T with HIV infec-
tion progression — HLA-DRBI*03 and DQBI*02 are
associated with developing symptomatic HIV infection in
[talians, whereas DR2 has been associated with disease
progression (74). DQB1*0603 and DQB1*0201 have been
found to be associated with HIV-1 susceptibility in
American Caucasians and African Americans, respec-
tively, whereas DQB1*03032 was associated with resis-
tance against HIV infection in American Caucasians but
not in African Americans (75, 76). HLA-DRB1*01 was
reported to confer resistance to HIV infection in East
African populations (77), and HLA-DRBI1*1302 was
found least frequently in Ugandan HIV-positive patients
(78). In southern Africa. HLA-DRBI1 homozygosily was
significantly associated with high viral load in
Zimbabwean patients (73). Recently, a significant associ-
ation between certain HLA-DRB1 and DQBI1 alleles and
transmission of HIV type I was observed in Zambian
couples  (79). Seronegative partners with either
DRBI*0301-DQB1*0201 or DRBI*1503-DQBI1*0602
demonstrated accelerated seroconversion. whereas pre-
sence of DRB1*1301 in initially seropositive partners led
to delayed transmission of HIV.

Other infectious diseases

Resistance to malaria is conferred by the HLA-
DRBI1#1352 and DRBI*1302 alleles in the Gambian
population (80). Hepatitis B resistance in Gambians is
also conferred by DRB1*1302 (81), whereas the presence
of DRBI1*07 is associated with hepatitis B susceptibility
(82). The presence of HLA-DQBI*0603 in black SA
patients with hepatitis B infection led to a more rapid
development of membranous nephropathy (83).

Conclusion

The study of the genetic basis of a complex disease is
critical for an improved understanding of its development,
progression, and treatment. The genetic diversity and
unique demographic history of southern African popula-
tion groups suggests that they may be invaluable in the
fine mapping ol such diseases. Similar to other studies
conducted worldwide, association between the HLA class
I genetic region and disease has been found in southern
African populations, with several population-specific alle-
lic associations revealing the distinct genetic character of

@ 2006 The Authors
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the population groups residing in this area (Tables 2-4).
Unique associations were specifically observed among
native southern African population groups and groups
which have received genetic input from them. The only
exception to this observation is the association of HLA-
DRB1*10 with RA in the Indian Hindi and Tamil com-
munities of South Africa (30), illustrating the ethnic diver-
sity within the Indian subcontinent. In most cases, one or
more of the alleles associated with a specific disease in the
rest of the world also occur in the southern African popu-
lation. These findings support the hypothesis that common
diseases are caused by common, ancient alleles present in
indigenous African populations (1). All HLA disease asso-
ciations observed in the southern African Caucasoid popu-
lation corresponded to those observed in European
Caucasian, as would be expected il the genetic influence
was greater than the environmental.

While a limited number of studies have been conducted
in southern Africa to analyze the role of HLA class II
polymorphisms in susceptibility to infectious disease, evi-
dence for unique genetic associations among Africans is
apparent. Efforts to develop vaccines and other pharmaco-
logical therapies for HIV infection, TB, and malaria are
delayed by a poor understanding of the genetic mechanisms
involved in these infectious diseases (84). With one of the
world’s most rapidly increasing TB- and HIV-incidence
rates (12, 85), southern Africa should be a focal point for
research approaches to resolve these global epidemics.

The practical implications of understanding gene—
disease associations include the identification of novel
molecular targets for intervention. the design of vaccines
and immunotherapeutics. and the prediction of thera-
peutic efficiency according to an individuals® genotype
(86). The distinctive southern African milieu, in which
diverse populations are harbored against common envir-
onmental backgrounds, provides a genetic resource that
has the potential to be utilized for the health benefit of all
these groups.
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ABSTRACT

Background

Tuberculosis, which is caused by Mycobacterium tuberculosis, remains one of the leading
causes of mortality worldwide. The C-type lectin DC-SIGN is known to be the major M.
tuberculosis receptor on human dendritic cells. We reasoned that if DC-SIGN interacts with M.
tuberculosis, as well as with other pathogens, variation in this gene might have a broad range of
influence in the pathogenesis of a number of infectious diseases, including tuberculosis.

Methods and Findings

We tested whether polymorphisms in CD209, the gene encoding DC-SIGN, are associated
with susceptibility to tuberculosis through sequencing and genotyping analyses in a South
African cohort. After exclusion of significant population stratification in our cohort, we
observed an association between two CD209 promoter variants (871G and —336A) and
decreased risk of developing tuberculosis. By looking at the geographical distribution of these
variants, we observed that their allelic combination is mainly confined to Eurasian populations.

Conclusions

Our observations suggest that the two —871G and —336A variants confer protection against
tuberculosis. In addition, the geographic distribution of these two alleles, together with their
phylogenetic status, suggest that they may have increased in frequency in non-African
populations as a result of host genetic adaptation to a longer history of exposure to
tuberculosis. Further characterization of the biological consequences of DC-SIGN variation in
tuberculosis will be crucial to better appreciate the role of this lectin in interactions between
the host immune system and the tubercle bacillus as well as other pathogens.

February 2006 | Veolume 3 | Issue 2 | e20
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Introduction

Ome-third of the world’s population is estimated to be
infected with Mycobacterium tuberculosis, the etiological agent ol
tuberculosis (TB). This disease tops the World Health
Organization list of deaths due to a single infectious agent,
with the death toll between 2 and 3 million people per year [1].
A perplexing, and yet unsolved, feature of TB is that less than
10% of infected individuals develop the disease. Substantial
epidemiological evidence supports that host-related factors,
such as sex, age, HIV infection, malnutrition, and BCG (bacille
Calmette-Guérin) vaccination, influence the balance between
the tubercle bacilli and host immune defences [2,3]. In
addition, there is increasing evidence that host genetic factors
determine differences in host susceptibility to -Il’l);‘L'()bHL'[t'l'i:ll
infection and might contribute therefore to the pattern ol
clinical disease [1-7]. From a host perspective, the innate
immunity system acts as the first line ol host delense against
microbial pathogens [8]. Initial recognition of pathogens by
the innate immunity system is mediated by phagocytic cells,
such as dendritic cells (DCs) or macrophages, through germ-
line-encoded receptors, known as pattern recognition recep-
tors [9]. DCs bear a range ol pattern recognition receptors,
such as C-type lectins and Toll-like receptors, involved both in
recognition of conserved products of microbial metabolism
and in the induction of adaptive immunity [8,10-12]. In
par ticular, (]-t.}'pe lectins detect put.h()g{:n.\ by their character-
istic carbohydrate structures and internalise them for further
antigen processing and presentation [13]. We have recently
shown that a prototypic C-type lectin, DC-SIGN (dendritic
cell-specilic ICAM-3 grabbing nonintegrin), is the major
Mycobacterium tuberculosis receptor on human DCs [14]. DC-
SIGN is specifically, though not exclusively, expressed on DCs
and functions both as a cell adhesion and as a pathogen
recognition receptor [15]. As an adhesion receptor, it plays an
important role in many DC functions, such as DC-T cell
interaction and DC migration [16,17]. Besides its cellular
recognition role, DC-SIGN serves as pathogen uptake recep-
tor and mediates interactions with a plethora of pathogens
other than M. tuberculosis [18]. Indeed, it has been shown that
DC-SIGN  allows DCs to capture other bacteria such as
Helicobacter pylori and certain Klebsiella pnewmonia strains, but
also viruses such as HIV-1, Fhola, cytomegalovirus, hepatitis-
C, dengue, and SARS-coV, and parasites like Leshmania fnfanod
and  Schistosoma mansoni [19-27]. In addition, recent data
suggest that DC-SIGN may mediate intracellular signalling
events leading to cytokine secretion and, on this basis, it has
heen pn)p()sed that the lectin could be used b}' pat.hngenh.
including M. tubereulosis, as a part of an immune evasion
strategy to their own advantage [28,29].

In light of the ability of DC-SIGN to interact with M.
tuberculosts and other pathogens, it is plausible that variation
in its gene may influence the pathogenesis ol a number ol
infectious diseases, including TB. We have therefore explored
the relationship between CD209 polymorphisms and suscept-
ibility to TB by determining CD209 sequence variation in a
cohort of South African Coloured origin.

Methods

Patients and Methods
The study was conducted in a cohort of 711 individuals,
including 351 TB patients and 360 healthy controls, living in

PLoS Medicine | www.plosmedicine.org

159

DC-SIGN Variation and Tuberculosis

the Cape Town area. Certain suburbs of metropolitan Cape
Town have some of the highest reported incidence rates of TB
in the world, despite extensive BOG vaccination. Indeed, our
study population comes from two suburbs that have been
extensively studied because of their uniform ethnicity (known
as South African Coloured) and socio-economic status as well
as high incidence of TB and low prevalence of HIV [30]. In
addition, our study group represents a present-day homoge-
nous population [31] that previously received genetic input
from Khoisan, Malaysian, Bantu, and Furopean descent
populations [32]. Thus, it represents a community originating
from populations with different susceptibilities to TB and
offers a unique opportunity to dissect the contributing
genetic variants and their probable geographiciethnic origins.
TB patients were bacteriologically-confirmed (smear-positive
and/or culture-positive) to present pulmonary tuberculosis.
Their mean age (£ standard deviation) was 36.7 = 10.9y, and
51.8% were male. Controls were unrelated healthy individuals
from the same community, with the same socio-economic

status, access to health [acilities, and chance of diugn()sih‘ and
with neither signs nor previous history of TB (mean age 34.6 =
12.5 ¥ 22% male). The annual risk of infection in this suburb
was estimated at 25% in 1987 and at 2.8%-3.5% in 1999, and
it is therefore highly likely that, in such an environment, the
vast majority of controls have been exposed to M. tuberculosis

[

Informed consent was obtained from all participants, and the

341 All subjects were HIV-negative and older than 18 y.

study was approved by the ethics committee of the Faculty of
Health Sciences, Stellenbosch University (South Africa).

Laboratory Procedures and Statistical Analysis

To identily informative €D209 single nucleotide poly-
morphisms (SNPs) and to avoid ascertainment bias in the
choice of markers to be tested, we first sequenced the whole
CD209 genomic region (seven coding exons, flanking intronic
regions, and 1,000 base pairs situated 5" of the start codon) in
28 randomly chosen individuals (56 chromosomes). Using
p()l)"lrl(lT'phihl]’H with a minimum allele f'tequem_y of 0.05,
unphased genotypic data were converted into haplotypes
using the accelerated EM (Expectation Maximization) algo-
rithm implemented in Haploview v3.1 [35]. To evaluate the
accuracy of the EM al_g()ril.hm, haplm.ype TECONSITUCion was
performed in parallel using the Bayesian statistical method
[36] implemented in Phase v.2.1.1. Equivalent results were
obtained using both methods, with all haplotypes presenting
high levels of statistical support. In order to define a minimal
number of SNPs explaining most haplotypic diversity, we
used the BEST v1.0 sofiware [37]. Eight haplotype-tagging
SNPs were then selected to genotype the entire panel of 711
individuals. Further, potential population stratification be-
tween cases and controls was tested by genotyping 25
unlinked SNP markers in the entire study cohort. DNA
samples were genotyped by either fluorescence polarization
(VICTOR-2TM technology; PerkinElmer, Wellesley, Califor-
nia, United States) or TagMan (ABI Prism-7000 Sequence
Detection System; Applied Biosystems, Foster City, Califor-
nia, United States) assays. Statistical testing for genotypic and
haplotypic associations were performed using STATA 8.2 and
Haploview v3. 1, respectively. The haplotype frequencies were
obtained by summing the [ractional likelihood of each
haplotype for each individual (i.e., il a particular individual

has been determined to have a 40% likelihood of haplotype A
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and 60% likelihood of haplotype B, 0.4 and 0.6 would be
added to the counts for A and B, respectively) [35].

Results and Discussion

Two variants located in the CD209 promoter region (—871
AIG and =336 AJG) exhibited a frequency distribution
significantly distorted between TB patients and controls, as
indicated by a Chi-square test (Table 1). For the —871 variant,
genotypes GG and GA were less [requently observed in cases
(16.8%) compared to the control group (27.2%) P =82X
]U"4}, For the 336 variant, genotypes GG and GA were more
frequent in cases (70.6%) than in controls (61.9%) (p = 0.01).
These observations suggest that the alleles —87TA (odds ratio
[OR]: 1.85; 95% CIL 1.29 G (OR: 1.48; 95% CI:
1.08-2.02) increase the risk of developing TB in our South
African cohort. At the haplotype level (Table 2), a Chi-square

6) and —

test first revealed that the global distribution of haplotype
frequencies was significantly different between cases and
controls (fr= 1.2 % lli"ﬂ), Ome haplotype (H3) turned out to be
the main haplotype responsible for such a distorted fre-

quency distribution (Table 2). This haplotype, which contains
both —871G and —336A, was found to be strongly associated
with the control group (p = 1.6 X ](}'"5: OR: 1.7; 95% CI: 1.22-
2.38). The associations with this haplotype, and with —871,
2 s e -3
and 6.6 X 10

respectively), even after the conservative Bonferroni correc-

remained highly significant (f = 1.3 X 10

tion for multiple testing.

Although our cohort is considered a present-day homoge-
neous community that has received genetic contribution
from different populations multiple generations ago [31,52],
population stratification between cases and controls can be a
confounding factor leading to a spurious positive association.
Indeed, the use of admixed populations in association-
mapping studies can be very useful to identily disease-causing
genetic variants that differ in [requency across parental
populations. However, when the admixture event is too
recent, allelic frequencies can differ coincidentally among
cases and controls, reflecting a nonuniform genetic contri-
bution from the parental populations 1o each subpopulation
(i.e., cases and controls), rather than a genuine association
between a given genetic variant and the phenotype under

study. In this case, the study-cohort is said to present

DC-SIGN Variation and Tuberculosis

population stratification. To formally test and quantify the
levels of background genetic dillerences [38], if any, between
cases and controls, we genotyped the entire cohort for a
panel of 25 independent SNPs markers which are (1) not in
linkage disequilibrium with the candidate CD209 locus and
with any other known gene, (2) randomly distributed along
the genome, and (3) polymorphic among the major ethnic
groups (Table 3). The mean 12 statistic among the 25 SNPs [or

the comparison of allele frequencies between cases and

controls, which represents the levels of stratification ()
between the two groups [39], was 1.25 (p = 0.26), implying that

the two groups were not significantly stratified. As an
7 2

additional correction for stratilication, we divided the
valu

s obtained for our candidate gene CD209 by the level of
stratification detected (1.25) [39]. Even after such a con-
‘ations observed with —336 and

SC

servative correction, the as

—871 as well as with H3 remained significant (=336 p=28X
107% —871 p = 27 % 107% H3 p = 4.8 X 107%). These
observations support therefore the idea that the 871G and
—336A wvariants are indeed genuinely associated with a
protective role against TB.

In order to gain insights into the frequency distribution of
these two SNPs, we genotyped them in 254 human chromo-
somes [rom sub-Saharan Africa, Europe, and Fast Asia as well
as in eight chimpanzee chromosomes. We observed that the
—8716G and —336A forms, which we propose as offering
protection against TB, corresponded to the derived allele in
humans; we also observed that these forms are present at
higher frequencies in Eurasians as compared to Africans
(Table 4). Indeed, the —871G is absent in African populations
whereas it reaches high frequencies (20%-40%) in European
and Asian populations. Given the absence ol the haplotypic
combination of —871G and —336A among sub-Saharan
Alricans, its presence among South African Coloureds
suggests that it was introduced through the historically well-
known admixture with Europeans and Asians [31]. This
ohservation highlights the power of using admixed popula-
tions to better understand historical issues associated with
the geographiciethnic origin of disease-alffecting alleles,
provided that their prevalence varies in the ancestors of the
admixed population (i.e., dilferent [requency of H3 in
Africans versus non-Alricans; Table 4).

In the context of TB, it has been suggested that present-day

Table 1. DC-SIGN Genotype Distributions in Patients with Tuberculosis and in Healthy Controls

Genotype Frequencies (%)

Cases (n = 351)

Controls (n = 360) Cases vs. Controls®

htSNP* 1 2 11 12 22 11 12 22 P OR

935 G = A 521 25 8.8 45.3 469 78 007 0.76 [0.57-1.02)
-871 A = G 83.2 157 1.1 728 26.1 11 82 x 107" 1.85 [1.29-2.66]
-336 A = G 293 504 20.2 381 433 186 001 1.48 [1.08-2.02]
-139 A > G 83 376 54.1 72 431 497 0.24 0.84 [0.62-1.13]
2192 G > A 96.6 34 a a5 47 03 029 0.67 [0.32-1.42]
3220 T > C 746 234 2 758 228 14 071 1.07 [0.76-1.50]
3838 A > c 801 179 2 84.7 144 08 01 1.38 [0.94-2.04]
4235 <] = [ 516 41 7.4 572 378 5 013 1.26 [0.94-1.69]

A1 htSNPs (haplotype tagging SNPs) were in Hardy-Weinberg equilibrium in both the global sample and in cases and cantrols, separately.
“The homazygotas for the most frequent allele were campared with the sum of the homazygetes and heterozygotes for the rare allde

DO 101371/ Journal pmed 00300201001
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Table 2. Haplotype Distributions in Patients with Tuberculosis and in Healthy Controls

Haplotype® Haplotype Frequencies (%) Cases vs. Controls®
Cases Controls P OR

HI-AAAGGTCG 10 62 0.m 1.70 [1.15-2.52]
H2-AAAGGTAG 76 93 0.25 0.80 [0.55-1.16]
H3-AGAGGTAG 8.9 14.2 16 x 1072 1.70 [1.22-2.38]
H4-GAAAGTAG 26 279 0.4 091 [0.72-115]
H5-GAGGGTAG 17.3 15 0.25 1.17 [0.88-155]
HE-GAGGGTAC 12.2 &5 0.02 1.49 [1.05-2.11]
H7-GAGGATAC 1.7 22 0.44 077 [0.36-1.63]
HE-GAGGGCAC 12.8 11.2 0.35 1.16 [0.84-160]

“Haplotypes with frequency greater than 1%, The alleles are arderad from SNP-339 untl SNP4Z35.
BThe fraquency of each haplotype in casss and controls was compared with the sum of all the others.
DOk 10.1371/journal pmed 00300201002

susceptibility to TB is determined by previous history of
exposure [10]. There is [airly convincing evidence that TB has

been endemic in Europe for several hundred years, whereas in

Alfrica it has probably been rare before contact was initiated
with Europeans [11-43]. It is expected therefore that M.
tuberculosis has exerted stronger selective pressures on Euro-
pean than African populations [12]. Our results lend sup port
to this hypothesis and suggest that the protective alleles
—871G and —336A increased in frequency in non-Afric

populations as a result of genetic adaptation to a longer

period of TB exposure. The potential impact of tuberculosis

on the frequency of resistant alleles in European populations
has been recently addressed using epidemiological data and
statistical modeling [44]. The authors have sought to evaluate
the expected changes in resistant allele frequencies, during
the 300-y period corresponding to the peak epidemics of TB
in Europe. They concluded that if a given resistant allele was
ata low frequency in the beginning ol an epidemic, selection
by M. tuberculosis alone would increase the [requency of this

allele, but not enough to bring it to epidemiologically

significant levels. In this context, since DC-SIGN is known to

interact with a vast range of pathogens, it is indeed likely that

Table 3. Frequency Distribution in the Study Cohort of the 25 SNPs Used to Test for Population Stratification

Name rs Number Location ObsHET? PredHET® HWP® MAF MAF ¥ p-Value
Cases (%) Controls (%)

SNP1 rs2048022 Chra 0.509 0497 0588 434 483 3.469 0.0625
SNP2 rs1380229 Chrg 0.429 0468 0034 361 384 0.815 0.3667
SNP3 rs650389 Chr10 0.276 0287 0369 15.2 195 4.518 0.0335
SNP4 rs870384 Chr12 0511 0499 0591 483 468 0311 0.5771
SNPS rs695982 Chr12 0.416 0419 0888 321 277 3.376 0.0662
SNPG rs708682 Chrs 0.216 0212 0826 11.8 123 0.086 0.7693
SNP7 rs?15774 Chr15 0.244 0257 0209 143 161 0.883 0.3473
SNP8 rs1433456 Chr15 0313 0317 0784 199 197 0011 0.9169
SNP9 rs807131 Chr17 0.478 0453 0183 355 339 0.398 0.5279
SNP10 rs11672183 chr19 0.214 0209 0649 12 nz 0.018 0.8947
SNP11 rs2024628 Chr20 0513 0494 0333 422 465 2,627 0.1051
SNP12 rs1028184 Chr2 0.461 0464 09 342 39 3.53 0.0603
SNP13 rs2056773 Chr3 0.492 0473 032 395 2T 0.808 0.3687
SNP14 r$1479067 Chrs 0.398 0395 0972 259 284 1.099 0.2945
SNP15 rs327747 Chr7 0.374 0399 0111 258 292 2.084 0.1488
SNP16 rs12665321 Chré 0.239 0234 0693 14.2 129 0.462 0.4969
SNP17 rs1566838 Chrg 0.475 0497 0.265 465 458 0.081 0.7762
SNP18 rs12785524 Chrl1 0.452 0483 0106 39 424 1.708 0.1912
SNP19 rs975423 Chr13 0.429 0464 0056 351 378 1.134 0.2868
SNP20 rs914904 Chr13 0.397 0409 0462 29.2 282 0.179 0.6723
SNP21 rs876287 Chr4 0.459 0484 0.182 413 409 0.024 0.8765
SNP22 rs1582598 Chri6 0.378 0394 031 275 265 0.164 0.6852
SNP23 rs1364198 Chri6 0361 0364 0908 252 AT 1.242 0.2652
SNP24 rs739259 Chr2z 0.469 0469 1 361 39 1.217 0.27
SNP25 rs169479 Chi21 0.217 onz 1 133 115 1.064 0.3024
*Observed heterozygosity
®pradicted heterazygosty.
“Hardy-Weinberg equil brium probabilny.
MAF, minimum alile frequency
DAL 10,1371/ journal pmed 0030020.0003
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Table 4. Frequency Distribution of the Eight CD209 SNPs Genotyped in the Multi-Ethnic Panel of 127 Individuals (n = 254
Chromosomes) as Well as in the 711 Individuals of the South African Cohort (n = 1,422 Chromosomes)

SNP Variant® Population Frequencies (%)
African (n = 82) Asian (n = 86) European (n = 86} SAC (n = 1,422)
=939 A 45.1 291 54.7 298
G 54.9 709 45.3 70.2
-871 A 100 791 61.6 88.4
G 0 209 384 1.6
-336 G 37.8 58 209 42.8
A 62.2 942 79.1 57.2
=139 G 87.8 337 756 721
A 12.2 66.3 24.4 279
2392 G 100 988 a1.9 97.8
A 0 12 81 22
3220 C 14.6 Q a 132
T 85.4 100 100 86.8
3838 A 70.7 100 90.7 90.5
C 293 0 93 9.5
4,235 G 76.8 965 86 741
C 232 35 14 25.9

“Ihe alisle In bold cormsponds to the derived allels when comparsd with the ssquence of the chimpanzes.
SAL, South Afikan coloured population.
DOL 101371/ journal pmed 00300206004

the increased frequencies observed today for both —871G and
—336A in non-Aflrican populations (specially for —871G which
is absent in sub-Saharan Africans) may have been driven, not

only by the selecti

e pressures imposed by M. tubereulosis, hut

also by other infectious agents. Indeed, two independent
studies have recently reported a genetic association between
the —336A variant and protection against parenteral HIV
infection [45] and severity of dengue pathogenesis [46].
Although HIV infection, for example, is too recent to have
left any signature of selection on CD209, these observations
emphasize the possible action of ather pathogens in shaping
the patterns of variability of this gene.

From a functional point of view, the —=336A allele has been

shown to affect an Spl

ike binding site and to modulate
transcriptional activity in vitro by increasing the levels of
ion [46]. In the context of TB, increased DC-SIGN
expression levels by DCs may result in better capture and

exXpre:

processing of mycobacterial antigens, leading to a stronger
di
shown that DC-SIGN expression is markedly induced in

and wider T-cell response. In addition, we have recently

alveolar macrophages in active TB patients and that M.
tuberculosis is  preferentially phagocytosed by DC-SIGN-

s in these individuals [47]. Thus, the

expressing macrophag
higher prevalence observed among healthy individuals of the

—336A variant, which is associated with increased DC-SIGN
expression, may underlie an increased efficiency of host
phagocytes, such as DCUs and macrophages, to control the
infection. In addition to the —336A variant, our genetic data
showed a strong association of the —871G allele with healthy
controls, suggesting also a functional consequence of this
variant that, either alone or in combination with —3364A,
remains to be defined.

In conclusion, the signiflicant association found for the
CD20% promoter variants together with their phylogenetic
status and frequency distribution strongly suggests that the
—871G and —336A alleles may reduce the risk of developing TB.
More generally, our results, together with those reporting

¥
@ PLoS Medicine | www.plosmedicine.org 0005
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association of CD209 promoter variants with both HIV
susceptibility and dengue pathogenesis [15,46] suggest that
variation in this lectin may be of crucial importance in the
outcome of a number of infections due to DC-SIGN-interact-
ing pathogens. Detailed in vitro and in vivo studies assessing
the functional consequences of CHD209 variants on the quality
ol the host immune response against pathogens, including M.
tuberculosis, ave now required to eventually develop knowledge-
based and effective pathway-targeted treatments.
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ABSTRACT: The C-type lectins DC-SIGN and L-SIGN
are important pathogen-recognition receptors of the hu-
man innate immune system. Both lectins have been
shown to interact with a vast range of infectious agents,
including Mycobacterium tuberculosis, the etiologic agent of
tuberculosis in humans. In addition, DC-SIGN and
L-SIGN possess a neck region, made up of a variable
number of 23 amino acid tandem repeats, which plays a
crucial role in the tetramerization of these proteins and
support of the carbohydrate recognition domain. The
length of the neck region, which shows variable levels of
polymorphism, can critically influence the pathogen
binding properties of these two receptors. We therefore
investigated the impact of the DC-SIGN and L-SIGN

ABBREVIATIONS

DC-SIGN  dendritic cell-specific ICAM-3 grabbing
nonintegrin

L-SIGN dendritic cell-specific ICAM-3 grabbing

nonintegrin related

INTRODUCTION

The innate immune system is the first line of host
defense against pathogens [1]. Early recognition and
uptake of microbes by host professional phagocytes, such
as macrophages and dendritic cells, are crucial for down-
stream immune responses and pathogen clearance.
Phagocytic cells express a range of cellular receprors,
known as pattern recognition receptors (PRRs), involved
in the sensing of microorganisms [1]. These proteins
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neck-region length variation on the outcome of tubercu-
losis by screening this polymorphism in a large cohort of
Coloured South African origin. The analyses of 711 indi-
viduals, including 351 tuberculosis patients and 360
healthy controls, revealed that none of the DC-SIGN and
L-SIGN neck-region variants or genotypes seems to in-
fluence the individual susceptibility to develop tubercu-
losis.  Human Dmmunolagy 68, 106—-112 (2007). ©
American Society for Histocompatibility and Immunoge-
netics, 2007. Published by Elsevier Inc.

KEYWORDS: Tuberculosis; susceptibility; DC-SIGN;
L-SIGN; neck region; genetics

PRRs pattern recognition receptors
TB Tuberculosis

bind to conserved microbial ligands, promoting phago-
cytosis and antigen presentation, and trigger intracellu-
lar signaling and cytokine secretion. The quality of this
initial pathogen recognition can have important conse-
quences in both the outcome of infection and the patho-
genesis of infectious discase. Two particular PRRs of the
C-type lectin recepror family—dendritic cell-specific in-
tercellular adhesion molecule (ICAM)-3 grabbing non-
integrin (DC-SIGN) and dendritic cell-specific ICAM-3
grabbing nonintegrin related (L-SIGN, also known as
DC-SIGNR)—have recently been the focus of consider-
able attention {2—6]. These two lectins, which can act as
both cell adhesion receptors and pathogen recoghition
receptors, are encoded by two genes located on chromo-
some 19p13.2-3 within a ~26 kb segment [7, 8]. DC-
SIGN and L-SIGN exhibit high nucleotide (73%) and

0198-8859/07/$—see front martcer
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aminoacid (77%}) identity, and identical exon-intron or-
ganization [8]. An additional characteristic of both lec-
tins is the presence of a neck region, made up of primar-
ily 7 highly conserved 23 amino acid repeats, that
separates the carbohydrate recognition domain (CRD)
involved in pathogen binding from the transmembrane
region. In regard to expression profiles, DC-SIGN is
expressed mainly on endocyrtic cells, such as dendritic
cells and macrophages, whereas L-SIGN is expressed on
endothelial cells in liver and lymph nodes, and in cells
lining placental capillaries [9-11]. DC-SIGN and
L-SIGN share the ability to bind high—mannose oligo-
saccharides through their CRD, and have been shown to
recognize a vast range of microbes, such as HIV-1, Ebola,
Heparcitis-C virus, severe acute respiratory syndrome-
associated coronavirus (SARS)-coV, and Mycobacterinm tu-
bercrlosis [12, 13].

M. rubercalosis, the causal agent of tuberculosis in
humans, remains a leading cause of morbidity and mor-
tality worldwide [14}. Interactions between the tubercle
bacillus and host phagocytes are crucial for immunity to
mycobacteria and for TB pathogenesis [15]. M. rubercu-
osis can interact with PRRs involved in signal cransduc-
tion leading to the secrction of cytokines and other
mediators of the immune response [16]. In this context,
DC-SIGN has been shown to be an important M. tuber-
culoszs teceptor on the surface of human monocyte-
derived DCs {17, 18] and, more recently, it has been
shown that L-SIGN can also inreract wich the rubercle
bacillus [19]. Both DC-SIGN and L-SIGN bindings
to M. suberculosis are mediated by the mycobacterial
cell-wall component mannosylated lipoarabinomannan
(ManLAM). In addition, the observation that DC-SIGN
may mediate incracellular signaling events leading to
cytokine secretion has led some authors to propose that
this lectin could be used by pathogens, including M.
tuberculosis, as a part of an immune evasion strategy to
their own advanrage {17, 20]. From a genetic perspec-
tive, there is increasing evidence that host genctic factors
determine differences in host susceptibility to mycobac-
terial infection and might contribute to the pattern of
clinical disease {21, 22]. In this context, we have recently
shown that the combination of two DC-SIGN promoter
variants (—871G and —336A) is associated with a de-
creased risk of developing tuberculosis in a South African
cohort [23].

However, the extent to which the length of the neck
region of both DC-SIGN and L-SIGN might have an
impact on the host susceptibility to TB is unclear at
present. This tandem-repeat region, which shows a vary-
ing degree of length polymorphism [9, 247, is involved
in assembling both lectins into a tetrameric protein
conformation on the cell surface, and the length of this
region can critically influence the pathogen-binding
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propetties of the CRD of these proteins {25-27]. At the
population level, the lengch of the DC-SIGN neck region
is highly conserved (mainly 7 repeats), whereas the
L-SIGN neck region exhibits an exrraordinarily high
level of heterozygosity [28]. Furthermore, several studies
suggest that the number of DC-SIGN and/or L-SIGN
repeat units can contribute to the risk of HIV-1 {29, 30]
and SARS infections [31], as well as to HCV replication
efficacy [32].

In light of the ability of both DC-SIGN and L-SIGN to
bind M. guberculoszs, the fact that neck-region length vari-
ation may determine the ligand-binding capacities of these
lectins and the obscrvation that variation in these regions
is associated with a number of infectious diseases, we
hypothesized that length variation in the DC-SIGN and
L-SIGN neck regions might affect individual susceptibil-
ity to TB. To rtest this hypothesis, we explored the rela-
tionship between the DC-SIGN and L-SIGN tandem re-
peat variation in the neck region and suscepribility to TB
in a large cohort of South African Coloured origin.

PATIENTS AND METHODS
Study Cohort

The study was conducted in a cohort of 711 individuals,
including 351 TB patients and 360 healthy controls,
living in the Cape Town area. Our study population
comes from two suburbs of Cape Town that have been
extensively studied because of their uniform ethnicicy
(South African Coloured) and socioeconomic status as well
as a high incidence of TB and a low prevalence of HIV
{33]. The annual risk of infection (ARI) in these suburbs
was estimared ar 2.5% in 1987 and ar 2.8-3.5% in 1999,
and it is therefore highly likely chat, in such an environ-
ment, the vast majority of controls have been exposed to
M. rubercedosis [34, 351, TB patients were bacteriologically-
confirmed (smear-positive and/or cultute-positive) to
present pulmonary tuberculosis (PTB). Their mean age
(Estandard deviation) was 36.7 (£10.9), and 51.8%
were male. Controls were unrelated healthy individuals,
from the same community, with the same sociocconomic
status, access to health facilities, and chance of diagnosis,
with neither signs nor previous history of TB (mcan age
34.6 [+12.5], 22% male). All subjects were HIV-neg-
ative and older than 18 years. Informed consent was
obtained from all participants, and the scudy was ap-
proved by the ethics committee of the Faculty of Health
Sciences, Stellenbosch University, South Africa.
Molecular Analyses of the DC-SIGN and L-SIGN
Neck-Region Length Polymorphisms

The DC-SIGN and L-SIGN repeat regions in exon 4
were polymerase chain reaction (PCR) amplified from

genomic DNA using the following primers: 5'-AGG
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CTTGGCACACAGTAGGTG-3' and 5S'-CAACGA
CCATCTCAGGCCCAAGA-3" for DC-SIGN, and 5'-
AGGGCTTGGCACACAGTAGGTG-3" and 5'-ACC
CTTGATGTGCAGGAACT-3' for L-SIGN. PCR am-
plifications were performed in a final volume of 25 ul
using 20 ng of genomic DNA, 0.0016 pwg/pl of each
primer, 200 pM of dNTP, 1.5 mM of MgCl2, and 0.5 U
of BioTaq (Bioline, Randolph, MA, USA). Cycling con-
ditions were as follows: 5 minutes at 94°C, followed by
35cycles of 30 seconds at 94°C, 30 seconds at G0°C, and
1 minute at 72°C. Alleles were distinguished by frag-
ment length after agarose gel electrophoresis and
ethidium bromide staining. The difference among alleles
is the multiple of 69 nucleotides, which represents che
length of each repeat. Because of the high sequence
identity (73%) of DC-SIGN and L-SIGN, special care
was taken to design primets that specifically amplified
the neck region of both genes. Some representative alleles
(bands) of both genes were confirmed by direct sequenc-
ing to ensure specific amplifications of DC-SIGN and
L-SIGN neck-region alleles.

Sratistical Analyses

Allele and genotype frequencies were obrained by direct
counting. Differences between cases and controls for both
allele and genotype frequencies were determined using a
two-sided x” test, and a Fisher's exact test when appro-
priate. Odds ratio (OR) was calculated with 95% confi-
dence intervals (CI). All analyses were performed using
STATA 8.2

RESULTS AND DISCUSSION

The allelic and genotype frequencies of the DC-SIGN
and L-SIGN neck-region tandem repeats in the 351 TB
patients and 360 healthy controls are summarized in
Tables 1 and 2, respectively. Both patients and controls,
which are ethnically matched, belong to the South
African Coloured population. It is worth mentioning
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that population stratification between the two study
groups, a situation that can lead to sputious associations,
was excluded in a previous study by analyzing the entire
cohort for a panel of 25 independent genomewide single
nucleotide polymorphism (SNP) markers [23]. When
examining the allelic frequencies of repeat units for DC-
SIGN and L-SIGN neck regions, no statistical differences
were observed between TB cases and healthy controls
(Table 1).

In the case of DC-SIGN, the 7-repeat allele was by far
the most frequently observed, with a frequency of more
than 98%. As to L-SIGN, the 7-repeat and the G-repeat
alleles account for more than 80% of the overall diver-
sity. We next examined whether the frequency diseribu-
tions of DC-SIGN and L-SIGN neck-region genotypes
were significancly distorted between cases and controls.
Again, no significant differences were detected between
diseased individuals and healthy conrrols for both DC-
SIGN and L-8IGN. In regard to DC-SIGN, low geno-
typic variation was observed in accordance with the
allelic data. The 7/7 genotype accounted for nearly all
genetic variation (more than 96%), and genotypes 7/4,
7/5, 716, and 7/8 were observed at very low frequencies
(Table 2). For L-SIGN, the genotypes 7/7 and 7/6 were
present at similar frequencies (30-36%), followed by 7/5
(—12%), 6/6 (—~6%), 6/5 (—~5%), and YT (—~4%).

The results of the present scudy indicate that the
number of repeats of the DC-SIGN and L-SIGN neck
regiohs does not seem to influence the host susceptibility
to develop TB. In the case of DC-SIGN, our results are
in agreement with a recent case-control study in a cohort
of norchwestern Colombian origin {36]. In this repore,
the authors analyzed DC-SIGN neck-region variation in
a cohore of 110 tuberculosis patients and 299 martched
controls, and observed no srariscical differences berween
the two study groups. Thus, both studies support the
notion that length variation of the DC-SIGN neck region
does not influence the host susceptibility to develop TB.

TABLE 1 DC-8IGN and L-8IGN neck-region allelic frequencies (in %) among patients with tuberculosis and
healthy controls
DC-SIGN L-SIGN
Patients Controls Patients Controls

Alleles (n* = 702) (n* = 720) P OR (95% CI) (n* = 702) (" = 720) P OR (95% CI)
4 0.14 0 0.49 ne 0.43 0.69 0.50 0.61 (0.15-2.58)
3 .28 9] 0.24 ne 9.40 11.81 0.14 0.78(0.55-1.09)
6 1.28 0.97 0.58 1.32(0.49-3.57) 28.49 24.17 0.06 1.25(0.99-1.59)
7 98.15 08.89 0.25 0.60 (0.25-1.45) 58.40 59.72 0.61 0.95(0.77-1.17)
8 0.14 0.14 1.00 1.02 (0.06-16.43) 0.43 0.97 0.22 0.44 (0.11-1.70)
9 0 9] — ne 2.85 2.64 0.81 1.08 (0.57-2.05)

Abbreviation: nc, not computable.

* Number of chromosomes analyzed.
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TABLE 2 DC-SIGN and L-SIGN neck-region genotype frequencies (in %) among patients with tuberculosis and

healchy controls

DC-SIGN L-SIGN
Patients Controls Patients Controls

Genotypes (7" = 331) (w* = 360) P OR (95% CI) (#* = 351) (n* = 360) P OR (95% CI)
44 0 0 — nc 0 0.28 1.00 nc
v 0 0 — nc 0.28 0 1.00 nc
549 0 0 — nc 0.57 2.50 0.06 0.22 (0.04-1.04)
it 4] 0 e nc 0.28 0.56 1.00 0.51 (0.05-5.67)
645 (4] 0 — nc 5.13 5.28 0.93 0.97 (0.30-1.88)
66 0 0 — nc 7.12 5.83 0.48 1.24 (0.68-2.26)
74 0.28 0 1.00 nc 0.28 0.28 1.00 1.03 (0.06-16.46)
5 0.57 0 0.24 nc 12.25 13583 0.67 0.91 (0.58-1.41)
76 2,56 1.94 0.58 1.33 (0.49-3.60) 36.18 29.72 0.07 1.34 (0.98-1.83)
N 96.30 97.7. 0.24 0.59 (0.24-1 44) 31.34 35.28 0.27 0.84 (0.61-1.14)
816 0 0 — nc 0 0.28 1.00 nc
87 0.28 0.28 1.00 1.03 (0.06-16.46) 0.85 1.67 0.51 0.51 (0.13-2.05)
96 0 (1] — nc 1.14 0.83 0.72 1.37 (0.30-6.17)
LAV 0 0 — no 4.56 3.89 0.66 1.18 (0.57-2.46)
99 0 0 s nc 0 0.28 1.00 nc

Abbreviation: nc, not compurable.
* Number of individuals.

In the context of other infectious diseases, the only
positive association published so far between DC-SIGN
neck-region variation and susceptibility to infectious dis-
case is restricted to HIV-1 infection [29]. In this study,
the auchors observed an excess of heterozygous individ-
uals for DC-SIGN tandem-repeats in a group of repeat-
edly-exposed seronegative individuals as compared to the
groups of HIV-1 seronegative and HIV-1 scropositive
individuals. These observations were interpreted as het-
erozygosity in the DC-SIGN neck region being associ-
ated with reduced suscepribility to HIV-1 infection {29].
At the level of the general population, it is of interest
that the DC-SIGN neck region exhibits very low levels of
polymorphism {9, 28]. Indeed, we recently screened the
entite Human Genome Diversity Panel (HGDP-CEPH
panel), which is composed of more than 1,000 control
individuals from 52 different ethnic groups, for repeat
variation in the neck regions of both DC-SIGN and
L-SIGN {[28]. For DC-SIGN, we observed that the 7-re-
peat allele accounts for nearly all genetic variation
(—~99%), and that the other allcles, which range from
2-10 repeats, are present at very low frequencies. In
addition, the levels of sequence variation in the entire
DC-SIGN coding-region, parricularly of chose thar affect
amino-acid identity, were found to be extremely low
[28]. The low levels of genetic variation observed in the
DC-SIGN coding region ate also reflected in the context of
disease association studies. Indeed, the differenc associa-
tions published so far between DC-SIGN genetic variation
and susceptibility to infectious diseases always involve
polymorphisms in the DC-SIGN promorer region, and not
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in its coding region [23, 37, 38]. For example, we have
previously shown that the combination of two DC-SIGN
promoter variants (—871G and —336A) is associated with
a reduced risk of developing TB in the same South African
cohort analyzed here [23]. Furthermore, the genetic vari-
ation in DC-SIGN that has been associated with protection
against parenteral HIV-1 infection {37} and with the se-
verity of dengue pathogenesis [38] also involves polymor-
phisms (i.e. —336A/G) restricted to the DC-SIGN pro-
moter region. Taken together, all these studies support the
view that it is the variation in the amount of DC-SIGN
protein being produced that can influence infectious dis-
ease susceptibility, and not differences in the DC-SIGN
protein itself or variation in its neck region.

Our study presents the first investigation of the role
of L-SIGN neck-region variation in susceprtibility rto
TB. A number of studies have already explored possible
correlations berween L-SIGN neck-region variation and
susceptibility to other infectious diseases [30-32, 391,
For example, the L-SIGN tandem-repear 7/5 genotype
has been recently associated with an increased protec-
tion against HIV-1 infection in high risk individuals
{30]. However, this association remains controversial
because a previous study failed to detect such an asso-
ciation {39]. In the context of Hepatitis C virus (HCV)
infection, a study comparing the frequency discriburion
of L-SIGN neck-region polymorphisms in a group of
infected patients with noninfected individuals failed to
demonstrate any statistical difference between the two
study groups [32]. However, the same authors did
observe an association berween neck-region polymor-
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phisms and individual HCV viral loads, and suggested
that lengch variation in the L-SIGN neck region affects
HCV replication efficacy. Finally, a recent study focus-
ing on suscepribility to SARS infection has shown that
individuals who are homozygous for L-SIGN neck-
region repeats are better protected against SARS infec-
rion [31]. However, our resules clearly indicate that the
L-SIGN neck-tegion allele/genotype frequencies are
not statistically different berween TB patients and
healthy controls in our large South African cohort
(Tables 1 and 2). Thus, our data seem to exclude length
variation in the L-SIGN neck region as a facror influ-
encing TB susceptibility.

More generally, our study clearly illustrates the ad-
vantages of using admixed populations in the context of
disease association studies. Indeed, the South African
Coloured population represents a present-day homoge-
nous population who originated from the variable ad-
mixrure of different populations, such as African Khoisan
and Bantu-speakers, Malaysians, Indians, and Europeans
[40, 41]. Consequently, the South African Coloured pop-
ulation presents a large degree of genetic diversity, re-
sulting in a high number of alleles or genotype combi-
nations that can be used in association srudies. For
example, the L-SIGN genotypes 6/5, 7/5, and 9/7 are
observed at relatively high frequencies among the South
Africans (providing evidence for the genetic input re-
ceived from European and Asian populations), whereas
they are rare or even absent in other subSaharan African
populations {28]. The presence of these genotypes in the
South African population offers a unique opportunity for
testing their association with disease in a single popula-
tion, a hypothesis that would be difficult to test in other
African populations because these genotypes are found at
a very low frequency, or are even absent.

In summary, our results show that the length of the
neck regions of both DC-SIGN and L-SIGN are not
associated with an increased or decreased host suscepti-
bility to develop TB, at least in our South African cohort.
These data are in concrast with other disease association
studies where the tandem-repeat polymorphisms of DC-
SIGN and/or L-SIGN scem to contribute to different
susceptibilities to HIV-1 and SARS infections, and to
the HCV replication efficacy [20-32].

ACKNOWLEDGMENTS

Luis B. Barreiro was supported by a “Fundacio para a Ciéncia
e a Tecnologia” fellowship (SFRH/BD/18580/2004). This re-
search project has been cofinanced by the European Commis-
sion, within the 6th Framework Programme (contract no.
LSHP-CT-2003-503367), and Institut Pasteur Research fund-
ing. We thank M. Kennedy for help with sample collection,
the South African Medical Research Council and Department
of Science and Technology/National Research Foundation

http://scholar.sun.ac.za

1.B. Barreiro et al.

(DST/NRF) Centre of Excellence for Biomedical TB Research
for financial assistance, and Bernard Lakowsky for critical
reading of the manuscript.

REFERENCES

1. Janeway CA, Medzhitov R: Innate immune recognition.
Annu Rev Immunol 20:197, 2002,

2. Curtis BM, Scharnowske 8, Watson AJ: Sequence and
expression of a membrane-associated C-type lectin that
exhibits CD4-independent binding of human immunode-
ficiency virus envelope glycoprotein gpl20. Proc Natl
Acad Sci USA 89:8356, 1992,

3. Geijtenbeek TB, Torensma R, van Vliet 8], van Duijn-
hoven GC, Adema GJ, van Kooyk Y, Figdor CG: Iden-
tificacion of DC-SIGN, a novel dendritic cell-specific
ICAM-3 receptor that supports primary immune re-
sponses. Cell 100:575, 2000.

4. Geijtenbeek TB, van Vliet 8], Engering A, t Hart BA, van
Kooyk Y: Self- and nonself-recognition by C-type lectins
on dendricic cells. Annu Rev Immunol 22:33, 2004.

5. Soilleux EJ, Barten R, Trowsdale J: DC-SIGN; a related
gene, DC-SIGNR; and CD23 form a cluster on 19p13.
J Immunol 165:2937, 2000.

6. Pohlmann 8, Soilleux EJ, Baribaud F, Leslie GJ, Morris
LS, Trowsdale J, Lee B, Coleman N, Doms RW: DC-
SIGNR, a DC-SIGN homologue expressed in endothelial
cells, binds to human and simian immunodeficiency
viruses and activates infection in trans. Proc Natl Acad Sci
USA 98:2670, 2001.

. Bashirova AA, Wu L, Cheng J, Martin TD, Martin MP,
Benveniste RE, Lifson JD, KewalRamani VN, Hughes A,
Carrington M: Novel member of the CD209 (DC-SIGN)
gene family in primates. J Virol 77:217, 2003.

8. Soilleux EJ: DC-SIGN (dendritic cell-specific ICAM-

grabbing non-integrin) and DC-SIGN-related (DC-

SIGNR): friend or foe? Clin Sci (Lond) 104:437, 2003.

9. Bashirova AA, Geijtenbeek TB, van Duijnhoven GC, van
Vliet §J, Eilering JB, Martin MP, Wu L, Martin TD,
Viebig N, Knolle PA, KewalRamani VN, van Keoyk Y,
Carrington M: A dendritic cell-specific intercellular ad-
hesion molecule 3-grabbing nonintegrin (DC-SIGN)-
related protein is highly expressed on human liver sinu-
soidal endothelial cells and promotes HIV-1 infection.
J Exp Med 193:671, 2001.

10. Soilleux EJ, Morris LS, Lee B, Pohlmann S, Trowsdale J,
Doms RW, Coleman N: Placental expression of DC-
SIGN may mediate intrauterine vertical transmission of
HIV. J Pathol 195:586, 2001.

11. Soilleux EJ, Morris LS, Leslie G, Chehimi J, Luo Q,
Levroney E, Trowsdale J, Montaner L], Doms RW,
Weissman D, Coleman N, Lee B: Constitutive and in-
duced expression of DC-SIGN on dendritic cell and mac-
rophage subpopulations in situ and in vitro. J Leukoc Biol
71:445, 2002.

~

168



Stellenbosch University

DC-SIGN and L-SIGN Neck-Region and Tuberculosis

13.

14.

15.

16.

17

18.

19.

20.

21:

23.

25.

. Koppel EA, Saeland E, de Cooker DJ, van Kooyk Y, Gei-

jtenbeek TB: DC-SIGN specifically recognizes Streptococ-
cus pneumoniae serotypes 3 and 14. Immunobiology 210:
203, 2005.

van Kooyk Y, Geijtenbeek TB: DC-SIGN: escape mech-
anism for pathogens. Nat Rev Immunol 3:697, 2003.

Frieden TR, Sterling TR, Munsiff 8§, Watt CJ, Dye C:
Tuberculosis. Lancet 362:887, 2003.

Kaufmann SH: How can immunology contribute to the
control of tuberculosis? Nat Rev Immunol 1:20, 2001.

Quesniaux V, Fremond C, Jacobs M, Parida S, Nicolle D,
Yeremeev V, Bihl F, Erard F, Botha T, Drennan M, Soler
MN, Le Bert M, Schnyder B, Ryffel B: Toll-like receptor
pathways in the immune responses to mycobacteria. Mi-
crobes Infect 6:946, 2004.

Geijtenbeek TB, Van Vlier S], Koppel EA, Sanchez-
Hernandez M, Vandenbroucke-Grauls CM, Appelmelk B,
Van Kooyk Y: Mycobacteria target DC-SIGN to suppress
dendritic cell function. ] Exp Med 197:7, 2003.

Tailleux L, Schwartz O, Herrmann JL, Pivert E, Jackson
M, Amara A, Legres L, Dreher D, Nicod LP, Gluckman
JC, Lagrange PH, Gicquel B, Neyrolles O: DC-SIGN is
the major Mycobacterium tuberculosis recepror on human
dendriric cells. J Exp Med 197:121, 2003.

Koppel EA, Ludwig IS, Hernandez MS, Lowary TL,
Gadikota RR, Tuzikov AB, Vandenbroucke-Grauls CM,
van Kooyk Y, Appelmelk BJ, Geijtenbeek TB: Identifi-
cation of the mycobacterial carbohydrate structure chat
binds the C-type lectins DC-SIGN, L-SIGN and
SIGNR1. Immunobiology 209:117, 2004,

Tailleux L, Maeda N, Nigou J, Gicquel B, Neyrolles O:
How is the phagocyte lectin keyboard played? Master class
lesson by Mycobacterium tuberculosis. Trends Microbiol
11:259, 2003.

Cooke GS8, Hill AV: Genetics of susceptibility to human
infectious disease. Nat Rev Genet 2:967, 2001.

. Casanova JL, Abel L: Genetic dissection of immunity to

mycobacteria: the human model. Annu Rev Immunol
20:581, 2002,

Barreiro LB, Neyrolles O, Babb CL, Tailleux L, Quach H,
McElreavey K, Helden PD, Hoal EG, Gicquel B, Quintana-
Murci L: Promoter variation in the DC-SIGN-encoding
gene CD209 is associated with tuberculosis. PLoS Med
3:e20, 2006.

. Mummidi S, Carano G, Lam L, Heefle A, Telles V,

Begum K, Jimenez F, Ahuja S8, Ahuja SK: Extensive
repertoire of membrane-bound and soluble dendritic cell-
specific ICAM-3-grabbing nonintegrin 1 (DC-SIGN1)
and DC-SIGN2 isoforms. Inter-individual variation in
expression of DC-SIGN transcripts. J Biol Chem 276:
33196, 2001.

Feinberg H, Guo Y, Mitchell DA, Drickamer K, Weis
WI: Extended Neck Regions Stabilize Tetramers of the
Receprors DC-SIGN and DC-SIGNR. J Biol Chem 280:
1327, 2005.

26.

27

28.

29.

169

http://scholar.sun.ac.za

111

Snyder GA, Colonna M, Sun PD: The structure of DC-
SIGNR with a portion of its repeat domain lends insights to
modeling of the receptor tetramer. J Mol Biol 347:979,
2005.

Guo Y, Atkinson CE, Taylor ME, Drickamer K: All but
the shortest polymorphic forms of the viral receptor DC-
SIGNR assemble into stable homo- and heterotetramers.
J Biol Chem 281:16794, 2006.

Barreiro LB, Patin E, Neyrolles O, Cann HM, Gicquel
B, Quinrana-Murci L: The heritage of pathogen pres-
sures and ancient demography in the human innate-
immunity CD209/CD209L region. Am ] Hum Genet
77:869, 2005.

Liu H, Hwangbo Y, Holte §, Lee J, Wang C, Kaupp N,
Zhu H, Celum C, Corey L, McElrath MJ, Zhu T: Analysis
of genetic polymorphisms in CCR35, CCR2, stromal cell-
derived factor-1, RANTES, and dendrirtic cell-specific in-
tercellular adhesion molecule-3-grabbing nonintegrin in
seronegative individuals repeatedly exposed to HIV-1.
J Infect Dis 190:1055, 2004.

. Liu H, Careington M, Wang C, Holte S, Lee J, Greene B,

Hladik F, Koelle DM, Wald A, Kurosawa K, Rinaldo CR,
Celum C, Detels R, Corey L, McElrach MJ, Zhu T:
Repeat-region polymorphisms in the gene for the den-
dritic cell-specific intercellular adhesion molecule-3-
grabbing nonintegrin-related molecule: effects on HIV-1
susceptibility. J Infect Dis 193:698, 2006.

. Chan VS, Chan KY, Chen Y, Poon LL, Cheung AN,

Zheng B, Chan KH, Mak W, Ngan HY, Xu X, Screaton
G, Tam PK, Austyn JM, Chan LC, Yip SP, Peiris M,
Khoo US, Lin CL: Homozygous L-SIGN (CLEC4M) plays
a protective role in SARS coronavirus infection. Nat
Gener 38:38, 2006.

. Nattermann J, Ahlenstiel G, Berg T, Feldmann G,

Nischalke HD, Muller T, Rockstroh J, Woitas R, Sauer-
bruch T, Spengler U: The tandem-repeat polymorphism
of the DC-SIGNR gene in HCV infection. J Viral Hepat
13:42, 2006.

. Beyers N, Gie RP, Zietsman HL, Kunneke M, Hauman J,

Tatcley M, Donald PR: The use of a geographical infor-
mation system (GIS) to evaluate the distribution of tu-
berculosis in a high-incidence community. § Afr Med J
86:40, 199¢.

. Munch Z, Van Lill SW, Booysen CN, Zietsman HL,

Enarson DA, Beyers N: Tuberculosis transmission pat-
terns in a high-incidence area: a spatial analysis. Int J
Tuberc Lung Dis 7:271, 2003,

. Beyers N, Michaelis I, Gie R, Schaaf S, Richardson M,

Warren R, Fourie B, van Helden P: Transmission of
tuberculosis (TB) to children in a high incidence area. Int
J Tuberc Lung Dis 5:5185, 2001.

. Gémez LM, Anaya JM, Sierra-Filardi E, Cadena J, Corb{

A, Martin J: Analysis of DC-SIGN (CD209) Functional
Variants in Patients with Tuberculosis. Hum Immunol
67:808, 2006, doi: 10.1016/).humimm.2006.07.003.



112

(%)
1

(ST
[#s]

Stellenbosch University http://scholar.sun.ac.za

. Martin MP, Lederman MM, Hutcheson HB, Goedert JJ,

Nelson GW, van Kooyk Y, Detels R, Buchbinder 8,
Hoots K, Vlahov D, O'Brien §], Carrington M: Associa-
tion of DC-SIGN promoter polymorphism wich increased
risk for parenteral, but not mucosal, acquisition of human
immunodeficiency virus type 1 infection. J Virol 78:
14053, 2004,

. Sakuntabhai A, Turbpaiboon C, Casademont I, Chuan-

sumrit A, Lowhnoo T, Kajaste-Rudnitski A, Kalayanarooj
SM, Tangnararatchakit K, Tangthawornchaikul N, Va-
sanawathana 8, Chaiyaratana W, Yenchitsomanus PT,
Suriyaphol P, Avirutnan P, Chokephaibulkit K, Matsuda
F, Yoksan S, Jacob Y, Lathrop GM, Malasit P, Despres P,

170

(5
O

L.B. Barreiro et al.

Julier C: A variant in the CD209 promoter is associated
with severity of dengue disease. Nat Genet 37:507, 2005.

. Lichterfeld M, Nischalke HD, van Lunzen J, Sohne J,

Schmeisser N, Woitas R, Sauerbruch T, Rockstroh JK, Spen-
gler U: The randem-repeat polymorphism of the DC-SIGNR
gene does not affect the susceptibility to HIV infection and
the progression to AIDS. Clin Immunel 107:55, 2003.

0. van der Ross RE: 100 questions about Coloured South

Africans. Cape Town (South Africa). UWC Printing
Department, 1993.

. Nurse GT, Weiner J§, Jenkins T: The peoples of Southern

Africa and their affinities. Oxford, Clarendon Press, 1985.



Stellenbosch University http://scholar.sun.ac.za

Hum Genet
DOI 10.1007/s00439-007-0335-1

SHORT REPORT

SP110 polymorphisms are not associated with pulmonary
tuberculosis in a South African population

C. Babb - E. Hanekom Keet - P. D. van Helden -
E. G. Hoal

Received: 14 December 2006 / Accepted: 16 January 2007
© Springer-Verlag 2007

Abstract  Susceptibility to tuberculosis (TB) in mice
has recently been attributed to the Iprl gene. Polymor-
phisms in the human homologue, SP110, have been
investigated in various populations with only one study
finding an association with TB susceptibility. We inves-
tigated eight SP110 polymorphisms in a South African
population, including two novel polymorphisms. No
significant association was found with any of the poly-
morphisms investigated, including two polymorphisms
that were previously found to be associated with TB
susce ptibility in West African populations.

The identification of genes that may confer resistance
or susceptibility to tuberculosis is frequently done by
hypothesis. However, linkage analysis or animal mod-
els may also provide clues leading to genes which can
be tested in a case-control approach. The use of murine
models has led to the identification of genes such as
SLCI1AT1, where association with human TB has been
confirmed in a number of studies (Hoal et al. 2004). Tt
was recently reported that the intracellular pathogen
resistance 1 (Iprl) gene, within the “super susceptibil-
ity to TB17 (sst/) locus, conferred a measure of innate
immunity to Mycobacterium tuberculosis infection in
mice (Pan et al. 2005). The human homologue is SP110
which is believed to be involved in regulation of
transcription as it contains a conserved SAND
domain which is thought to facilitate DNA-binding in
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transcription regulation. An association study of the
SP110 gene found that there were three polymor-
phisms that possibly influenced genetic susceptibility to
TB in the West African populations of the Gambia,
Guinea Bissau and the Republic of Guinea (Tosh et al.
2006). We tested polymorphisms in this gene in a South
African population, known as South African Coloured
(Lombard et al. 2006). This population set has previ-
ously been tested via 25 unlinked SNPs, and found not
to be stratified (Barreiro et al. 2006). While our invesli-
gation was underway, two large studies in a Ghanaian
population (Thye et al. 2006) and more recently a Rus-
sian cohort (Szeszko et al. 2006) found no association
with SP110 polymorphisms.

Study participants were recruited primarily from the
suburbs of Ravensmead and Ulltsig in the Western Cape,
South Africa. Cases had a microbiologically confirmed
diagnosis of pulmonary TB, and were HIV negative
(mean age 37, 46Y% female). Controls were from the
same ethnic and socioceconomic group and were healthy,
with no history of TB (mean age 32, 85% female). All
cases and controls were older than 17 years.

We sequenced exons 4-8, 11, 14, 15, alternative 15,
17 and 18 including surrounding intronic regions in ten
individuals and chose eight SNPs to be genotyped by
SNaPshot in 381 TB cases and 417 healthy controls
(Table 1). SNaPshot is a methodology involving a
primer extension genotyping technique that makes use
of allele-specific primers and can be performed in a
multiplex. Primer sequences are available from the
authors. The SNPs included two novel intronic poly-
morphisms (submitted to NCBI dbSNP November
2006) and polymorphisms  (rs2114592  and
rs3948464) that were previously found to be associated
with susceptibility to TB (Tosh etal. 2006). A third

two
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Table 1 SP110 genotype distributions in cases with tuberculosis and healthy controls in a South African population

SNP Genotype frequencies (%) Cases versus controls®
Cases Controls

1 2 11 12 22 11 12 22 P OR (95% CI)
rs2114592 C T 0.526 0.379 0.095 0.533 0.372 0.095 0.886 0.971 (0.733-1.288)
151365776 A G 0.710 0253 0.037 0.701 0.262 0.037 0.813 1.046 (0.768-1.425)
SP110ins/del GAAG - 0.816 0.184 0.000 0.842 0.158 0.000 0.348 0.835 (0.577-1.209)
rs3948464 C T 0.551 0.373 0.077 0.543 0.374 0.083 0.828 1.033 (0.776-1.374)
rs1135791 T C 0.500 0407 0.003 0.490 0.407 0.103 0.825 1.041 (0.780-1.389)
53948463 G A 0.950 0.050 0.000 0.976 0.024 0.000 0.060 0472 (0.217-1.028)
SP110int48923 C T 0.869 0.123 0.008 0.886 0.112 0.002 0.516 0.855 (0.559-1.308)
rs35495464 T C 0.947 0.053 0.000 0.969 0.031 0.000 0.583 0.156 (0.217-1.028)

* The homozygotes for the most frequent allele were compared with the sum of the heterozygote and homozygote for the rare allele.
Comparing the homozygotes for the rare allele with the sum of the heterozygotes and homozygotes for the most frequent allele gave

similar results. OR Odds Ratio CI Confidence Interval

polymorphism, sp110intl10, is in linkage disequilibrium
(LD) with rs3948464. and therefore does not contribute
additional information (Tosh 2006). The
spl10int10 polymorphism was not found in the South
African population after sequencing 30 samples. In the
South African population no significant association with
TB susceptibility was found for any of the eight poly-
morphisms investigated (Table 1). Analysis of the hapl-
otypes by Haploview also revealed no association with
any of the inferred haplotypes. All polymorphisms were
in Hardy Weinberg Equilibrium. This study had 95%
confidence, 80% power to detect an odds ratio of 1.6 for
both the previously implicated SNPs.

Replication of the association with TB susceptibility
reported in the West African populations was not
detected. Since a number of independent populations
and SP110 variations have now been investigated, with
only one study indicating an association with TB, it is
likely that this gene does not contribute to genetic sus-
ceptibility to TB in adult humans.

etal.
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KEYWORDS Summary

Susceptibility; A cohort of pulmonary tuberculosis (TB) patients in a South African admixed population
Biomarkers; was investigated to determine if the vitamin D receptor gene (VDR) polymorphisms Fokl,
Surrogate marker; Apal, and Tagl are associated with TB susceptibility or time to sputum conversion, and to
Extent of TB; investigate other clinical and demographic factors affecting the rate of response to
Chest radiograph; treatment. Firstly, a case-control association study of 249 TB cases and 352 healthy
VDR controls was carried out to investigate association of VDR polymorphisms with TB

susceptibility. Secondly, a cohort of pulmonary tuberculosis patients with conversion times
for both sputum smear (n = 220) and culture (n = 222) were analysed to determine factors
contributing to mycobacterial resolution in sputum. Age and gender adjusted Cox
regression models were constructed. Our results indicate that the extent of disease at
diagnosis was predictive of both smear and culture conversion times in the final models.
Smoking status and VDR genotype contributed independently to smear conversion time,
with Apal 'AA" genotype and Tagl 'T'-containing genotypes predictive of a faster response
to TB chemotherapy. We did not find an association between VDR genotype and TB in the
case-control study. We conclude that the time taken for an individual to convert to sputum
negativity while on antituberculosis therapy can be independently predicted by the VDR
genotype.

© 2007 Elsevier Ltd. All rights reserved.
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Introduction

The Western Cape, South Africa had a reported tuberculosis
(TB) incidence of 919/100000 in 2003," despite a relatively
low HIV prevalence.l Identification of the genes involved in
the response to Mycobacterium tuberculosis (M. tubercu-
losis) infection may assist in the development of more
effective treatment, and a number of genes have been
implicated in susceptibility to TB, including Interferon
gamma.3 Natural Resistance-Associated Macrophage Protein
(NRAMP1 or SLC11A1)*® and Vitamin D Receptor.®™?

The role of Vitamin D and its receptor (VDR) in innate
immunity, and specifically TB, is a subject of intense
debate.”"" The active metabolite of Vitamin D, 1,25
dihydroxyvitaminD;, suppresses growth of M. tuberculosis
in vitro'"3 and this effect may be facilitated by Toll-Like
Receptors in vivo.' Case-control studies to assess the
importance of VDR polymorphisms in TB have produced
varying results in different populations.®'®

Recently Roth et al. (2004) reported an association of VDR
polymorphisms with the time to sputum conversion in 78 TB
patw’ents,” although no association with susceptibility to TB
was found in a case-control analysis. Validation of this
preliminary report of TB treatment response being investi-
gated in relation to a genetic component is vital, preferably
in a different population.

We analysed three VDR polymorphisms, Fokl/, Apal and
Tagl, and a number of other clinical and demographic
factors in a large, well characterised group of first time
pulmonary TB cases from the population group known as
South African Colored in the Western Cape, South Africa.
Although admixed, this population has been shown in a
previous study not to be stratified.'”

The Foki (rs10735810) polymorphism is a functional
pc:lym{:rphism18 and can alter the amount of VDR pro-
duced."™*? Apal (rs7975232) in intron VIl was analysed
because it appears to form an important haplotype.® ' Tagi
(rs731236) is a silent polymorphism (T/C) located in exon IX,
in the 3’ region. Strong linkage between the Apal and Tagl is
observed, and they are in linkage disequilibrium (LD) with a
polyA variable number of tandem repeats which has been
shown to affect transcription.?’

A number of variables have been indicated as potentially
being involved in the response of TB patients to treat-
ment, and this requires validation. In this study, we have
extended the number of variables and examined their effect
on response during TB chemotherapy in a large, well-
characterised cohort in a South African population.

Methods
Patients and surveillance

All TB cases were enrolled for a longitudinal study
evaluating pulmonary TB cases during and after treat-
ment.???3 Ethical approval for this study was obtained from
the Institutional Review Board, Faculty of Health Sciences,
Stellenbosch University and from the City of Cape Town.
Informed consent was obtained from all subjects. Cases
were all first time pulmonary TB patients, not non-
tuberculosis mycobacteria or MOTTs infected, HIV negative,
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18-65 years old, not pregnant, had no chronic diseases, not
multi-drug resistant (MDR) TB and received direct observed
therapy, short course (DOTS) as prescribed by the South
African National Tuberculosis Programme, based on World
Health Organisation guidelines. All cases were diagnosed by
having a sputum sample positive on auramine staining, a
second positive sputum sample or a posterior anterior and
lateral chest radiograph typical of pulmonary TB. Blood was
collected at diagnosis and total peripheral white blood cell
(WBC) counts, and absolute neutrophil, monocyte, and
lymphocyte numbers were measured.

Cases were followed up with regular clinic visits from
diagnosis (day 0), including day 1 and day 2, then weekly
visits till month 2 (day 55) followed by monthly visits till
month 6 (day 182) and subsequent visits in month 9 (day 273)
and month 12 (day 364). For research purposes, sputum was
collected at all time points for smear microscopy using
Ziehl-Nielsen (ZN) staining and for M. tuberculosis culture
using the BACTEC method (Beckton-Dickinson, USA). Re-
striction fragment length polymorphism (RFLP) of the
M. tuberculosis strain and isoniazid and rifampicin suscept-
ibility testing was performed. Serum was not available for
the majority of samples, therefore the Vitamin D levels were
not measured.

A questionnaire was used to collect data on education
level (completion of high school, yes/no), smoking of
tobacco or cigarettes (ves/no), cannabis use (ves/no),
alcohol consumption {yes/no) and limited data on income,
measured as either above or below ZAR1000/ + £80/ 4+ 5150
per month. The following data were collected for all cases:
age, gender, number of self reported TB symptoms at first
clinical examination, weight, height, body mass index, and
Mantoux skin test size at diagnosis and month 2. The chest
radiographs were interpreted, based on a previous meth-
od,** by a single clinician who used a standardised reading
form to evaluate the number of cavities visible on the chest
radiograph, and the extent of pulmonary involvement
(<right upper lobe (RUL), =RUL, =RUL and=1 lung) as
an indication of disease severity.

Case-control

The 249 TB cases were those enrolled in the longitudinal
study as first time pulmonary TB patients. The 352 controls
were enrolled from a variety of sources such as clinics,
households and places of work. They were all from the same
high incidence suburb, socio-economic status and popula-
tion group, and were enrolled to serve as controls in our
case-control studies. They had no clinical history or
symptoms of TB and were older than 17 years.

Cohort

A cohort from the longitudinal study was selected for
conversion time analysis. Inclusion required the case to have
a conversion time for smear and/or culture. A conversion
time in days (from positive to negative M. tuberculosis in
sputum) was estimated from the day of diagnosis (day 0) and
a date midway between the last positive result and the first
of two successive negative results.'® When more than 91
days had elapsed between the last positive and the first of
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two successive negative results, samples were censored and
the last positive day was used as the day of conversion.
Defaulters (a case who did not take the prescribed
medication for at least two consecutive months) and cases
that transferred outside of the study area were excluded if
there was no conversion time available before this event.
This resulted in a total of 220 cases with smear conversion
times and 222 cases with culture conversion times.

The cohort was also divided into slow and fast responders
for both smear and culture conversion time. Fast responders
were defined as cases that converted to negativity before
day 55 (month 2) and slow responders on or after day 55.
Month 2 was chosen as the cutoff as this corresponds to the
International Union Against Tuberculosis and Lung Disease
recommendations for the time at which sputum conversion
is determined in order to establish treatment effectiveness.

SNP analysis

Genomic DNA was isolated using the Mucleon BACC3 Kit for
blood (Amersham Biosciences, UK). Primers used were as in
Wilkinson et al."® Samples were amplified using Supertherm
Gold DNA Polymerase (JMR Holdings, UK) according to the
following program: 1 cycle at 94 °C for 15min followed by 35
cycles at 94 °C for 30s, 67°C for 30s and 72°C for 45s, then
1 cycle at 72 °C for 10min and finally a 15°C hold step. All
fragments were digested avernight at 65, 37 and 55 “C for Tagl,
Apal and BseGl/ Fokl restriction enzymes (Fermentas, Canada),
respectively. Resulting fragment sizes were 270 base pairs (bp),
208 and 62 bp for Fokl; 716, 485 and 231bp for Apal; and 716,
512, 311, 204 and 201bp for Tagl digestion. A lower case
("f’, "a’ or "t") was used to indicate the presence of an endo-
nuclease site. Fragments were separated on a 2% agarose gel.

Statistical analysis

All analyses were done in R: A language and environment for
statistical computing, Base R,% as well as packages
survival,?® genetics,?” and haplo.stats.®® Genotype, allele
and diplotype frequencies of the polymorphisms were
calculated. As unrelated cases and controls were analysed,
haplotypes could only be inferred. However, the diplotype is
a true representation of the genotype and was constructed
by combining the observed genotypes in the order in which
they occur in the gene: Foki, Apal and Tagl. LD and
Hardy-Weinberg equilibrium were determined.

Case-control

A total of 249 cases and 352 controls were analysed to
investigate associations with susceptibility to TB using
Fisher’s exact test. Haplotypes were inferred and analysed
with the R package haplo.stats.?® The diplotypes were
constructed manually and their association with TB analysed
by logistic regression.

Cohort

Kaplan Meier survival curves were constructed for all
available variables on both smear and culture conversion
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times. The association of each of the variables with
conversion time was assessed using log rank tests.

The fast and slow responders to treatment were
compared by a Fisher’s exact test.

An individual, age and gender adjusted, Cox regression
analysis (univariate) was done on all available variables for
both smear and culture conversion times,

A multivariate analysis was done by means of the
selection of an optimal Cox model for each of the methods
(smear and culture) for measuring conversion times. A set of
candidate variables were identified from which the optimal
selection was made. They included those that have
previously been found to be important for conversion in TB
by Roth et al.'® i.e. high school completion, Tagl and Foki.
MDR TB, a previously noted important predictor, was one of
the exclusion criteria for our cases. lIsoniazid mono-
resistance was investigated instead, as no rifampicin
mono-resistance was seen in this cohort. We also added
variables that were significantly associated (p<0.050) with
conversion time in smear or culture according to the age and
gender adjusted individual Cox analyses. A basic set of
variables consisting of age, gender and the genotypes were
included in the model irrespective of their effect. The
variables included in the final models were selected with a
backwards procedure.

Results

Case-control study

In the controls, there was strong linkage disequilibrium
between Apal and Tagl (D' = 0.999). Foklwas not linked with
either Tagl or Apal, (D' = 0.048 and 0.005, respectively). All
polymorphisms were in Hardy Weinberg equilibrium.

No association was found between genotype or allele
counts for the individual VDR polymorphisms and the
presence or absence of pulmonary TB (Table 1). A non-
significant association was seen between the inferred Foki-
Apal-Taql haplotype and TB (global p-value = 0.078), with
the "‘FaT’ haplotype overrepresented in controls (p = 0.063)
and the 'FAT’ haplotype more frequent in cases (p = 0.062)
(Table 2). Of the 27 possible diplotypes only 18 were
observed. There were no significant differences between
the diplotype frequencies in cases and controls after
adjusting for age and gender using logistic regression
(p = 0.24) (Table 3).

Cohort and conversion times

Fast/slow analysis: When the cases were divided into either
fast (n=160) or slow (n=60) responders according
to smear conversion before/after day 55, i.e. month 2
(Table 4), there was a strong trend to slower conversion in
the "F’-containing genotypes of Fokl (p = 0.055). Dividing
cases into fast (n = 96) and slow (n = 126) responders with
respect to culture conversion showed a significant associa-
tion with the Apal genotypes (p = 0.029). These results
were not adjusted for multiple comparisons. Fewer fast
responders (10%) had an Apal 'aa’ genotype than slow
responders (23%). None of the diplotypes were significantly
associated with a fast or slow response.
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Log rank analysis: In the log rank analyses there were
significant associations with faster smear conversion time
and no smoking, low number of cavities at diagnosis, low
extent of TB at diaghosis, low absolute neutrophil numbers
and completion of high school. MNon-smokers (n=12)
converted sooner than smokers, but this association was
seen only with smear conversion time and not with culture
conversion time. In smokers (n=202), an association
between smear conversion time and VDR genotype was
observed (p = 0.031), where individuals with a Tagl "tt’
genotype took longer to become sputum negative. Faster

Table 1 Case-control analysis of YDR genotype and
pulmonary tuberculosis in a South African Colored
population.

Genotype Control n (%) Cases n (%) p-value™
Foki ff 20 (6) 13 (5) 0.447
Ff 129 (37) 104 (42)
FF 203 (58) 132 (33)
Apal aa 63 (18) 40 (16) 0.160
Aa 173 (49) 108 (43)
AA 116 (33) 101 (41)
Tagl Tt 22 (6) 19 (8) 0.751
Tt 140 (40) 94 (38)
TT 190 (54) 136 (55)

*p-values were derived from Fisher’s exact test.

culture conversion time was associated with females, low
extent of TB at diagnosis, high absolute lymphocyte numbers
and low absolute neutrophil numbers.

Table 3  Observed diplotypes of VDR gene polymorph-
isms Fokl, Apal and Tagl, in pulmonary tuberculosis cases
and controls from a South African Colored population.

Diplotype  Controls n (%) Cases n (%)  Total n (%)
ffaaTT 3(1) 2(1) 5 (1)
ffAaTt 5 (1) 5(1) 10 (2)
ffAaTT 5 (1) 0(0) 5 (1)
ffAALL 2 (1) 3(1) 5 (1)
fFAATL 4 (1) 2(1) 6 (1)
fEAATT 1(<1) 1(<1) 2(<1)
FfaaTT 25 (7) 17 (7) 42 (7)
FfAaTt 23 (7) 25 (10) 48 (8)
FfAQTT 39 (11) 27 (1) 66 (11)
FfAALL 8 (2) 7(3) 15 (2)
FfAATt 21 (6) 17 (7) 38 (6)
FFAATT 13 (4) 11 (4) 24 (4)
FFaaTT 35 (10) 21 (8) 56 (9)
FFAaTt 50 (14) 20 (8) 70 (12)
FFAQTT 51 (14) 31 (12) 82 (14)
FFAALt 12 (3) 9 (4) 21 (3)
FFAATt 37 (11) 25 (10) 62 (10)
FFAATT 18 (5) 26 (10) 44 (7)
Total n 352 249 601

Note: Logistic regression analysis of cases and controls,
adjusting for age and gender, gave a p-value = 0.24.

Table 2 Two and three locus inferred haplotypes for the VDR gene polymorphisms Fokl, Apal and Tagl for pulmonary
tuberculosis cases and controls in a South African Colored population.

Haplotype % of Controls (n = 352) % of Cases (n = 249) p-value Global p-value
Fokl, Apal, Tagl

faT 10 1" 0.913 0.078
fAt 6 9 0.117

fAT 8 6 0.826

FaT 32 27 0.063

FAt 20 17 0.386

FAT 24 30 0.062

Apal, Tagl

aT 43 38 0.099 0.206
At 26 7 0.896

AT 3 36 0.111

Fokl, Apal

fa 10 1 0.866 0.279
fA 14 15 0.327

Fa 32 27 0.069

FA 45 44 0.285

Fokl, Tagl

ft 6 10 0.107 0.247
fT 18 17 0.950

Ft 20 17 0.388

FT 56 57 0.947

Naote: Haplotypes for the polymorphisms were inferred and tested for association with pulmonary TB using the R package: haplo.stats.
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Table 4

VDR genotypes of fast versus slow responders to tuberculosis treatment.

Polymorphism, genotype Smear (n = 220)

Culture (n=222)

Fast responders® n (%)

Slow responders® n (%)

Fast responders® n (%) Slow responders® n (%)

Fokl
ff 10 (6) 1(2)
Ff 61(38) 33 (55)
FF 89 (56) 26 (43)

p = 0.055°¢
Apal
aa 28 (18) 11 (18)
Aa 67 (42) 24 (40)
AA 65 (41) 25 (42)

p = 0.959°
Tagl
tt 9 (6) 6 (10)
Tt 63 (39) 21 (35)
T 88 (55) 33 (55)

p = 0.490°

5 (5) 6 (5)
38 (40) 58 (46)
53 (55) 62 (49)
p = 0.649°
10 (10) 29 (23)
47 (49) 46 (37)
39 (41) 51 (40)
p =0.029°
7(7) 8 (6)
40 (42) 45 (36)
49 (51) 73 (58)
p =0.573¢

“Pulmonary tuberculosis cases that responded to treatment before day 55 (month 2).
PPulmonary tuberculosis cases that responded to treatment on or after day 55 (month 2).
“A Fisher exact test was done. The p-values were not adjusted for multiple comparisons.

Individual Cox regression analysis: In the age and gender
adjusted individual Cox analyses of smear conversion time,
only the following factors were found to have a significant
(p<0.050) effect on faster conversion: not smoking, high
school completion, low extent of TB at diagnosis, low total
WBC and absolute neutrophil numbers, and high absolute
lymphocyte numbers. The number of cavities present at
diagnosis was weakly associated with smear conversion time
(p = 0.054). In the individual, age and gender adjusted, Cox
analyses of culture conversion time, only the following
factors significantly affected faster conversion: low extent
of TB at diagnosis, short height, high absolute lymphocyte
numbers and low absolute neutrophil numbers.

Optimal Cox model: Variables that were independently
predictive of faster smear conversion time in the final,
optimal Cox model (Table 5), were the genotypes Apal "AA’
versus "aa’ and Tagl 'Tt’ and "TT’ versus "tt’. Low extent of
TB at diagnosis, not smoking and low total WBC count at
diagnosis were also predictive. Variables that were signifi-
cantly associated and independent predictors in the optimal
Cox model for faster culture conversion time were low
extent of TB at diagnosis, short height and low absolute
neutrophil numbers. The magnitude of the effect of the
variables can be seen by referring to the estimated
coefficient in Table 5.

The final optimal Cox models constructed for time to
smear and culture conversion, were both highly significant
(p = 0.0004) (Table 5). These models obviate the need to
adjust for multiple testing.

Discussion

Host genetic susceptibility to the development of TB after
infection, can be determined via case-control studies
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comparing genotypes between the groups. More subtle
effects of genotype are those impacting on the severity of
disease, or the ability of the treated TB cases to recover i.e.
undergo sputum conversion to negative culture or smear
stain. We investigated both of the above aspects with
respect to the VDR gene in a large study of a South African
population, as VDR polymorphisms have been implicated
both in susceptibility to pulmonary TB disease,*® and
recently, in the time to mycobacterial resolution of TB in a
Peruvian population.m

No significant association was found in our case-control
analysis between pulmonary TB and the VDR polymorphisms.
Diplotypes and haplotypes were also analysed because they
are believed to be more informative than individual
polymorphisms,® but we found only weak associations
between the VDR haplotype and TB susceptibility. In our
study the Fokl-Apal-Taql ‘FAT’ haplotype tended to be
associated with TB and may be a risk factor, whereas the
‘FaT’ haplotype is possibly protective. In a TDT study of West
African families, Bornman et al. found an association
between TB and the Fokl-Apal 'FA’ haplotype where the
Apal "N allele showed increased transmission to affected
offspn'ng.B However, no association between the Apal
genotype and TB susceptibility was found in a Gambian
case-control study.” In our case-control study 41% of cases
had the Apal "AA’ genotype compared with 33% of controls,
but this difference was non-significant, as was the associa-
tion of the Foki-Apal ‘Fa’ haplotype with controls
(p = 0.070). There was no association between the VDR
diplotype and TB susceptibility. A larger sample set might
provide more information although the present case-control
study provided 80% power to detect an odds ratio of 1.7
or higher. The polymorphisms investigated here may be
in LD with another polymorphism which determines suscept-
ibility, possibly the polyA repeat region which affects



Stellenbosch University http://scholar.sun.ac.za

300 C. Babb et al.
Table 5 Optimal Cox regression analysis model of factors influencing time to sputum conversion in tuberculosis patients.
Variables Smear (n = 220) Culture (n = 222)

p-value® Est. coef.® p-value® Est. coef.
Age 0.910 —0.001 0.560 —0.004
Gender 0.940 0.011 0.440 —-0.145
Smoking Yes/No 0.047 —0.675 = =
High school completion Yes/MNo 0.150 0.272 0.078 0.318
Extent of TB at diagnosis from chest radiograph ( <RUL?, 0.010 —0.186 0.024 ~0.164
= RUL, =RUL, =1lung)
Total white blood cell count at diagnosis 0.039 —0.043 - -
Absolute neutrophil numbers at diagnosis = = 0.023 -0.026
Height (cm) - - 0.003 —-0.029
Fokl Ff versus ff 0.094 —0.576 0.470 0.262
Fokl FF versus ff 0.480 —-0.235 0.180 0.476
Apal Aa versus aa 0.130 0.338 0.960 -0.011
Apal AA versus aa 0.040 0.480 0.920 0.024
Tagl Tt versus tt 0.047 0.600 0.740 0.105
Tagl TT versus tt 0.026 0.679 0.960 —-0.014
Final model Global p-value 0.0004 0.0004

“Right upper lobe.

bA significant p-value (in bold) indicates that a variable in the model contributes independently to conversion time.

“Estimated coefficient for modeled conversion time in days.

transcription.?’ The patterns of LD vary between popula-
tions, possibly accounting for the inconsistency in results
from different investigations.®*

Comparison between the fast and slow responders to
therapy indicated that individuals with an Apal "A’-contain-
ing genotype (culture conversion time p=0.029) had a
faster response to treatment, and tended to convert before
day 55 (month 2) when on standard DOTS treatment. Fok/
‘F’-containing genotypes tended to show delayed conver-
sion, but the frequency of Fokl "ff’ was too low in our
population to show a significant effect (smear conversion
time p = 0.055). Roth et al. {n=78) found a significant
difference at an earlier time point of 30 days (month 1},
where the homozygous Fokl genotype of the less frequent
allele was associated with faster conversion time by culture
or smear." Their study also found an association between
Taql genotype and culture conversion time at 30 days
although no Tag! ‘tt’ genotypes were present in the Peruvian
cases. We found no association with Tagl and the response to
treatment at day 30 or day 55, but Tagl was an indepen-
dently significant predictor of smear conversion time in our
final, optimal Cox model where Tagl ‘tt’ genotype was
associated with delayed smear conversion time. Such
associations could be used to identify people who would
benefit from more intensive treatment or follow up.

In the cohort study of pulmonary TB cases, the only
variable to contribute independently to the final optimal
model of both smear and culture conversion time during
treatment, was the extent of TB at diagnosis as determined
by chest radiograph. It could be expected that the extent of
TB at diagnosis would be associated with the length of time
to sputum conversion, with severely affected cases taking
longer, as has been shown to occur with MDR disease. !
However, this is the first report, to the best of our

knowledge, of a correlation between the severity of TB
disease and the rate of treatment response.

In the final, optimal model of variables contributing to
smear conversion time, VDR genotypes contributed inde-
pendently to the model. Both the Tagl and Apal genotypes
were independently significant, as were smoking status and
total WBC count at diagnosis. In the culture conversion
optimal model, additional independently significant vari-
ables were absolute neutrophil numbers at diagnosis and
height. Although not independently predictive of faster
conversion, high school completion contributed to both
optimal models, and lower educational level is a known risk
factor for TB.>*»® The final models were bath highly
significant (p = 0.0004).

The final model of the Cox regression analysis therefore
indicates that the following variables are independent pre-
dictors of a faster conversion time in smear and/or culture: not
smoking, low extent of TB at diagnosis, low total WBC count
and low absolute neutrophil number at diagnosis, shorter
height, an Apal "AA genotype, and a Tagl ‘T’ containing VDR
genotype. In the optimal model for smear conversion (Table 5),
it can be seen from the estimated coefficient that VDR
genotype and smoking had a greater clinical effect than the
other variables. All effects were fairly modest.

The function of the Tagl polymorphism is not clear.
Previously, the Tagl ‘tt’ genotype was found to protect
against TB in a Gambian population® and the combination of
the Tagl ‘TT/Tt' genotype and 25-hydroxycholecalciferol
deficiency was associated with TB in Gujarati Asians.'®
Contrary to these indications that Tagl 't" may be
advantageous, the Tagl ‘tt’ genotype is associated with
decreased levels of VDR mRMA and protein levels in
peripheral blood mononuclear cells.®* Roy et al. found the
Tagl "tt’ genotype to be associated with susceptibility to
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leprosy per se,® and Tagl ‘tt’ predisposed Tamil-speaking

females to TB.” Our results correspond with the latter views
of the function of Taqglin that cases with a "tt’ genotype take
longer to respond to TB chemotherapy, and therefore may
have a poorer immune response. Even though a patient is
undergoing chemotherapy for TB, an efficiently functioning
immune system is still necessary for optimum response and
early sputum conversion.

The negative correlation between total WBC count at
diagnosis or absolute neutrophil number at diagnosis and time
to conversion in the final models for smear or culture,
respectively, may reflect the involvement of both of these
cell types in the acute response to inflammation. Our results
extend to the human model, the evidence recently presented
by Keller et al.’® that an early influx of granulocytes
contributes to susceptibility to M. tuberculosis in mice.

An association between smoking and TB infection status (a
positive tuberculin skin test) has been reported in our
population®” and smokers have a higher rate of progression
from infection to clinical TB in India.*® We have shown here
that smoking is also a significant factor in delaying sputum
conversion time while on DOTS, as measured by smear.
However, the number of non-smokers in this cohort was low
and a further study would be needed to confirm this. The
association between height and culture conversion time
could be an artifact due to the fact that there were a small
number of people of small stature and high mass in whom
culture conversion time was unusually fast. As can be seen
from the estimated coefficient in Table 5, the actual effect
of height was negligible.

The lack of concordance in the results between smear (ZN)
and culture (BACTEC) conversion illustrates the complexity of
this disease and the subtly different end points measured by
the two techniques. At month 2, 31% of patients were smear
negative but still culture positive. Roth et al. found an
association between VDR genotypes and culture conversion
times (as measured by Micro Observation Direct Susceptibility
test)”’ whereas in our large study of patients with strict
inclusion criteria and intensive follow-up, associations were
found with smear conversion times. Culture is more sensitive,
but as a very low number of bacteria can give rise to a
positive culture, it may be a less robust tool for measuring an
endpoint of sputum conversion time.

Currently, in most TB programmes, the first measure of
effective therapy is sputum conversion at 2 months. The
discovery of a genetic or immunological marker indicating how
efficiently a patient responds to treatment could have a major
impact on clinical trials and shorten the time period necessary
for drug testing. In the coming era of personalised medicine,
genetic markers have the potential to be developed into
simple, affordable tests applicable even in high-burden
countries. Estimates of disease transmission in the community
studied here are extremely high, and the percentage of TB
due to transmission could be in excess of 70%.% The extended
time to microbial resolution of TB may be a contributory
factor in the continuation of the TB epidemic.
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TB epidemiology and human genetics

Paul D van Helden, Marlo Méller, Chantal Babb, Robin Warren, Gerhard Walzl,
Pieter Uys and Eileen Hoal

Department of Medical Biochemistry/(US/MRC) Centre for Molecular and Cellular Biology and
DST/NRF Centre of Excellence for Biomedical TB Research, Faculty of Health Sciences, University
of Stellenbosch, PO Box 19063, Tjgerberg 7505, South Africa

Abstract. The impact of tuberculosis (TB) is considerably lower than one may expect,
since in the absence of immunosuppression, fewer than 10% of infected individuals will
develop active disease. The relatively low proportion of individuals who progress to
active disease after infection can probably be ascribed to innate resistance in most
infected individuals, since vaccination using BCG or a previous episode of TB does not
work reliably or effectively to confer protection in high burden parts of the world. Innate
factors affecting resistance or susceptibility can be modulated by the environment and
such external influences cannot be ignored. Specifically, we will address bacterial varia-
bility as well as environmental factors such as diet, smoking, helminths and hormones.
We will also discuss host genes that may be involved in susceptibility or resistance at
various stages of infection or disease. The discovery of as yet unknown genes impacting
on TB susceptibility or disease course may lead to new insights into mechanisms of
disease and novel therapies. With adaptive immunity being of little value and good TB
control programmes being rare, innate resistance is still our best defence against this
disease.

2006 Tnnate immunity to pulmonary infection. Wiley, Chichester (Novartis Foundation Symposinm
279) p 17-41

It is estimated that approximately one third of the global population is infected by
tuberculosis (I'B). Fortunately, far fewer than 10% of those infected eventually
become ill (in the absence of immunosuppression). Studies on families, twins and
adoptees have suggested that there is clearly a genetic component involved in sus-
ceptibility or resistance to TB. On the other hand, recent research has shown that
there are many different strains of Mycobacterium tuberculosis (Mrb) and that they can
influence the course of disease. Clearly we have to deal with on the one hand a
successful pathogen, but on the other hand a host that has learnt to live with this
pathogen. It has been proposed that the bacterium is perhaps 10000 years old and
evolved as humans domesticated cattle and settled in villages. Recently, however,
it has been suggested that the organism may be as old as 3 million years, which
implies a long period of co-evolution and thus adaptation on both sides (Gutierrez
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et al 2005). At least four successive epidemics of tuberculosis are thought to have
occurred in the last 4000 years, viz. in the Nile Valley, Greece, the Americas
(approximately 1000 years ago) and Europe. Each wave probably spans centuties,
but incidence peaks probably last a few decades only.

In general, when Mzb is introduced into a naive population living under harsh
conditions, it may spread rapidly. Thus, in the UK with the massive migration into
cities that occurred during the industrial revolution and the poor living conditions
at that time, an ideal opportunity for an epidemic was created. In London, it was
estimated that 20% of all deaths in 1667 were due to 'TB. T'B peaked (possibly) in
the UK around 1780 (early industrial revolution) at about 1120/100 000 p.a., or, it
is estimated that 1.25% of the entire population died each year from TB. There-
after, in England, 'T'B started to decline years before other infectious diseases and
long before the introduction of control programmes or antibiotics.

A recent mirror of this epidemic was seen in the Inuit, where, after introduction
of TB to a naive settlement, most individuals died and the epidemic rapidly waned.
The waning of any epidemic may occur once the living conditions change or the
population becomes more resistant, as susceptible individuals disappear. We argue
that this is not due to adaptive immunity, but innate immunity which is likely to
increase with exposure to the organism and subsequent removal (by death) of
susceptible individuals.

Infection by Mzb is a complex and multistage process proceeding from the initial
encounter with the pathogen. For this reason we need to imagine a multistep
process (Fig, 1).

At each stage in this process, innate factors may play an important role. While
there is a body of evidence that suggests there may be some immunity acquired
from prior exposure to Mycobacterial species (e.g. BCG vaccination), there is also
much evidence to suggest that prior infection does not necessarily confer any
protection against further infection or progression to disease (Rook et al 2005,
Cosma et al 2004).

Unlnfected _— Infected e — Slck
Dead —— Latent

\'\

4

FIG. 1. Transitions in tuberculosis.
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Apart from living conditions and an increased (genetic) innate resistance due
to death of susceptibles, other factors can play a role: in England and much of the
developed wortld, in the 1800s for the first time food production exceeded popula-
tion growth and real wages allowed the purchase of adequate food. This is very
likely one of the factors that contributed to the decline in 'T'B after 1830, since it
is known that a person who is 10% underweight has a threefold increased risk for
developing T'B after infection.

Excluding sociological determinants, the biological factors likely to be involved
in innate resistance to Mzb are: (1) the bacterium, (2) the environment (nutrition
and other infections), (3) the host. These will be considered below.

The bacterium

Infectious disease studies are complicated by the fact that two genomes, one
prokaryotic and one eukaryotic, are interacting in an age-old contest. Genotyping
studies have shown that there are thousands of different Mzb strains in circulation
and comparative genomics has shown that the genome of M#b has evolved through
single nucleotide polymorphisms (SNPs), insertions and deletions. This has
prompted researchers to investigate the relationship between genome variation
and phenotype. A study by Tsolaki et al (2004) suggested a correlation between
deletions and the severity of disease while Manca et al (2001) showed that a dele-
tion in the pks 1-15 gene encoding production of phenolic glycolipid was respon-
sible for an altered immune response.

Recent studies have concluded that the ‘Beijing” strain is more pathogenic,
causes a febrile response on infection and has a higher propensity to develop drug
resistance. Furthermore, this strain induces a Th2 immune response on infection
allowing for progression towards disease. This differs from the principle genetic
group 2 strain CDC1551 which induces a strong Th1 response and less progression
towards disease (Manca et al 2001). When the above strains were tested in an
vivo mouse model it was shown that the Beijing strain was more pathogenic and
could outgrow the CDCI1551 strain. There is ample evidence that shows that
Mib strains have different growth rates and prompt variable host responses, e.g.
cytokine and T cell responses (Manca et al 2001, Janulionis et al 2005, Hoal-van
Helden et al 2001a and 2001b). This evidence suggests that these effects are also
host dependent. Despite these advances in defining different levels of pathogenic-
ity, many mechanisms undetlying these differences in the bacterium remain to be
elucidated. It is hypothesised that two evolutionary scenarios may explain these
observations: (1) distant evolutionary events which induce an inherited trait that
is characteristic of the evolutionary lineage, and (2) recent evolutionary events
which induce an inherited trait that is characteristic of a sub-population within a
defined lineage.
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Thus, signature polymorphisms in M#b isolates may be associated with specific
innate (and adaptive) reactions. Some of these also provide a growth advantage
and explain the abundance of certain strain types regionally or globally.

The environment

Environmental factors that could be involved in innate resistance to TB include
the infection pressure from AMzb in the immediate environment, nutrition, other
infectious organisms, hormones (e.g. steroid hormones) and substance abuse, such
as tobacco smoke (den Boon et al 2005) which suppresses macrophage activity. It
is well known that TB can be associated with poverty, which in turn is associated
with malnutrition, not only calorie deficit, but more importantly in the case of
infectious diseases, with micronutrient imbalances.

Recent work has provided evidence that the different behaviour of omega-3
versus -6 lipids seen at the level of cells and organisms can also be detected
in vitro in the membrane of the phagosome enclosing mycobacteria. Using
phagosomal membrane actin assembly as a functional, 7z vifro readout, these
studies showed that the omega-6 lipid, arachidonic acid, as well as six other pro-
inflammatory lipids, could stimulate phagosome actin assembly, fusion with
lysosomes and a significant increase in pathogen killing. In contrast, the addition
of the omega-3 lipids, especially eicosapentanoic acid, suppresses phagosomal
actin assembly and induces a significant increase in the growth of pathogenic
mycobacteria (Mth and M. avium) in macrophages (Anes et al 2003). The ability
of these lipids to increase pathogen growth has also been shown to operate at
the level of mice and guinea pigs, in the case of both AMzb and Salmonella (Paul
et al 1997, Chang et al 1992). Our prediction is that dietary manipulation of
omega-6 and other pro-inflammatory lipids should help to restrict the growth of
pathogens within macrophage phagosomes. Even short term dietary intervention
can have dramatic effects on the above-mentioned processes in animal models
(Kris-Etherton et al 2002).

The gender bias in tuberculosis has never been satisfactorily explained, but may
vield clues to innate resistance of susceptibility factors. Population or gender-based
dietary consumption habits would influence disease prevalence. Worldwide, the
same gender bias in TB disease is seen. In childhood, no significant differences
are noted, but during adolescence girls experience an initially higher rate of TB,
whereas in adulthood, males experience a considerably higher disease incidence.
Some of this difference in adulthood may be ascribed to behavioural and cultural
differences, but other factors are likely to be important. An example of this is the
food consumption preferences seen between males and females (see Table 1 below).
However, the gender bias may also be linked to steroid hormones, such as DHEA
(dehydroepiandrosterone), which have been shown to influence the course of TB
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TABLE 1 Gender-based nutritional bias of TB patients

Mean daily amount

Males (n=23) Females (n=7)
Fe (mg) 15 (6) 8.7 (8.1)
Mg (mg) 341 (346) 233 (258)
Zn (mg) 14.2 (94) 10.1 (6.8)
Se (ng) 71 (45) 30 (45)
Vitamin A (ug) 688 (625) 893 (500}
B-carotene (ug) 2389 (3000-6000) 3522 (3000-6000)
Vitamin B12 (pg) 12.6 (2) 4(2)
Vitamin C (mg) 67 (75) 108 (60)
Folate (ng) 232 (320) 193 (320

These figures based on actual food consumed while in hospital (recommended amounts are shown in
brackets); see Roberts et al (2005).

disease, specifically at higher concentrations exacerbating pathology (Rook et al
1997).

The net effect of increased iron is to increase risk for active 'T'B, as is the lower
levels of some key antioxidant vitamins. The overall effect of these micronutrients
and the proteins (such as NRAMP1) involved in their homeostasis (contributing
to the ‘ionome’, Eide et al 2005) is clearly critical. For example, it is known that
Mrb has an absolute requirement for iron, and that iron supplements should be
avoided during TB disease. Furthermore, it has been shown that the total antioxi-
dant profile (could be regarded as a general measure of ion and vitamin status) is
significantly lower in 'TB patients than controls, however, a causative relationship
has not yet been established (Wiid et al 2004).

Finally, the effect of multiple infections needs to be considered. Mathematical
modelling suggests that in an area of high TB incidence and ARI (annual risk of
infection), multiple infection (or super-infection) would be common (Fig, 2).

The simple probability that a particular individual will experience exactly £
infection events during a stay of » years (#» may be fractional) in a community where
the ARI is given by p is:

Be=ntpte? J Rl (#n=0,1,2,...,S 1)

Recently, superinfection or reinfection has been proven to occur frequently as
predicted (van Rie et al 1999, Warren et al 2004). In an elegant experiment done
in a zebrafish model with AL marinum, Cosma et al (2004) showed that newly infect-
ing mycobacteria track directly to an existing granuloma harbouring bacteria from
a prior infection. The net effect of this is not known, but superinfection may drive
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Probability of experiencing a specified number of infection events
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FIG. 2. Muliplicity of Infection. Graphs of /P, for various £ (0, 1 ... 4), with # along hori-
zontal axis (units of years) for the case of P= 3.5%.

the progression from infection to active disease by either activating latent bacteria
(e.g. by means of resuscitation factors, rpf) or by simply overwhelming the innate
and adaptive immunity of the host. This effect may be linked to the observation
that infection by high doses of mycobacteria will induce a Th2-type response
(stimulation of 1L.4 secretion) rather than Thl, such as may occur on low dose
exposure (Rook et al 2005).

Finally, the reaction to infection by M#b is complicated by the intimate connec-
tion between the innate and adaptive immune systems and that in reality, most
newborn humans are vaccinated with A. boris BCG. Such vaccination may provide
forup to 80% protection in developed countries, but far less or none in developing
countries, particularly those in the tropics (Rook et al 2005). This may be linked
to the mixed Th1/Th2 response in countries of the tropics, which may well be a
consequence of exposure to helminths. Thus, the apparent innate response to A7
infection is de facto a ‘primed’ response and differs in individuals according to
exposure to other infecting organisms, such as environmental (myco) bacteria and

helminths (Rook et al 2005).
The host

The host defences against intracellular bacteria are mainly cell-mediated but also
humoral and therefore any genetic deficiencies in components that play a role in
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these systems can lead to susceptibility. While there is a definite role for environ-
mental factors, studies have indicated that genetic factors may be even more
important than the environment in determining the outcome of infection. The
macrophage is usually the first important cell encountering the invading pathogen,
and many of the genes governing macrophage function can be expected to influ-
ence this essential first step in the innate defence system.

Investigations of TB, a multifactorial disease, have to take into account that
there is likely to be an interaction between environmental factors and common
polymorphisms in a number of genes. A large body of evidence points to the major
role of genetic factors in the human response to a number of infectious pathogens,
and these genes could also impact on treatment and vaccine efficacy. The approaches
that have been used to identify the genetic component include segregation analysis,
animal models and linkage analysis. Understanding the immune responses of
individuals with more resistant genotypes, particularly where this can be replicated
in a number of different populations, could suggest novel therapies to combat this
highly successtul pathogen. Complex disease, unlike monogenic conditions, can
be influenced by several genes, with each gene making a small contribution to the
overall susceptibility to the disease. Tuberculosis is perhaps more complex than
most in that the different phenotypes or forms of the disease such as cavitatory
TB, pleural effusion, TB meningitis, etc. may be influenced by different genes.

Identification of common TB susceptibility genes

Complex traits such as TB can be investigated via two general designs. Firstly,
family-based linkage analysis via genome-wide scanning, and secondly, popula-
tion-based association studies of candidate genes.

Genome scans

The major advantage of the model-free genome scan is that novel genes may be
identified. Although the phenotype is usually T'B, it is possible that using interme-
diate phenotypes in other immune pathways could indicate as yet unsuspected
genes. The first genome scan in T'B was conducted on two samples of affected
sibling pairs from The Gambia and South Africa, and identified two regions, on
chromosome 15q and Xq (Bellamy et al 2000). The gene UBE3A in the 15q11—q13
region which encodes a ubiquitin ligase in macrophages, was subsequently associ-
ated with TB (Cervino et al 2002). A recent genome-wide scan for tuberculosis
and leprosy per se, conducted in Brazil, found a cluster of susceptibility genes across
chromosome 17q11.2 (Jamieson et al 2004) and indicated that four separate can-
didate genes, NOS2A, CCL18, CCL4 and STAT5B may contribute to this region
of linkage.
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Candidate gene association studies

Association studies can suffer from lack of reproducibility of results, and it is
important that studies be done with large numbers and repeated, preferably in
ethnically diverse populations. However, many of these studies have indicated
genes and pathways that are important in the pathogenesis of TB (Fig. 3).

A candidate gene approach: current genes
Human lenkocyte antigen

HLA-DR2 is most consistently associated with 'I'B in many populations, including
Indian, Polish, Thai, Indonesian and Russian (Lombard et al 2006). Nonetheless,
inter-population variations in HLA/TB associations have been reported. HLA-
DQB1*0503 was found to influence TB progression in the Cambodian population
(Goldfeld et al 1998), but not in the people of the Western Cape (Goldfeld & Hoal,
unpublished results). DQB1*0601 was associated with TB susceptibility in the
Thai and South Indian population and the HLA haplotype DRB1*08032-
DQB1#0601 was associated with genetic susceptibility to multidrug-resistant 'TB
in Korean patients. A study of the Venda population showed an association of
DRB1*1302 with TB susceptibility (Lombard et al 2006), whereas Boshoff et al
(unpublished data) have shown a marginal association of DRB1*03 with 'I'B in the
South African Coloured population.

M. 15 Alveolar macrophage | mBL
_— — SP-A
SP-D
~ HLA
/ M. b multiplies in
M. 15 killed host cell l \

Granulom
NRAMP1 / \ sirm d

IFNGR Calcification Lung destruction
TNF l TNF
IL-1Ra
Dissemination via blood
MBL

FIG. 3. A simplified representation of the TB disease process and some of the genes that may
be involved at different stages.
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In this context, it may be worthwhile to explore the relationship between
mycobacterial strain type and genetics, e.g. HLA type. For example, in Cambodia,
strain diversity is likely to be low and dominated (estimated 60—80%) by the
Beijing/ W strain type. In the Western Cape, Beijing type strains occur at possibly
approximately 20% of total isolates (unpublished data). Therefore, it may be that
HLA type is closely linked to Mtk strain type in a given locality, and that after
extensive exposure, a skewing of HLLA type may occur with concomitant resist-
ance to certain strain types. Introduction of new strain types with new epitopes
to that locality or ethnic group would then be expected to generate a new
epidemic.

Natural resistance-associated macrophage protein

The Natural resistance-associated macrophage protein 1 (NRAMPT or SLCTIAT)
gene is a major determinant of natural resistance to intracellular infections,
and was originally identified in the mouse model. It is an integral membrane
protein expressed only in the lysosome of macrophages and monocytes. After
phagocytosis of bacteria, NRAMP1 is targeted to the membrane of the phago-
some containing the bacterium, where it may modify the environment to affect
the replication of the bacterium, acting as a divalent cation pump which could
remove iron or other divalent cations from the phagosome (Blackwell et al
2000).

Associations of NRAMPT with TB have been found in Japan, Canada, Korea,
Guinea-Conakry, Vietnam, the Gambia and South Africa (Hoal et al 2004) and
in most instances the allele over-represented in controls is thought to drive the
highest rate of transcription of the protein. Stepwise logistic regression analysis of
the South African results indicated that the 5" and 3" polymorphisms contribute
separate main effects (Hoal et al 2004). More recently, it has been suggested that
NRAMP1 may influence only the speed of progression from infection to disease

(Malik et al 2005).

Vitamin D receptor

Vitamin D receptor (VDR) is synthesized in monocytes and activated T and B
lymphocytes. Its ligand, the active metabolite of vitamin D, calcitriol, is produced
in the kidney and by activated monocytes and macrophages, particularly in granu-
lomas. Through its interaction with vitamin D, the retinoid X receptor (RXR) and
the vitamin D response element (VDRE), VDR exerts several immunomodulatory
effects (Selvaraj et al 2004). These include the activation of monocytes and cell
mediated immunity, modulation of the Th1-T'h2 host immune response, suppres-
sion of lymphocyte proliferation and restriction of Mzb survival in macrophages.
Vitamin D deficiency is linked to TB by epidemiological evidence. It was found
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that the prevalence of both vitamin D deficiency and TB was high in Asians
because of their vegetarian diet and thus VDR polymorphisms should not neces-
sarily be viewed in isolation. A particular allele was associated with female patients
in an Indian population, and was found to increase susceptibility to pulmonary
TB in the Gujerati population, but only in patients with a lack of serum vitamin
D (Wilkinson et al 2000). The Fokl polymorphism was associated with TB in the
Chinese Han population. A large study in West Africa found no association
in a case control analysis but an association was found with a particular haplotype
in the transmission disequilibrium test family data (Bornman et al 2004). This
dependence on the haplotype could explain many of the divergent findings on this
and other genes.

Evidence of the subtlety of the effect of VDR polymorphisms in the immune
response was found by Roth et al (2004) in Peru, who detected an association with
time to sputum conversion in T'B patients after diagnosis, but did not find a sig-
nificant association with susceptibility to TB disease.

Collecting

Mannose-binding lectin. Mannose-binding lectin (MBL) is a serum lectin which acts
as an opsonin to promote phagocytosis. Intracellular microorganisms may increase
their infectivity by using this system, as it promotes the uptake of bacteria into
macrophages where they survive. Low functional MBL-serum levels can occur
because of the presence of three variant alleles which lead to an unstable protein.
Low MBL levels can protect against infection with Mzb. This was found in case-
control studies where heterozygosity for the MBL variant alleles was associated
with protection against the disease and the B allele has also been associated with
protection against TB and particularly tuberculous meningitis in South Africa
(Hoal-van Helden et al 1999). Conversely, an increased susceptibility to pulmonary
TB was found in homozygous carriers of the variant alleles in India and a study
in Texas gave equivocal results.

Surfactant proteins (SP)-A and SP-D. Uptake of Mzh appears to be facilitated by SP-A
and inhibited by SP-D. A Mexican population was typed for polymorphisms in
both SP-A and SP-D (Floros et al 2000) and TB cases were compared with two
control groups. Using multiple logistic regression analysis, an allele of SP-D was
found to be associated with susceptibility to TB only when compared with the
skin-test positive control group and an allele each of SP-A1 and SP-A2 was associ-
ated with TB susceptibility only when compared with the general control group.
This illustrates the extreme sensitivity of association studies to definition of
phenotype.
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Interferon y/IL12 pathway

Interleukin (IL)12 stimulates interferon (IFN)y production by lymphocytes,
induces type 1 helper T cell responses and is essential for resistance against
infection with intracellular bacteria. It is produced by macrophages particularly
when infection with intracellular microorganisms occurs. 1112 is a cytokine
composed of a heavy chain (IL12B) and a light chain (IL12A). The functional
response of lymphocytes to 1112 is dependent on the expression of the I1.12
receptor. Any deficiency in these genes will cause a decrease in IFNy
production.

This pathway has been implicated in TB susceptibility by a wide variety of
methods. In the mouse model, gene knockout experiments have indicated the
importance of IFNy, IFNy receptor 1, and 11.12 in susceptibility to mycobacterial
infection. In this way, we have a gain of knowledge by loss of function. In the
human equivalent, specific gene defects have been found to cause rare familial
susceptibility to normally non-pathogenic mycobacteria (Casanova & Abel 2002).
The first defect identified in a gene in the IFNy pathway was the autosomal
recessive IFNy receptor ligand binding (IFNyR1) deficiency. This resulted in an
overexpression of a dominant form of the IFNyR1, which binds IFNy, but lacks
the intracellular signalling domain. Detailed investigation of patients has led to
the identification of mutations in several autosomal genes in the IFNy pathway
that can increase susceptibility to these atypical mycobacterial infections, includ-
ing complete IFNy receptor signal transduction chain (IFNyR2) deficiency,
autosomal-dominant partial deficiency of the signal transducer and activator of
transcription, and autosomal-dominant partial deficiency of the IFNyR1. An auto-
somal recessive 11.12 deficiency was associated with BCG and . enseritidis infec-
tion, as were IL.12 receptor deficiencies.

At the population level, association with TB was found with a haplotype of
[L12RB1 in Japan, with an intron 2 allele and a specific haplotype in a large study
in Hong Kong, and with 2 promoter polymorphisms in a family-based study in
Morocco (Remus et al 2004). In a Croatian population an allele of a polymorphic
microsatellite of IFNyR1 was associated with protection against pulmonary TB,
but not in a Gambian population (Newport et al 2003).

A promoter polymorphism (+874 A—T) in the IFNy gene itself, which
appears to result in lower NF-«B binding and lower transcription levels of
IFNy, was demonstrated in case-control studies to be associated with susceptibil-
ity to TB in Sicily, Spain and South Africa (Rossouw et al 2003). The finding
in the South African population was replicated in an independent TDT
study, confirming the importance of this gene in tuberculosis at the population

level.
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DCSIGN

The transmembrane C-type lectin DC-SIGN (Dendritic Cell Specific Intercellular
adhesion molecule [ICAM]-Grabbing Nonintegrin), or CD209, is known to be
the major M#b receptor on human denderitic cells. DC-SIGN was found to interact
with HIV in 1992, and is now also known to be a pathogen receptor for Cytome-
galovirus, Ebola, Helicobacter pylori, Leishmania and Shistosoma mansoni. Unifying fea-
tures of all these pathogens is that they cause chronic infections that can last a
lifetime, and their persistence depends on the manipulation of the Th1/Th2
balance. DC-SIGN binds strongly to mycobacteria such as M#h and M. bovis BCG
via the mannose capped cell wall component (ManLLAM) of the pathogen, but
does not bind to LAM that lacks the mannose cap (AralLAM). This is intriguing
as ManLAM is abundant in slow growing virulent mycobacteria, such as Mz and
M. leprae, whereas AralLAM is abundant in fast growing atypical, avirulent myco-
bacteria, such as M. smegmatis and M. chelona. 1t has been suggested that Mzb targets
DC-SIGN both to infect dendritic cells and to down-regulate the dendritic cell
mediated immune response.

We tested whether polymorphisms in DC-SIGN are associated with susceptibil-
ity to tuberculosis, and found an association between DC-SIGN promoter varia-
tion and risk of developing tuberculosis in our South African cohort. The —871G
and —336A allelic combination is significantly overrepresented among healthy
controls (P= 1.6 X 107) and population stratification was excluded (Barreiro et al
2006). The above allelic combination is usually confined to Eurasian populations,
and it is possible that these two variants may have increased in frequency in non-
African populations as a result of host genetic adaptation to a longer history of
exposure to tuberculosis.

Conclusions

Genetic studies in infectious disease are usually complicated because of the pres-
ence of two different genomes and the influence their interaction can have on the
disease. Although several genes have been identified as susceptibility genes for a
number of intracellular bacteria, it is necessary to bear in mind that other genes
and the environment can have an influence on the development of the disease,
which is the reason that no single major susceptibility gene has been identified in
any infectious human disease. The results from strategies used to identify candi-
date genes or to associate the candidate genes with infectious disease are not the
final word on the subject of susceptibility, but provide important evidence on the
pathways involved. A greater understanding of the immune response to T'B could
provide insights into novel treatments that target genetically based susceptibility,
such as aerosolised IFNy, TINF modulation, or even simple supplementation of
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vitamin D. These therapies could specifically target the more vulnerable individu-
als in a population and lead to improved health in the entire community. It is likely
that each individual has a spectrum of risk factors, which will include genes and
environmental factors that will confer a risk profile on that individual. Evidence
for this is work that shows that individuals who have had a prior episode have a
fourfold higher risk for developing another episode of active TB than those who
have never had active TB (Verver et al 2005).

Thus, it may be that innate immunity is the most important process protecting
individuals against tuberculosis and by understanding this process; we may develop
new ways to combat this ancient scourge.

References

Anes k| Kithnel MP, Bos E, Moniz-Pereira |, Habermann A, Griffiths G 2003 Selected lipids
activate phagosome actin assembly and maturation resulting in killing of pathogenic myco-
bacteria. Nat Cell Biol 5:793-802

Barreiro LB, Neyrolles O, Babb CL et al 2006 Promoter variation in the DC-SIGN-encoding
gene CD209 is associated with tuberculosis. PLoS Medicine 3:e20

Bellamyv R, Beyers N, McAdam KP et al 2000 Genetic susceptibility to tuberculosis in Africans:
a genome-wide scan. Proc Natl Acad Sci USA 97:8005-8009

Blackwell JM, Searle S, Goswami T, Miller EN 2000 Understanding the multiple functions of
Nrampl. Microbes Infect 2:317-321

Bornman L, Campbell §], Fielding K et al 2004 Vitamin D receptor polymorphisms and sus-
ceptibility to tuberculosis in West Africa: 1 case-control and family study. | Infect Dis
190:1631-1641

Casanova JL, Abel L 2002 Genetic dissection of immunity to mycobacteria: The human model.
Annu Rev Immunol 20:581-620

Cervino ACL, Lakiss S, Sow O et al 2002 Fine mapping of a putative tuberculosis suscep-
tibility locus on chromosome 15q11-13 in African families. Hum Mol Genet 11:1599—
1603

Chang HR, Dulloo AG, Vladoianu IR et al 1992 Fish oil decreases natural resistance of mice
to infection with Salmonella typhimurium. Metabolism 41:1-2

Cosma CC, Humbert O, Ramakrishnan L. 2004 Superinfecting mycobacteria home to estab-
lished tuberculous granulomas. Nat Immunol 5:828-835

den Boon §, van Lill SWP, Borgdorff MW et al 2005 Association between smoking and tuber-
culosis infection: a population survev in a high tuberculosis incidence area. Thorax 60:
555-557

Eide DJ, Clark S, Nair TM et al 2005 Characterization of the yeast ionome: a genome-wide
analysis of nutrient mineral and trace element homeostasis in Saccharomyces cerevisiae.
Genome Biology 6:R77

Floros ], Lin HM, Garcia A et al 2000 Surfactant protein genetic marker alleles identify a sub-
group of tuberculosis in a Mexican population. | Infect Dis 182:1473-1478

Goldfeld AE, Delgado JC, Thim S et al 1998 Association of an HLA-DQ allele with clinical
tuberculosis. JAMA 279:226-228

Gutierrez MC, Brisse S, Brosch R et al 2005 Ancient origin and gene mosaicism of the progeni-
tor of mycobacteriumtuberculosis. PLoS Pathog 1:e5

Hoal-van Helden EG, Epstein |, Victor TC et al 1999 Mannose-binding protein B allele confers
protection against tuberculous meningitis. Pediatr Res 45:459—-464

196



Stellenbosch University http://scholar.sun.ac.za

30 VAN HELDEN ET AL

Hoal-van Helden EG, Hon D, Lewis L-A, Bevers N, van Helden PD 2001a Mycobacterial
growth in human macrophages: Variation according to donor, inoculum and bacterial strain.
Cell Biol Int 25:77-81

Hoal-van Helden EG, Stanton L-A, van Helden PD 2001b Diversity of ## witro cytokine
responses by human macrophages to infection by Mycobacterinm tubercniosis strains. Cell Biol
Int 25:83-90

Hoal-van Helden EG, Lewis LA, Jamieson S et al 2004 SLC11A1 (NRAMP1) but not SLC11A2
(NRAMP2) polymorphisms are associated with susceptibility to tuberculosis in a high inci-
dence community in South Africa. Int | Tuberc Lung Dis 8:1464-1471

Jamieson SE, Miller EN, Black GF et al 2004 Evidence for a cluster of genes on chromosome
17q11—g21 controlling susceptibility to tuberculosis and leprosy in Brazilians. Genes Immun
5:46-57

Janulionis E, Sofer C, Schwander SK et al 2005 Survival and replication of clinical mycobacte-
rium tuberculosis isolates in the context of human innate immunity. Infect Immun
2595-2601

Kris-Etherton PM, Harris WS, Appel L] 2002 Fish consumption, fish oil, omega-3 fatty acids
and cardiovascular disease. Circulation 106:2747-2757

Lombard 7, Brune AE, Hoal EG et al 2006 HLLA class 11 disease associations in southern
Africa. Tissue Antigens 67:97-110

Malik S, Abel L, Tooker H et al 2005 Alleles of the NRAMP1 gene are risk factors for pediatric
tuberculosis disease. PNAS 34:12183-12188

Manca C, Tsenova L, Bergtold A et al 2001 Virulence of a Mycobacterium tuberculosis clinical
isolate in mice is determined by failure to induce Thl type immunity and is associated with
induction of IFN-alpha/beta. Proc Natl Acad Sci USA 98:5752-5757

Newport MJ, Awomoyi AA, Blackwell JM 2003 Polymorphism in the interferon-gamma recep-
tor-1 gene and susceptibility to pulmonary tuberculosis in The Gambia. Scand ] Immunol
58:383-385

Paul KP, Leichsenring M, Pfisterer M et al 1997 Influence of n-6 and n-3 polyunsaturated fatty
acids on the resistance to experimental tuberculosis. Metabolism 46:619-624

Remus N, El Baghdadi ], Fieschi C et al 2004 Association of IL12RB1 polymorphisms with
pulmonary tuberculosis in adults in Morocco. | Infect Dis 190:580-587

Roberts T, Herselman M, Marais D, Labadarios D 2005 Served versus actual nutrient intake
of hospitalised patients with tuberculosis as compared with energy and nutrient require-
ments. South African Journal of Clinical Nutrition 18:78-93

Rook GA, Hernandez-Pando R 1997 Pathogenetic role, in human and murine tuberculosis, of
changes in the peripheral metabolism of glucocorticoids and antiglucocorticoids. Psycho-
neuroendocrinology 22 Suppl 1:5109-113

Rook GAW, Dheda K, Zumla A 2005 Immune responses to tuberculosis in developing coun-
tries: implications for new vaccines. Nat Rev Immunol 5:661-667

Rossouw M, Nel HJ, Cooke GS, van Helden PD, Hoal EG 2003 Association between tuber-
culosis and a polymorphic NF-xB binding site in the interferon y gene. Lancet 361:
18711872

Roth DE, Soto G, Arenas F et al 2004 Association between vitamin D receptor gene polymor-
phisms and response to treatment of pulmonary tuberculosis. | Infect Dis 190:920-927

Selvaraj P, Chandra G, Jawahar MS, Vadya Rani M, Nisha Rajeshwari D, Narayanan PR 2004
Regulatory role of vitamin D receptor gene variants of Bsml, Apal, Taql, and Fokl poly-
morphisms on macrophage phagocytosis and lymphoproliferative response to mycobacte-
rium tuberculosis antigen in pulmonary tuberculosis. ] Clin Immunol 24:523-532

Tsolaki AG, Hirsch AE, DeRiemer K et al 2004 Functional and evolutionary genomics of
Mpycobacterium tuberculosis: Insights from genomic deletions in 100 strains. Proc Natl Acad
Sci USA 101:4865-4870

197



Stellenbosch University http://scholar.sun.ac.za

TB AND HUMAN GENETICS 31

Van Rie A, Warren RM, Richardson M et al 1999 Exogenous reinfection is a common cause
of tuberculosis recurrence after cure. New Eng ] Medicine 341:1174-1179

Verver S, Warren RM, Bevers N et al 2005 Rate of reinfection tuberculosis after successtul
treatment is higher than rate of new tuberculosis. Am ] Respir Crit Care Med 171:
1430-1435

Warren RM, Victor TC, Streicher EM et al 2004 Patients with active tuberculosis often have
different strains in the same sputum specimen. Am | Respir Crit Care Med 169:610—614

Wiid 1, Seaman T, Hoal EG, Benade AJS, Paul D van Helden 2004 Total antioxidant levels are
low during active TB and rise with anti-tuberculosis therapy. IUBMB Life 56:101-106

Wilkinson R]J, Llewelyn M, Toossi Z et al 2000 Influence of vitamin D deficiency and vitamin
D receptor polymorphisms on tuberculosis among Gujarati Asians in west London: a case-
control study. Lancet 355:618—621

DISCUSSION

Segal: What is known about the cellular molecular mechanisms by which the TB
bacillus is killed?

van Helden: 1 don’t know where to startin answering this question. For example,
the whole notion of nitric oxide (NO) is controversial. Acidification of the phago-
some is important, and Mz stops that. Your question to me addresses something
I have often said: we shouldn’t be looking at T'B patients but rather those people
who are infected and don’t become ill.

Segal: This is the key for understanding the effects of nutrition and IFNy and
so on. We have been doing a study on Crohn’s disease, which is similar in that it
is often a granulomatous lesion. We did a range of studies in humans rather than
in models. We did two things relevant to TB. First, we made skin windows.
Gordon Brown had one of these on his arm. You sandpaper a bit of skin off and
see what cells come out. You can also apply things onto the skin and see how that
can modulate what happens. In Crohn’s we found there is a major defect of the
accumulation of neutrophils at skin windows. We believe this to be the primary
lesion. Second, we injected killed bacteria to see what effect this had on the acute
inflammatory response at the site of infection. We used Escherichia coli, but you
could use TB that had been irradiated. You might find big differences. Many of
the immunological effects people are looking at in these diseases are secondary
effects to the failure to clear antigen, for example. Then it is assumed that they
have some causal relationship to the disease when actually they don’t.

van Helden: In 'TB there are so many different kinds of responses. The first cat-
egory of infected individuals don’t even develop a granuloma and the bacilli are
killed. In the next category the granuloma will form, but the bacilli will remain
latent for the rest of the person’s life. In the third category, the primary focus will
form, and there will then be secondary foci and active disease.

Segal: In the first group, 1 guess one would say that the organism has been
killed, digested and removed. In the second, it has been killed but not digested. In
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the third it hasn’t been killed at all. It would be nice to translate that into actual
measurements, either in the body or test-tube.

Quesnianxc: When patients are treated with anti-TNF antibodies, one of the
adverse effects is the occurrence of infections (Mohan et al 2003) and TB is one
of the most prominent of these (Keane et al 2001, Mohan et al 2004, Keane 2005).
Here we are really acting on the second category: reactivation of previous
infections.

van Helden: Perhaps the best evidence for reactivation disease was work done by
Troels Lillebaek (Lillebaek et al 2002). The son developed TB 33 years after the
tather had had a case. It transpired that they both had exactly the same isolate and
no one else in that country had the same isolate. There is no way he could have
got it from anyone else, indicating that the 'TB is held inactivated but not dead.

Quesnianx: 'TB is kept under active control from the immune response.

Brown: I'd like to go back to the point Tony Segal raised about the molecular
mechanism of killing. One of the big holes in 'TB research concerns the receptors
that are involved in uptake, and how this influences the resultant response. Many
of the proposed receptors don’t seem to fit. For example, CR3 is not expressed in
alveolar macrophages. And a recent paper shows that in a normal, uninfected
individual DC-SIGN is not expressed in macrophages—it is only induced after
infection (Tailleux 2005).

Quesnianx: Are there differences in DC-SIGN expression after infection by dif-
ferent strains of TB?

van Helden: We've never looked.

Speert: 1 agree completely about CR3 not being expressed in alveolar macro-
phages. My understanding is that cigarette smoking does up-regulate CR3. Could
this be a way of tying together some of the things that we have heard? I have a
comment about babies infected with BCG. The ones that get seriously ill and
die are the ones with profound immunodeficiency. The other group where BCG
immunization is contraindicated is chronic granulomatous disease. Reactive
oxygen radicals appear to play some role in protection against tuberculosis.

van Helden: We have now found plenty of HIV-positive children with
BCGosis.

Mantovani: 1 was intrigued by the dietary data that you showed. I remember
in my medical education that the suggestion was to overfeed patients with TB.
The numbers presented here were low. Were these data borne out by larger
numbers?

van Helden: 'The hospital is very small, and there are no other data. This is a
major hole in our research. The other problem with TB patients is that they don’t
feel well, so they don’t eat well. If you measure anything in a newly diagnosed TB
patient, it may not be trustworthy, because they haven’t been eating well because
they haven’t been feeling well. But in this country, in general, they are also poor,
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so they may be malnourished from poverty as well. The work done in mice involves
much larger numbers and this is well substantiated. In humans nutritional work is
poor.

Mantovani: One of the genetic associations you mentioned is with the ILIRA. Is
this with infection or disease manifestations? In other infectious disorders, such
as H. pylori gastritis, the manifestation is not really related to the ILIRA genotype
but to the haplotype, and the balance between the pro and anti-inflammatory
stimulant molecules in the IL1 system. Are there any data along these lines?

Hoal: There have been a couple of studies on ILIRA (Bellamy et al 1998, Wilkin-
son et al 1999). As with a number of association studies, they show slightly differ-
ent things. Some show the haplotype to be associated but some show there is an
effect just with the polymorphism.

Wilkinson: We showed that an extended haplotype was associated with higher
delayed type hypersensitivity (D'TH). The low producing IL1RA allele linked to
the high-producing IL1B associated with D'TH (Wilkinson et al 1999).

Bekker: We have been doing some work in a small impoverished community
with high HIV and TB rates in Cape Town, looking at Mtb strains in patients with
and without HIV. We are seeing W Beijing strain much more in young people who
are HIV infected. Has anyone looked at the immune competency of people infected
with the W Beijing strain?

van Helden: 1 would predict that the Beijing in your younger age group is a reflec-
tion of an emerging strain. It has been relatively recently introduced into our
society. Because it is a more able strain it spreads faster. At a Novartis Foundation
Symposium in 1997 I proposed a square box scheme, where I hypothesized that
you regard your strains as being represented in different parts of this box. They
spread well but don’t cause much disease, or they cause lots of disease but don’t
necessarily spread well (van Helden 1998). Beijing is going to be a position in the
box. I think it is a very successful emerging strain that is spreading quickly.

Bekfker: The counter to that is a set of recent data again from the community
we have investigated in the south of Cape Town. In a cross sectional prevalence
study in the community where we have sampled randomly, 10% of the community,
it seems that people who have HIV and TB co-infection are presenting and are
in the T'B clinic and on treatment. People who are sitting quietly with their disease
as yet undiagnosed are the older population who are not HIV infected. Immune
competent people live with their disease for a long time in this population, before
symptoms push them to seek healthcare, and 1 guess are able to spread their
disease. It may be that W Beijing is the predominant strain in this scenario. The
immune incompetent (HIV infected) people pick this particular strain up easily;
they are the ‘canaries’ in the population.

van Helden: 'The question that we have asked is whether Beijing can go into a
latency phase. I don’t know. This would be interesting to address.
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Wilkinson: We have looked at the proportion of strains that are Beijing in isolates
from Red Cross Childrens’ Hospital in Cape Town. Even within the last few years
the proportion of Beijing has tended to increase. It is difficult to know what the
denominator is because this is a hospital rather than a community. The second thing
is that some of these strains won’t grow very well in the laboratory: they appear to
have a resuscitation defect. We speculate that if these strains are unable to resusci-
tate 7 vivo, teleologically speaking they must continue reinfecting people and there-
fore do best in environments where there is intense transmission.

Mizrahi: What we see depends crucially on what we can culture. Our tools are
blunt, with culturability of A7 strains being one of the limiting factors. The
standard genotyping tool, which is based on an insertion element, is also relatively
crude. However, with the introduction of higher-resolution tools such as DNA
microarrays (Tsolaki et al 2004), we are now in a position to start looking at the
association between the ability to reactivate and the genotype of the strain. These
are studies that need to be done.

Schoub: 1 want to comment on the interaction between viral infections and T'B.
We have tried to mine data from the South African National Health Laboratory
Service databank to look at seasonality, and correlate it with, for example, reactiva-
tion disease. One can speculate on the mechanism but do you have any comment
on the actual observation?

van Helden: We don’t have any data.

McGreal: What do we actually know at a structural and functional level when
we talk about strain difference in Mzb? And also at a functional level what impact
does strain difference have in terms of the immune response and possible immune
evasion strategies. You indicated some associations with different strains, but how
much do we know about that?

van Helden: Very little. We are only now developing microarray technology to
answer those questions. Part of the problem is choosing the genome to base the
microarray on. If you take your standard H37Rv, it has lots of deletions compared
to many of our clinical strains. We need to take multiple strains and fully sequence
them, and there are now five M7b genomes available. The Broad Institute in
Cambridge, MA, may sequence another 10. We should develop a microarray based
on everything we can find.

MeGreal: When you said that certain strains are prevalent in certain areas and
populations, is that a result of local susceptibility? If you were to take a different
genetic scheme would you see the same susceptibility?

van Helden: That’s something we want to look at.

Mizrahi: 1t is important to mention that certain studies have revealed that the
associations between strain families of M and their human host populations are
stable (Hirsh et al 2004, Baker et al 2004). This finding speaks to the issue of TB

being an ancestral pathogen of humankind. The associations deduced from studies
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of tuberculosis in immigrant populations imply that particular lincages of Mz may
be highly adapted to certain human populations, and less well adapted to others.
This notion is supported by the results of a new and larger study published recently
by Peter Small’s group (Gagneux et al 2006).

van Helden: On the other hand it is to some extent because the immigrant popu-
lations stick together. It is a big confound.

Steinman: Can we have a little more discussion about DC-SIGN? First of all, we
find it difficult to detect on most human blood leukocytes. Does anyone have
experience otherwise and does it change in patients? We find that DC-SIGN is
expressed on the small subset of myeloid dendritic cells (DCs) in blood follow-
ing culture in IL4 (Granelli-Piperno et al 2006). It would be striking if you sud-
denly saw DC-SIGN increase in TB, since we are all influenced by the papers
(Geijtenbeek et al 2003) saying that ligation of DC-SIGN by lipoarabinans from
mycobacteria can block the maturation of DCs. The second thing is, DC-SIGN is
seen on the monocyte-derived DCs. This is where it was described, and this seems
to be due to induction by IL.4. If you add 1.4 to a monocyte, in a day you will
have lots of DC-SIGN. It is not yet clear what monocyte-derived DCs correspond
to in vive. The third thing is what happens in the lymphoid organ. We have found
that DC-SIGN is abundant on the macrophages in the lymph node medulla. It is
not detectable among most DCs in the T cell area in apparently normal lymph
nodes. Because of what has been shown i vitro with DC-SIGN we should look at
it much more assiduously in disease states.

Lambrecht: We have looked at lung DCs from human lavage samples and DC-
SIGN is not found on these either.

Gordon: 'There are other mannose recognition lectins on macrophages.

Brown: The ability of DC-SIGN to modulate the DC function is very likely. We
have shown that signalling through another lectin, Dectin-1 can recruit Syk result-
ing in the induction of IL2 and IL10.

Steinman: ‘That was the message of Geijtenbeek et al (2003). However as men-
tioned, the sites of DC-SIGN expression # vivo are not clear. We are all assuming
that it is present on all DCs and exclusively DCs, but neither seems to be the
casE;s

Brown: Alot of these DC receptors are not DC specific. This is another growing
theme.

van Helden: How did you look for the expression?

Steinman: By monoclonal antibodies.

Gordon: What about the other genetic factors? You went over them quite quickly
as though none of them really mattered, or all of them mattered a little.

van Helden: 1 don’t think anyone has found a major genetic factor.

Mayosi: Do we know the population-attributable risk for any of the genetic
factors?
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Hoal: 1t is always small. This is the issue with genetic studies of infectious dis-
eases or other complex diseases. We will find a number of genes that are important
but only have a small contribution. I don’t know whether you could have the situ-
ation where someone’s susceptibility rises significantly if they have a combination
of a number of these susceptibility alleles. We just don’t know that yet. The field
is still in the phase of finding the genes, replicating them in a second population,
and working out what sort of significance they have.

Gordon: Do you think it is fair to talk about the Bronte family and genetics?
How do you separate out the environmental factors and the genetic ones?

van Helden: Apparently, in the Bronte family the father had chronic 'TB. He died
in his 80s, but I think he infected the rest and they all died young.

Gordon: Why does this indicate genetic susceptibility?

van Helden: Other families have a case but not all succumb to disease.

Lambrecht: One clinical problem we run into occasionally is elderly women with
atypical mycobacteria in the middle lobe. People always claimed that there were
anatomical problems with the middle lobe, but isn’t there also a genetic predisposi-
tion to develop atypical mycobacterial disease in the lungs?

van Helden: 1 have no idea. The problem with that sort of thing is power. We
locked at our first 2000 isolates, and out of these we found 60 that were attributable
to MOT'Ts. Only now have we put some effort into trying to find this out. But if
we only have 60 cases out of 2000, we don’t have enough genetic power to really
examine this.

Lambrecht: 1t would be easy to do a candidate gene approach with 60 patients.

van Helden: 'The populational attributable risk is quite small per gene. It won’t
be a monogenic effect like the IFNy receptor defects in the Maltese kindred, for
example. You could be right, but I doubt it.

Wilkinson: There was a study done by the British Thoracic Society that looked
at susceptibility to Mycobacterium malmoense and this showed a weak association with
VDR promoter polymorphisms (Gelder et al 2000). However, the predominant
factors that predispose people to atypical mycobacterioses are damaged lungs and
immunosuppression.

Fipn: 1 know that in this meeting we are focused on the innate immune system.
You mentioned several times that this genetic difference may signify that some-
one’s innate immunity is stronger than other people’s. One of the important roles
of the innate immune system is to jump-start the adaptive immune system and
generate good memory responses that will protect you for the rest of your life. The
question is, how good is the memory response to the bug in those people who do
not get reinfected and those who are protected under high risk conditions? And
what types of effector mechanisms are involved that would instruct us in terms of
generating that type of immunity through vaccination to protect the rest of the
population?
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van Helden: This is an important issue, but we haven’t done any work on this.
There is old work which suggests that the partial protective effect of infection
varies between 16 and 18%. Unfortunately, I am not qualified to comment directly
on how good that work is. It is based on mathematical modelling and epidemiol-
ogy. I am sceptical about the interpretation. The tool that is used is generally the
skin test, which is extremely blunt. Half of the T cell researchers would say that
there is partial immunity. Then there are others who say that it is impossible,
because reinfection is occurring and if you are reinfected you have a four times
higher likelihood to progtess to disease, so where is your partial immunity. To
reconcile these two schools of thought I would like to suggest that you increase
your categories of individuals. You have categories of individuals that will develop
partial immunity and another category that won’t.

Finn: Among those that develop partial immunity there will be some that will
still be susceptible.

Brown: Is it going to be possible to make vaccine for TB, given the occurrence
of reinfection?

van Helden: Many think so, since it could be cell-mediated immunity.

Finn: With regard to the comment you made about a low dose of BCG maintain-
ing better protection, to an immunologist this immediately says that it generates
higher affinity and avidity T cells and so on.

van Helden: The New Zealanders say that the dose and timing of repeat BCG is
critical. The Irish say that a high-dose BCG vaccine given once is just as good.

Walz/: 1 can’t think of any pathogen where a vaccine provides better protection
than the natural infection. But there is always a first time.

Steinman: Cowpox isn’t natural for humans, but it worked as a smallpox vaccine.
Immunologists just haven’t got onto the vaccine scene, but when we do, I think
that we can do better than complex microbial vaccines!

Finn: As you mentioned, some pathogens have evolved a symbiosis with the
host, and a vaccine might do a better job eliciting immunity than the bugs.

Ryffel: Going back to Valerie’s comment on the anti-TNF antibody induced
reactivation of chronic/latent infection, we are able to model reactivation or tuber-
culosis infection in mice (Botha & Ryffel 2003). By administration of neutralizing
TNF antibodies or soluble TNF-R we are able to reactivate chronic infection
(unpublished). Further we demonstrated that membrane TNF provides a partial
protection to infection (Fremond et al 2005) suggesting that neutralising exclu-
sively soluble but not membrane TNF may reduce the risk of reactivation of TB
infection.

Quesnianxe: An individual who has had a first infection with TB and has had this
under control for 20 years will have mounted a very efficient T cell memory
response. 1f you now come along with anti-IT'NF, this could all go wrong with the
TB being reactivated.
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Finn: 1 disagree with your statement that this person has mounted a good
memory response. This is an effector memory-type response, something that is
continuously protective. It is not that good deep central memory that results from
climinating the pathogen. In the complete absence of antigen you deeply bury your
central memory response that can then be reactivated on subsequent infection.
You cannot say that reactivation of the bug by TINF means that it has now defeated
a well established memory response.

Quesnianx: How do we explain the effect of anti-TNF?

Steinman: TNF has many effects on DCs. In the literature on NOD mice, people
have tried to manipulate the onset of that spontaneous autoimmune disease by
manipulating TNF levels. There is now evidence that the DC is responsible. The
approach is to block TNF early in life, which then reduces the severity of the
discase. If you then target antigens to the DCs in the TNF blocked mice, you can
see changes in antigen presentation. Therefore, the DCs may be changing as a
result of TNF manipulation.

Finn: There is constant cross-talk between the innate and the adaptive immune
system. It doesn’t just go from the innate to the adaptive and then stop, it goes
back as well. You have a wonderfully stimulated memory CD4 response specific
for the pathogen. You can arm your macrophage that is infected with a pathogen
to make more IFNy by the interaction with the CD4" T cell. If you have a good
adaptive immune memory, it can then stimulate much higher activity of your innate
system when the new infection comes. If you have a very good CD4" T cell
memory response, that macrophage will be much more effective in destroying the
pathogen.

van Helden: In thinking about vaccination and protective immunity, we have to
remember that there is evidence that BCG does work. My feeling is that if there
is no immunosuppression, 90-95% of people infected with TB will not become
ill. BCG is not going to do anything for them anyway. It is a small part of the
population in which vaccination can have an effect.

Finn: 1 would like to argue against this point. The 95% of the people will not
develop disease unless they are immunosuppressed in some way, unless they live
a long life and their immune systems become old. But if you generate a strong
immune memory early in life that immune memory is a bit more protective from
what happens to that person later in life, who therefore, if healthy and well-
nourished will not be susceptible to the disease. Generating a strong and effective
immune memory eatly in life will protect many more people than the 5% that you
think will be protected by the vaccine.

Steinman: ‘The point is how you assay memory. This is an evolving field. We used
to say that HIV-infected people have good memory, because you could casily detect
CD8" T cells in them that make IFNy in response to HIV antigens. By current
criteria, though, these CD8 cells are dysfunctional. They don’t grow in response
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to antigen. From the same individuals, CMV, EBV and influenza specific cells
grow fine (Arrode et al 2005). There is a dysfunction here of the HIV specific
CD8" T cells, and they are termed ‘helpless’ memory cells. How we assay memory
is very important.

Finn: The bottom line is that we know a lot more than last year and 10 years
ago. What we know speaks much more in favour of the vaccine being able to do
this better than the natural disease.

Steinman: Then there are suppressor cells. What you described in terms of rein-
fection would fit what we know about suppressor cells. These cells are triggered
by antigen, but then they can suppress other immune responses to other antigens,
particularly when they are presented by the same presenting cell. If you respond
to mycobacteria A and make a suppressor cell specific for peptides from protein
A, it will block the immune response to other mycobacteria proteins, B. That is,
as long as the antigen presenting cells are presenting both A and B, the suppressor
cells for A will block presentation of B. However, it is still not straightforward to
measure suppressor cells currently in human. This is a big gap.

Hoal: 1 want to return to the vaccination and susceptibility story. This is mouse
work that I don’t know very well, but I heard that some mouse strains that are
more susceptible to mycobacteria are also less likely to be protected by vaccination.
This is quite worrying if the same were to occur in the human population. We
have to be careful when we do vaccination trials in humans to look at this suscep-
tible portion of the population.

Gordon: Bernard Ryffel, do the mouse models allow you to get at some of these
questions?

Ryffel: 1t is well established that the susceptibility to TB infection differs among
mouse strains, B6 mice are typically resistant, while Balb/c mice are more suscep-
tible; the genomic analysis will certainly provide polygenic resistance loci, which
are currently unknown. What is really amazing is that mice with complete ablation
of Toll-like receptor/MyD88 signalling are able to have preserved T cell response
to TB antigens. But this T cell response is not protective, as the innate immune
response is profoundly defective (Fremond et al 2004). However, BCG vaccination
of MyD88 deficient mice provides a short-term, but not long-term protection.

Walzi: There are mouse models concerning regulatory cells. Strangely enough,
people examined induction of regulatory cells by M7 in conjunction with the
hygiene hypothesis and the allergic response. There are several studies showing
Mzb in circulatory cells that suppress allergic airway responses. It is strange that
people look at it that way; the logical conclusion would be that those responses are
there because Mrb wants to promote itself.

Lambrechr: ‘This could explain why the low dose BCG works better than the
high dose. If you give high doses of freeze-inactivated BCG it is a strong
inducer of T,.,. There are moieties within the BCG which have the ability to induce
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T, 1f they are to the advantage of the bug, this would explain why high levels
of BCG would lead to greater susceptibility. It is a balance between protecting
from an over-zealous response and on the other side inducing immunity.

E Sim: Am 1 right in thinking that you can distinguish between reactivation and
reinfection by the same strain?

van Helden: No, we can’t.

Ryffel: Do you have more evidence that there is coinfection? If this is the case,
with two strains, what is the prevalence? What is the contribution of each?

van Helden: We have no quantitative data.

Wilkinson: There is an interesting recent paper showing three cases of TB, all of
which are pulmonary, and have another extrapulmonary site (Garcia de Viedma
et al 2005). For each of the three extrapulmonary sites there is a different strain.
The authors suggest that the extrapulmonary strain has greater virulence than the
pulmonary strains when they infect macrophages together.
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