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ABSTRACT

For the first time in thirty years the tuberculosis drug development pipeline may be on the
verge of delivering ultra-short course chemotherapy but continued reliance on relapse
rates in clinical trials and limited understanding of the phenomenon of persistence of M
tuberculosis during treatment have made the critical pathway of early clinical
development uncertain. It is demonstrated here that serial sputum colony counting,
prolonged throughout the first two months of treatment and analysed using hierarchical
non-linear regression techniques has the power to detect treatment differences between
combination drug regimens at very modest sample sizes. By applying principles of
optimal design, efficient factorial evaluation of new combination regimens appears
feasible using this approach and the results of a recent randomized trial of substitution of
8-methoxyquinolones for ethambutol in the current regimen appear to support these
conclusions. Such continuous measures of sterilizing activity could also facilitate
meaningful pharmacokinetic-pharmacodynamic analysis and optimization of doseresponse in clinical trials. The results of a study piloting such techniques are reported. In
this small cohort it was not possible to demonstrate any new relationships but useful
insights into the pharmacogenetic control and effect of HIV co-infection on the
disposition of anti- tuberculosis drugs were gained and direct comparisons of alternative
proposed biomarkers of sterilization such as whole blood bactericidal assay and sputum
culture in liquid medium were possible. The serial sputum colony counting methodology
appears to be robust and portable and is currently the leading candidate for an informative
surrogate endpoint in Phase II development of new anti-tuberculosis drugs.

PREFACE

Chapter 1 : Explains the historical development of therapy for tuberculosis, summarizes
recent advances and outlines challenges in the development of new drugs
Chapter 2 : Demonstrates the advantages of a modem hierarchical regression approach
to the analysis of serial sputum colony counting data
Chapter 3 : Uses optimal design techniques to identify means to fully exploit the power
of the serial sputum colony counting approach
Chapter 4: Illustrates how these advances can result in a new approach to Phase II
randomized controlled trials in tuberculosis
Chapter 5: Shows how another promising new biomarker, whole blood bactericidal
assay, can be adapted for safe use in HIV positive individuals
Chapter 6: Develops improved methods for study of the expression of ABC transporters,
involved in disposition of anti-tuberculosis drugs, on mononuclear cells in clinical studies
Chapter 7: Describes the pharmacokinetics of the three major anti-tuberculosis drugs
and their pharmacogenetic determinants in an observational study
Chapter 8: Relates pharmacokinetics to pharmacodynamic endpoints suitable for use in
early clinical development of new anti-tuberculosis drugs
Chapter 9: Discusses the principal findings and suggests directions for future work.
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microlitre
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micromolar

%
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xg

gravitational constant

ABCT

ATP-binding cassette transporter

AIC

Akaike Information Criterion
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Acquired Immune Deficiency Syndrome
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best linear unbiased predictor
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British Medical Research Council
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colony-forming units

Cl

Clearance

Cmax

Maximum concentration

CV%

Coefficient of variation %
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Cytochrome P450

DMSO

dimethyl sulfoxide

DNA

deoxyribonucleic acid

DTP

days-to-positivity

E

ethambutol

EBA

early bactericidal activity

EDTA

diaminoethane tetra-acetic acid

FCS

foetal calf serum

FITC

fluorescein isothiocyanate

G

gatifloxacin

h

hours

H

isoniazid

HIV

human immunodeficiency virus

HPLC

high performance liquid chromatography

IFN-y

interferon-gamma

IgG

immunoglobulin G

Ka

absorption constant

'K

terminal half-life

LAM

lipoarabinomannan

LOD

limit of detection

LogP

logarithm of octanol/water partition coefficient

LPS

lipopolysaccharide

LR

likelihood ratio

LTS

least trimmed squares

M

moxifloxacin

MDRla

multi-drug resistance gene locus

MFI

median fluorescence intensity

MFR

median fluorescence ratio

MIC

minimum inhibitory concentration

ML

maximum likelihood

mRNA

messenger ribonucleic acid

rRNA

ribosomal ribonucleic acid

MRP1

multidrug resistance protein 1

NA

not available

NAT2

arylamine N-acetyltransferase 2 gene locus

NLME

non-linear mixed effects

O

ofloxacin

OM

outer membrane

PAS

para-aminosalicylic acid
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PBMC

peripheral blood mononuclear cells

PCR

polymerase chain reaction

PD

pharmacodynamics

PK

pharmacokinetics

PGP

p-glycoprotein

PKa

acid-base dissociation constant

PXR

pregnane X receptor

R

rifampicin

REML

residual maximum likelihood

RPE

R-phycoerythrin

a2

(within subject) variance

S

streptomycin

SLANC

slope statistic adjusted by observed baseline

SLAIN

slope statistic adjusted by intercept

SLOPE

unadjusted slope statistic

SM-ANOVA summary measures analysis of variance
SNP

single nucleotide polymorphism

sscc

serial sputum colony counting

0

location parameter

tl/2

half-life

tm ax

time of maximum concentration

TB

tuberculosis

TBTC

Tuberculosis Clinical Trials Consortium

USPHS

United States Public Health Service

V

apparent volume of distribution

VIF

variance inflation factor

Q

covariance matrix of random effects parameters

WBBA

whole blood bactericidal assay

Z

pyrazinamide
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Note on the abbreviation of tuberculosis regimens : Short form acronyms for
1
combination regimens are formed from the letters representing individual drugs listed
above and the period of months for which they are scheduled to be taken. For instance the
standard short course regimen consists of rifampicin, isoniazid, pyrazinamide and
ethambutol for two months followed by rifampicin and isoniazid for a further two
months. This would be written in short form as 2HRZE/4HR.
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1.1 Tuberculosis

Mycobacterium tuberculosis is among the oldest pathogens of mankind. Though its
evolutionary origins are contested (Brosch, Gordon et al 2002), paleomicrobiology
suggests that global dissemination of the species complex began about 15,000 years ago
(Donoghue, Spigelman et al. 2004). The organism was first identified as the cause of
tuberculosis by Robert Koch in 1882 (Koch 1882), at a time when the disease was the
commonest cause of premature death among Europeans (Grigg 1958). Despite the
subsequent steady decline in incidence of the disease in Europe (Vynnycky and Fine
1997) the global burden of tuberculosis has continued to rise inexorably (Dye, Watt et
al. 2005). In 2004, 8.9 million new cases of disease and 1.7 million deaths are
estimated to have occurred worldwide (Global Tuberculosis Program 2006) and up to a
third of humanity are believed to be latently infected (Corbett, Watt et al. 2003).

Though effective treatment for tuberculosis first became possible sixty years ago,
control of the disease on a worldwide scale remains elusive (Dye, Maher et al. 2006;
Global Tuberculosis Program 2006) and eradication, heralded more than four decades
ago (Waksman 1964), still appears a very distant prospect. This shameful failure of
international public health cannot be separated from indifference to burgeoning poverty
(Bates, Fenton et al. 2004; Bates, Fenton et al. 2004) and the unrestrained global HIV
epidemic (Farmer 2003; UNAIDS 2006). Yet part of the immediate response to this
continuing crisis must also be to critically evaluate the therapies we now have with the
will to improve on them.
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1.2 Progress in anti-tuberculosis chemotherapy
1.2.1 Before anti-tuberculosis chemotherapy

Before the Second World War, it has been estimated that the probability of surviving
tuberculosis was approximately 50% and supportive care alone was the best that could
be offered. Koch himself believed he had discovered a promising therapeutic approach
when he described the “Koch phenomenon”, delayed skin hypersensitivity following
the subcutaneous injection of tuberculin (Koch 1891). Though this proved to be a
useable diagnostic, as a treatment, it was not consistently effective and sometimes
positively harmful in humans. In fact, though chemotherapy and immunity do appear to
interact (Wallis and Song 2004), no form of immunotherapy has yet proven to be of
definite value in established disease (Durban Immunotherapy Group 1999; Johnson,
Kamya et al. 2000; Mayanja-Kizza, Jones-Lopez et al. 2005; Wallis 2005).

Environmental and nutritional measures first advocated by Bodington (Bodington 1840)
were widely promoted by the sanatorium movement from the late nineteenth century
onwards (Dormandy 2002) and were augmented in the early twentieth century by the
advent of modem thoracic surgery employing a range of arduous procedures including
artificial pneumothorax, thoracoplasty and apicolysis (Temple 1998). The impact of
these interventions was limited however. The early successes of sulfanilamide
(Domagk, Offe et al. 1952) and penicillin (Chain, Florey et al. 1940) raised hopes that
chemotherapy might instead be an effective approach for treatment of tuberculosis but

5
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none of the early antibiotics showed any useful activity against mycobacteria. Looking
back, Lehman, the discoverer of PAS, was to write of this period “People had given up
any hope of a cure” (Ryan 1992).

1.2.2 Standard chemotherapy

In 1940, Bemheim published observations on the stimulation of oxygen consumption
in Mycobacterium tuberculosis induced by salicylic acid (Bemheim 1940) (a
phenomenon recently related to general shutdown of transcription and ATP synthesis
(Denkin, Byme et al. 2005) and a multidrug-resistant phenotype (Schaller, Sim et al.
2002) ). This led in 1944 to the synthesis of para-aminosalicylic acid (PAS) (Figure 1.1)
(Lehman 1946), the first agent with demonstrable efficacy against M tuberculosis and in
the same year, the natural product streptomycin was isolated from the soil actinomycète
Streptomyces griseus (Figure 1.1) (Schatz, Bugie et al. 1944). In 1952, following
observations of the efficacy of nicotinamide in animal models (Chorine 1945;
McKenzie, Malone et al. 1948), three pharmaceutical companies independently
synthesized the nicotinamide analogue isoniazid (Figure 1.1) (Bernstein, Lott et al.
1952; Domagk, Offe et al. 1952; Granberg and Schnitzer 1952). Within the space of ten
years, three anti-tuberculosis agents had been identified which appeared effective in
clinical practice and generated widespread demand from tuberculosis sufferers (
Yoshioka 1998; Greenwood 2008).
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Figure 1.1: Selected chemical structures relevant to historical first-line anti-tuberculosis
therapy and current drug development
Salicylate

PAS

Nicotinamide

Isoniazid

Pyrazinamide

Ethionamide

2

NH

I

Streptomycin

Thiacetazone

Ethambutol

Rifampicin

Rifabutin

Rifapentine

Ofloxacin

Gatifloxacin
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As importantly, all of the drugs were subjected to rigorous scientific evaluation in the
first identifiable randomized controlled trials (MRC 1948; MRC 1948; MRC 1952;
MRC 1952; MRC 1953). These trials quickly established that though the initial
response to therapy especially in severe forms of disease such as meningitis was clearly
life-saving, the effectiveness of monotherapy with any of the available agents was
ultimately limited by the emergence of resistant mycobacterial mutants (Mitchison
1950; Selkon, Devadatta et al. 1964). It was later recognized that the frequency of pre
existing natural mutants to any of the agents is generally much lower than the total
bacillary load existing in patients (David 1970) and these clinical and scientific
observations led to the adoption of the principle of combination therapy (Mitchison
1992) which made durable cure of the disease possible. However, combinations of the
agents then available could only achieve this if therapy was sustained for eighteen
months or longer and this remained “standard chemotherapy” until the end of the 1960s
(MRC 1962; MRC 1973).

1.2.3 Short-course chemotherapy

The advances that led to so-called “short-course” chemotherapy depended on the reintroduction of an old drug, pyrazinamide and the discovery of a new one, rifampicin.
Pyrazinamide, synthesized in 1952 (Kushner, Dalalian et al. 1952) and its derivative
morphozinamide (Felder, Pitre et al. 1962) were novel analogues of nicotinamide
(Figure 1.1). Pyrazinamide exhibited activity at acid pH in vitro (McDermott and
Tompsett 1954) and appeared active in animal models (McCune, Tompsett et al. 1956)

8
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but doses initially used in human studies were associated with an unacceptably high
>
incidence of hepatotoxicity (Muschenheim, McDermott et al. 1954; Muschenheim,
McDermott et al. 1955). As a result, the drug was not immediately evaluated in large
clinical trials and tended to be reserved for retreatment regimens.

Rifampicin is a semi-synthetic derivative (Sensi, Maggi et al. 1966) of the natural
product Rifamycin S, a major secreted antibiotic of Streptomyces mediterranei (Figure
1.1) (Margalith and Beretta 1960). Synthesized in 1966, early in vitro studies suggested
that it was highly active against mycobacteria in vitro (Maggi, Pasqualucci et al. 1966).
It was released on a compassionate basis in the late 1960s and early results in humans
were promising (Aquinas and Citron 1972; Aquinas, Allan et al. 1972)

From 1970 onwards, the Tuberculosis Research Unit at the British Medical Research
Council (BMRC), the US Public Health Service (USPHS) and others, supported by
encouraging data from mouse models (Grosset 1978), began a series of international
multicentre trials to evaluate the use of these two new agents. The most dramatic of
these, conducted in East Africa between 1970 and 1978 evaluated combinations of
isoniazid and streptomycin with the new agents rifampicin and pyrazinamide in
regimens of between 4 and 8 months. The First Collaborative Study ( Study R ) showed
that relapse rates when using the regimen SHR at a duration of six months were
equivalent to that of an eighteen month regimen of 2STH/TH (East Affican/BMRC
1972; East Affican/BMRC 1973; East Affican/BMRC 1974). This historic result was
followed by two further semi-factorial trials evaluating the effect of adding rifampicin
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and/or pyrazinamide to streptomycin and isoniazid for the duration or only the first two
months of therapy (East Affican/BMRC 1974; East African/BMRC 1976; East
Affican/BMRC 1978; East Affican/BMRC 1980). The effect of pyrazinamide appeared
to be confined to the first two months whilst that of rifampicin continued throughout the
duration of therapy and relapse rates were acceptably low even in the presence of a
weak continuation of the regimen such as TEl (Figure 2.1-top panel). From these two
trials emerged the archetypal modem “short course” regimen with a three-drug twomonth “intensive phase” and a two-drug four-month “maintenance phase”, a schedule
originally proposed fifteen years before on theoretical grounds by Canetti (Canetti
1962). It remained only to identify the optimal pairing of agents for maintenance. In the
Fifth and Sixth Collaborative Trials (East African/BMRC 1983; East Affican/BMRC
1985; East Affican/BMRC 1986) it was subsequently determined that HR was superior
to any other option, reducing the relapse rate by more than 50% versus H alone ( a
result recently confirmed by International Union Against Tuberculosis Study A)
(Jindani, Nunn et al. 2004). These findings were supported by the results of United
States Public Health Service Studies 18 to 21 (Newman, Doster et al. 1971; Long,
Snider et al. 1979; Snider, Graczyk et al. 1984; Combs, O'Brien et al. 1990) and a trial
in the United Kingdom organized by the British Thoracic Association (British Thoracic
Association, 1981).

In retrospect, the high-water mark of this research effort was the Fourth BMRC
Collaborative Study (Study X) which evaluated five four-month regimens (Figure 2.1 top panel). The disappointing interim results showed that, despite routinely favourable

10
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bacteriological results at two and four months, no combination of the agents H, R and Z
at this duration of therapy could in fact achieve a relapse rate of less than 10% and that
if R was omitted from the maintenance phase a rate of 30% could be expected (East
African/BMRC 1978; East African/BMRC 1981) . A number of smaller and less
methodologically rigorous studies have since suggested that shorter regimens
comprising these drugs are capable of achieving acceptable rates of relapse (Gelband
1999) but such regimens have never been seriously advocated with the exception of
patients with smear negative or extrapulmonary tuberculosis ( so-called Category III
patients) (WHO 1997). Rising co-infection with HIV however subsequently appeared to
mandate use of a minimum 6-month regimen for all patients (WHO 2003).

Short course chemotherapy was a significant advance and offered many advantages
from the programmatic point of view. All the components could be given orally and
were relatively well tolerated. The duration of follow up required of tuberculosis
programmes was halved at a stroke and the ability of such regimens to be administered
twice or thrice weekly reduced the number of patient contacts needed. Outpatient
treatment from an early stage became a realistic option. However, the cost of the new
drugs particularly rifampicin ( then £200 for a six month course ) and the often poor
performance of national TB programmes in many countries limited the immediate
impact of these new regimens, at precisely the moment that the global tuberculosis
control situation began to deteriorate with the onset of the HIV epidemic. Research
funding and capacity in tuberculosis were also unhappily the victim of their own
apparent success, amid perceptions that the fundamental problems in the therapy of
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Figure 1.2: Bacteriological results of British/ East African MRC collaborative trials :
Top - Study T (Second Collaborative Study) Middle - Study X (Fourth Collaborative
Study) Bottom - power curves for design of a new superiority study according to
comparator regimens evaluated in BMRC studies
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tuberculosis had been solved. Most continuing research focused on operational aspects
of the use of the existing agents, particularly intermittent regimens, rather than
evaluating the potency of new ones.

1.2.4 DOTS & Ultra-Short course chemotherapy

In 1994, however, the World Health Organisation declared the tuberculosis epidemic a
“global emergency”, an unprecedented step which partly reflected the shortcomings of
short-course chemotherapy in practice (Global Tuberculosis Program 1994). The
immediate response attempted to strengthen the case-holding of National Tuberculosis
Programs by implementing a strategy adapted from the successful efforts of grass-roots
programs operating with few resources in difficult circumstances. (Tuberculosis
Chemotherapy Centre 1959; Moodie 1966; Cohn, Catlin et al. 1990). This so-called
DOTS (Directly Observed Therapy Short-Course) strategy gradually achieved
significant coverage in many parts of the world (Global Tuberculosis Program 2006)
but strains on program resources, emergence of multi-drug resistant tuberculosis
(Zignol, Hosseini et al. 2006) and a continuing rise in the incidence of new cases
(Global Tuberculosis Program 2006) pointed to the limitations of operational
improvements in practice. There was a widespread perception that new tools would be
needed to help solve the problem and the question of “Ultra-Short Course” therapy was
again raised seriously (Global Alliance for Tuberculosis Drug Development 2001).
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Without a substantial research investment in both basic mycobacteriology and drug
discovery however the prospects of quickly achieving this goal appeared bleak. No new
antimycobacterial agents had been synthesized for more than 25 years and the
mechanism of action and pharmacodynamics of the currently available agents were
poorly understood. Many crucial aspects of mycobacterial biology, immunology and
pathophysiology, such as the location and physiological state of bacilli under conditions
of latency and therapy remained mysterious. In addition the paradigm and methodology
of drug development had advanced significantly since the advent of short-course
chemotherapy itself and, by comparison with other fields, there was a relative lack of
both tools and data from this period to assist the development of new agents.

1.3 Advances in mycobacteriology relevant to chemotherapy

Key factors in the co-evolutionary “success” of M. tuberculosis have been adaptation to
an intracellular niche and subversion of both innate and adaptive immunity in the
human host. Recent scientific work including complete genome sequencing of three M
.tuberculosis complex strains, as well as that of M. leprae (Cole, Brosch et al. 1998;
Cole, Brosch et al. 1998; Cole, Eiglmeier et al. 2001; Fleischmann, Alland et al. 2002;
Gamier, Eiglmeier et al. 2003), steady progress in annotation of these genomes (Camus,
Pryor et al. 2002) and application of post-genomic techniques (Tekaia, Gordon et al.
1999; Barry, Slayden et al. 2000; Butcher 2004) has provided insights into the means by
which this is achieved.
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1.3.1 Cell wall

One of the defining structural characteristics of the organism is the nature of its cell
wall (Brennan 2004) which is lipid-rich and highly hydrophobic. This results in the
typical aggregation of the organisms in liquid culture and is the basis for common
laboratory staining methods used in their identification. It also has significant
implications for therapy. Though currently phylogenetically aligned with gram positive
bacteria on the basis of 16S rRNA sequences (Pitulle, Dorsch et al. 1992) the
mycobacteria possess a unique, asymmetric outer membrane (OM) (Minnikin 1991), the
thickest yet identified in nature (Brennan and Nikaido 1995) but presumably
functionally analogous to that found in gram-negative bacteria. A substantial proportion
of the M. tuberculosis genome is devoted to synthesis and maintenance of the cell wall
(Camus, Pryor et al. 2002) with every known lipid and polyketide biosynthetic pathway
known in nature represented (Cole, Brosch et al. 1998).

The inner leaflet of the membrane is composed of extremely long (C70 to C%) abranched P-hydroxy fatty or mycolic acids anchored to the underlying arabinogalactanpeptidoglycan. An important biophysical property of these lipids is their very high
melting temperature (approximately 60 °C) which is responsible for the extremely low
fluidity of the mycobacterial cell wall. This “cell-wall core” structure remains insoluble
on solvent extraction and its complicated biosynthesis is now quite well-characterized
(Brennan 2004). The outer leaflet consists of a complex of other glyco-, petido- and
sulpho-lipids. These, and a variety of other “free” lipid and protein components whose
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location in the OM is less well defined can be chemically extracted and/or secreted by
the organism among them trehalose-dimycolate (identified as the so-called “cord
factor”), the wax Phthiocerol dimycocerosate (DIM) and the family of
phosphatidylinositol mannosides (PIMs) including lipoarabinomannan (LAM). Many of
these are known or suspected to be immunologically active, while some are potent
scavengers of reactive oxygen species (Chan, Fujiwara et al. 1989) and may be key to
the strategy of subversion of the immune system and phagosome maturation arrest
(Hmama, Sendide et al. 2003). A recently described phenolic glycolipid, produced by a
polyketide synthase deleted in the reference strains H37Rv and CDC1551, showed a
dramatic association with the virulence of Beijing/W strains in mouse models (Reed,
Domenech et al. 2004).

1.3.2 Porins

The mycobacterial cell wall is highly impermeable to a broad range of substances with
different physico-chemical characteristics including many antimicrobial agents, and
permeabilization with detergents has been observed to increase general drug
susceptibility in M. tuberculosis (Hui, Gordon et al. 1977). Rates of penetration of a
variety of {3-lactam antibiotics have been estimated at 1.6-9.4 nm/s in the attenuated M
tuberculosis strain H37Ra, similar to those observed in Pseudomonas aeruginosa and
two orders of magnitude lower than E.coli (Chambers, Moreau et al. 1995). Similarly,
the permeability for hydrophobic compounds has been estimated using steroid probes
such as (3-sitosterol to be ~3 x 10'9 cm/s (Liu, Barry et al. 1999). This value is consistent
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with the unusually low fluidity of the mycobacterial cell wall and more than three
orders of magnitude lower than most gram-negative bacteria, which are themselves
stabilized by the presence of lipo-polysaccharide.
Transmembrane porins in mycobacteria have only recently been described in detail
(Niederweis 2003). They represent the usual route of entry for hydrophilic small
molecules, a category which probably includes three of the four current first-line drugs
(isoniazid, pyrazinamide and ethambutol). Mycobacterium smegmatis produces these
proteins at an abundance ten-fold or more lower than other bacteria and because of the
thickness of the cell wall the major porin MspA is longer, leading to greater potential
interactions with solutes (Engelhardt, Heinz et al. 2002). In this model the density of
porins, especially MspA, is clearly a major determinant of both growth rate (Stephan,
Bender et al. 2005) and drug susceptibility (Stephan, Mailander et al. 2004). Though
porin activity can be detected in detergent extracts of M. tuberculosis (Kartmann,
Stenger et al. 1999) neither the genes nor proteins responsible have yet been
convincingly characterized. However, expression of MspA in M. tuberculosis results in
a faster rate of growth and enhanced susceptibility to P-lactams, ethambutol and
isoniazid (Mailaender, Reiling et al. 2004).

1.3.3 Inactivation and efflux of drugs

It has been observed that despite the dramatic impermeability of the mycobacterial cell
wall this factor alone cannot account for observed levels of drug resistance and should
rather be viewed as potentiating the action of other mechanisms (Jarlier and Nikaido
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1994). Relative insensitivity to p-lactams in M. tuberculosis appears to be due to a
critical synergism between reduced penetration and p-lactamase activity. The
predominant enzyme is a typical class A P-lactamase (Voladri, Lakey et al. 1998) and in
vitro can be at least partially inhibited by clavulanic acid (Dincer, Ergin et al. 2004).
However, several unique substitutions in the primary structure of the active site confer a
very broad substrate specificity and relatively low clavulanate susceptibility (Wang,
Cassidy et al. 2006) and it remains unclear whether this approach can result in clinically
detectable activity (Chambers, Kocagoz et al. 1998; Donald, Sirgel et al. 2001). Another
mechanism attracting increasing attention in other genera is drug efflux. Several genes
annotated as likely drug transporter proteins representing the MFS, SMR, RND and
ABC superfamilies have also been recently identified in M. tuberculosis (Braibant,
Gilot et al. 2000; Rossi, Ainsa et al. 2005). Several of these genes have now been
shown to be constitutionally expressed and active (Curry, Whalan et al. 2005; Mir,
Rajeswari et al. 2006; Rodriguez and Smith 2006) and some may contribute to drug
resistance (Siddiqi, Das et al. 2004; Pasca, Guglierame et al. 2005) or tolerance
(Colangeli, Helb et al. 2005). In particular, active efflux mechanisms have been
postulated for both rifampicin (Piddock, Williams et al. 2000) and isoniazid (Pasca,
Guglierame et al. 2005). Efflux-mediated resistance to the quinolone moxifloxacin has
already been identified in animal models (Ginsburg, Sun et al. 2005) and may also be
the major mechanism of resistance to ciprofloxacin (Pasca, Guglierame et al. 2004;
Gumbo, Louie et al. 2005). In the case of pyrazinamide, it may be the cessation of
active efflux of the active metabolite pyrazinoic acid during stationary phase that leads
to cell death (Zhang, Scorpio et al. 1999).
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1.3.4 Persistence

M. tuberculosis has a slow rate of cell division with a minimum generation time of
about 14 hours under conditions of unrestricted growth in broth culture. An obligate
aerobe, a key environmental stress response exhibited by the organism is that variously
referred to as” latency”, “dormancy”, “stationary phase” or “non-replicating
persistence” (Gomez and McKinney 2004). This response is typically elicited under
conditions of hypoxia, nutrient depletion or drug pressure known to be observed in vivo
(Haapanen, Kass et al. 1959) and is qualitatively similar to the “viable but nonculturable” state commonly observed in environmental microbes (Colwell 2000). Early
studies in mice (McCune, Feldman et al. 1965; McCune, Feldman et al. 1966) and
human pulmonary resection specimens (Wayne and Salkin 1955; Wayne 1960)
identified the presence and altered phenotype of these non-culturable bacilli and
highlighted their key role in determining the length of therapy.

Several in vitro and animal models have been developed in order to study tubercle
bacilli in this state (McCune, Feldman et al. 1965; McCune, Feldman et al. 1966;
Wayne and Sohaskey 2001). Under such conditions, a characteristic set of
approximately 100 transcriptionally clustered genes is upregulated (Schnappinger, Ehrt
et al. 2003; Muttucumaru, Roberts et al. 2004; Voskuil 2004). Annotation and
subsequent post-genomic studies of these individual genes suggests that they are
concerned with several specific cellular responses.
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Among these are a switch of carbon source to free fatty acids via (3-oxidation and the
anaplerotic glyoxylate pathway involving the enzyme isocitrate lyase (McKinney,
Bentrup et al. 2000; Schnappinger, Ehrt et al. 2003). The Entner-Doudoroff pathway so
crucial to other intracellular organisms is absent in M tuberculosis and the citric acid
cycle may operate in a bifurcated mode predominantly for biosynthetic purposes
(Munoz-Elias, Upton et al. 2006). The organism possesses instead extensively
duplicated P-oxidation enzymes and multiple phospholipases which may be required for
release of free fatty acids from host substrates (Cole, Brosch et al. 1998; Raynaud,
Guilhot et al. 2002). Production of molecular chaperones such as the alpha-crystallins
Acrl and Acr2 which are responsible for preventing and stabilizing protein damage is
also increased (Yuan, Crane et al. 1998; Sherman, Voskuil et al. 2001).

The cues for and control of this overall response appear to reside in a 48-gene regulon
dubbed dosR (Boon and Dick 2002; Park, Guinn et al. 2003) which is under the
influence of a two-component system Rv3133c/Rv3132c (Sherman, Voskuil et al. 2001;
Park, Guinn et al. 2003) and the organism possesses in addition a number of alternative
sigma factors (Manganelli, Proveddi et al. 2004). Some of these, including sigD, sigH
and sigJ have been associated with the “dormant” state (Graham and Clark-Curtis 1999;
Hu and Coates 2001; Betts, Lukey et al. 2002; Hu, Kendall et al. 2004) and their
transcriptional and phenotypic effects characterized (Hu, Butcher et al. 1998; Kaushal,
Schroeder et al. 2002; Geiman, Kaushal et al. 2004; Hu, Kendall et al. 2004;
Manganelli, Fattorini et al. 2004; Raman, Hazra et al. 2004). Proteomic analysis
supports the general pattern and extent of such changes suggesting induction of 16 and
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repression of 28 proteins respectively in the intracellular environment (Lee and Horwitz
1995) and induction of at least 7 in the Wayne model including the 16-kDa a-crystallin
homologue, probably a critical molecular chaperone during the transition from
logarithmic to stationary phase.

An important phenotypical feature of the stationary state is the acquisition by the
organisms of antibiotic tolerance. Though recognized many years ago, this phenomenon
received little further experimental attention until quite recently (Wallis, Patil et al.
1999) and is characterized by alterations of the time-kill profile of the organism with
respect to multiple classes of agents (Handwerger and Tomasz 1985). It has been
observed in strains recovered from patients (Wallis, Patil et al. 1999), in stationary
phase broth cultures (Hu, Mangan et al. 2000) and possibly during infection of
macrophages in vitro (Tomioka, Sato et al. 2002; Chanwong, Maneekam et al. 2007).
Whether it is a reflection of general adaptation to stationary phase or is specifically
controlled by genes such as relA which can inhibit the activity of RNA-polymerase via
production of poly-phosphorylated guanosine (Dahl, Kraus et al. 2003) remains unclear.
Drug efflux connected with the gene iniA has also recently been linked with this
phenomenon (Colangeli, Helb et al. 2005) and another regulon controlled by the whiB7
gene, shared with the genus Streptomyces, is induced by exposure to sub-inhibitory
concentrations of antibiotics, enhancing intrinsic multi-antibiotic resistance mechanisms
(Morris, Nguyen et al. 2005). In a small clinical study, the degree of phenotypic drug
tolerance measured in ex vivo killing studies in liquid culture appeared to correlate with
the rate of clearance of bacilli from the sputum (Wallis, Patil et al. 1999). It may be that
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the tolerance phenomenon is a key determinant of the need for and duration of the
“continuation” phase of treatment.

1.3.5 Cellular location

Though M tuberculosis appears to be specifically adapted to an intracellular lifestyle the
location and physiological state of bacilli during human disease remains a controversial
issue. The classic pathological work of Canetti carried out in the pre-HIV era suggested
that most bacilli were in fact found outside cells in and around cavities (Canetti 1955).
Recent work in new guinea pig models appears to support this view with most bacilli
persisting after the initial stages of therapy being found in the hypoxic acellular rim of
necrotic granulomas (Lenaerts, Hoff et al. 2007).

However, recent studies of lung resection specimens from South Africa using modem
immunohistochemistry have examined the distribution of surface markers and
mycobacterial DNA in different components of granulomata. A significant proportion
of the bacillary population appeared to co-localize to CD-64 a marker for mononuclear
phagocytes and probes for the icl gene, known to be upregulated in stationary phase
could also be detected in such cells (Fenhalls, Stevens-Muller et al. 2002). These
findings are supported by other in-situ PCR studies which support an intracellular
location for bacillary DNA in both diseased and latently-infected individuals
(Hemandez-Pando, Jeyanathan et al. 2000) and by studies using enhanced
immunostaining techniques (Ulrichs, Lefmann et al. 2005).
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Electron microscopy studies of bronchoscopie specimens from tuberculosis patients
also show large numbers of viable bacilli inside the phagosomes of alveolar
macrophages (Mwandumba, Russell et al. 2004). This finding is consistent with the
ability of M. tuberculosis to invade the endocytic system and prevent phagolysosomal
fusion and acidification in vitro (Armstrong and Hart 1971; Clemens and Horwitz 1995;
Hmama, Sendide et al. 2003; Pethe, Swenson et al. 2004). Multiple specific
mechanisms employed by the organism to achieve this have been identified including
exclusion of proton-ATPase pumps (Sturgill-Kosztcki, Schlesinger et al. 1994),
)
inhibition of calcium signalling (Malik, Thompson et al. 2003), modification of the
lipid composition of the local membrane (Chua, Vergne et al. 2004), recruitment of the
host tryptophan aspartate-containing coat protein (TACO) (Ferrari, Langen et al. 1999)
and modulation of Ras family GTPases (DesJardin, Huber et al. 1994; Via, Deretic et al.
1997). Macrophages infected with M. tuberculosis also exhibit poor MHC class II
antigen-presentation even after activation by IFN-y (Chang, Lindeman et al. 2005) and
may resist apoptotic mechanisms (Keane, Remold et al. 2000) pointing to an active
strategy of using the host cell as a refuge .
>

>

However, in vivo bacilli are almost certainly found in both intra- and extracellular
locations and it has been argued that even extracellular bacilli are capable of assuming
the stationary state in granulomata (Karakousis, Yoshimatsu et al. 2004). It is likely that
the equilibrium between these two locations is highly dynamic (Gammack, Doering et
al. 2004) and mediated by the tendency of the cytokine environment to promote or
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inhibit phagocyte apoptosis (Keane, Balcewicz-Sablinska et al. 1997; Keane, Remold et
al. 2000; Spira, Carroll et al. 2003).

1.3.6 Bacillary heterogeneity

The empirical clinical and laboratory characteristics of current anti-tuberculosis agents
led Mitchison to propose that the bacillary population in patients undergoing treatment
must be heterogenous (Mitchison 1979) (Figure 1.3). Although this is almost certainly
true as a general proposition, whether classification according to the factors already
discussed viz anatomical location, redox/ nutritional environment or physiological
heterogeneity of the bacillary population or some combination of these is most relevant
has still not been clarified. In addition to the data referred to above, it has been observed
that in the chronic mouse model generalized arrest of replication rather than a more
dynamic equilibrium is the most likely explanation for the stable bacillary census
(Munoz-Elias, Timm et al. 2005) but active transcription can still be detected even after
short periods of treatment (Hu, Mangan et al. 2000). In human disease, active
replication would be most likely to occur in permissive micro-environments such as
granulomata, both at the cavity surface (Canetti 1955; Mitchison 1992; Kaplan, Post et
al. 2003) and in the necrotic caseous material (Grosset 2003).

The subpopulations hypothesis has significant implications with respect both to the
desirable characteristics of new agents and the composition of combination regimens.
Rifamycins are highly lipophilic drugs likely to penetrate host cells well
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Figure 1.3: The subpopulations hypothesis (reproduced from Mitchison 1992)
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(Acocella, Carlone et al. 1985; Burman, Gallicano et al. 2001) whereas the
nicotinamide analogues and aminoglycosides are not and may act on completely
separate subpopulations of bacilli from the former. In mathematical models of drug
action and the emergence of resistance, the existence of at least one subpopulation
impervious to the action of isoniazid is a precondition for realistic simulation and its
size (which is unknown) is a key determinant of the outcomes (Lipsitch and Levin
1998). It has also been observed in EBA studies and in clinical trials that the effects of
different agents appear to be time dependent during therapy with the action of isoniazid
and streptomycin weakening after the first few days, that of pyrazinamide becoming
apparent after this period but disappearing after two months, while rifampicin continues
to act throughout (Mitchison 1992). How such phenomena are related to activity against
different subpopulations and how far to interactions between the actual molecular
targets of the drugs or their physiological effects at the level of individual organisms
remains to be determined.

1.3.7 Recent insights into mechanisms of drug action

Until the 1990s the mechanism of action of most of the first-line agents was unknown in
detail although several observations of their effects pointed to the general nature of the
targets. Rifampicin and subsequent rifamycins have been demonstrated to specifically
inhibit the ß-subunit of prokaryotic DNA-dependent RNA-polymerase (Miller,
Crawford et al. 1994; Campbell, Korzheva et al. 2001). The precise mode of action of
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the nicotinamide analogues is less clear. Isoniazid appears to be a prodrug requiring
activation in M. tuberculosis by the catalase-peroxidase product of the katG locus
(Zhang, Heym et al. 1992) , the active metabolite of which, probably an isoniazid-NAD
adduct (Rawat, Whitty et al. 2003), is believed to bind to the active site of the product
of the gene inhA, an enoyl-acyl reductase component of the Fatty Acid Synthase II
pathway (Dessen, Quemard et al. 1995).The identity and uniqueness of the target
remain in dispute however (Mdluli, Slayden et al. 1998; Larsen, Vilcheze et al. 2002;
Vilcheze, Wang et al. 2006).Though disruption of mycolic acid synthesis is a prominent
and early event after drug exposure (Winder and Collins 1970), intracellular activation
of the prodrug is also known to generate free radicals (Rozwarski, Grant et al. 1998),
reversal of depletion of intracellular stores of NADH opposes the effect of the drug
(Vilcheze, Weisbrod et al. 2005) and the chain of events leading to the characteristic
mode of cell death has not been clearly defined (Takayama, Wang et al. 1973).

Pyrazinamide (PZA) is also thought to be a prodrug, requiring a nicotinamidase,
encoded by the gene pncA, for activity (Scorpio and Zhang 1996). The usual
physiological function of this enzyme in prokaryotes is to produce nicotinic acid for
generation of NAD via the Preiss-Handler pathway. The key enzyme in this pathway is
PncB, which is poorly functional in M tuberculosis and leads to accumulation of
intermediates (Kasarov and Moat 1972). By contrast, point mutations in pncA are
associated with constitutional and acquired resistance in Mbovis (Scorpio and Zhang
1996) and M tuberculosis (Scorpio, Lindholm-Levy et al. 1997) respectively. By
analogy with isoniazid and on the basis of studies of lipid synthesis using 5-
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chloropyrazinamide in M. smegmatis, PZA was claimed to inhibit the Fatty Acid
synthase I pathway (Zimhony, Cox et al. 2000) but this result could not be replicated
using pyrazinoic acid (POA) in M. tuberculosis and POA may not inhibit purified FASI (Boshoff, Mizrahi et al. 2002; Ngo, Zimhony et al. 2007). Growth inhibition of M.
tuberculosis is also observed upon accumulation of other weak organic acids and
correlates with decreasing pKa and ambient pH (Zhang, Zhang et al. 2003).
Accumulation may depend on a complex balance of diffusion, efflux and protonation of
the active metabolite pyrazinoic acid (Zhang, Wade et al. 2003) which may be disturbed
in stationary phase leading to the phenomenon of increasing non-specific toxicity of this
compound as energy metabolism slows and ultimately death of the organism (Zhang,
Scorpio et al. 1999; Zhang and Mitchison 2003)

1.4. Tools for drug development

1.4.1 Animal models

The traditional screening model for in vivo activity of antituberculosis agents remains
the mouse. The model has been used for many different purposes and the experimental
parameters consequently vary greatly. The endpoint for such studies is usually based on
viable colony counting of homogenized lung or spleen or both, a measure of bacillary
load impossible to obtain accurately in humans. Simple protection experiments using
large intravenous inocula otherwise invariably resulting in death of the animal can

28

Chapter 1

General Introduction

provide proof of efficacy for individual agents usually using an outbred strain (e.g.
Swiss). Using a similar protocol with an inbred strain (e.g. C57 BL/6, BALB c or C3H)
combination regimens can also be studied at varying durations, achieving efficient
combinatorial comparisons of agents.

Models using a much lower intravenous or aerosol inoculum however have recently
been promoted on the basis that particularly the latter route of infection results in a less
rapid interferon-y response with the development of larger granulomas (Cardona,
Cooper et al. 1999) which are required to sustain a chronic infection (Saunders, Frank
et al. 1999). Used in conjunction with an initial period of therapy, other mouse models
can also achieve an infection stable enough to study the phenomenon of latency but
there are many variations of the original “Cornell” mouse model (McCune, Tompsett et
al. 1956; Scanga, Mohan et al. 1999).

The record of mouse models in predicting the efficacy of regimens to date rests mainly
on their correlation with the results of short-course chemotherapy trials (Grosset 1978;
Grosset 1980) but there are some significant problems with extrapolation of their
results. Differences in properly scaling doses of agents between species, metabolic
differences and pharmacokinetic interactions can make dose-finding problematic and
occasionally produce spurious results (Grosset, Truffot-Pemot et al. 1992).

Mouse models have also been criticized on the grounds that the pathology of mouse
tuberculosis infection exhibits significant differences from that of humans both at a
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macroscopic, histopathological and molecular level (Rhoades, Frank et al. 1997). Total
and pulmonary bacillary load tend to be lower than in humans and very large inocula
result in rapid death of the mice without any recruitment of an effective immune
response. Coherent granulomata are not formed and extensive necrosis and caseation
are not features of disease in mice, possibly due to differences in lymphocyte
recruitment, location and cytokine production in the lesions (Orme 1998). In addition,
recent work with microelectrodes and the redox indicator pimonidazole suggests that
anaerobic conditions are not reproduced in these lesions in vivo (Aly, Wagner et al.
2006) and that transcription profiles of bacilli recovered from the mouse system may be
highly dependent on the stage of infection and species used (Talaat, Lyons et al. 2004) .

Guinea pigs are more susceptible to tuberculosis than mice, exhibiting early granuloma
formation and necrosis (Turner, Basaraba et al. 2003) and hence have generally been
used in studies of vaccination (Vipond, Vipond et al. 2006) and transmission (Escombe,
Oeser et al. 2007). Emergence of a persister phenotype among bacilli in this model
appears more reliable than in mice (Jain, Hemandez-Abanto et al. 2007) and BCG
vaccination can result in a more chronic model of disease suitable for studies of drug
therapy (McMurray, Dai et al. 1999). However, pyrazinamide demonstrates no activity
in guinea pigs (Steenken and Wolinsky 1954; Dickinson and Mitchison 1970) raising
questions about their suitability as a model for sterilization. Rabbit models were
developed in classic experiments during the 1960s (Allison, Zappasodi et al. 1962) and
also show lesions very similar to humans (Converse, Dannenberg et al. 1996). However,
loss of stock susceptible to M. tuberculosis sensu stricto, problems of housing in BSL3

Chapter 1

General Introduction

facilities and a lack of suitable reagents have recently limited their use. Progress has
recently been made using a cynomolgus macaque model which may reproduce the
immunopathology of human infection more closely and could be particularly useful for
immunological studies of latent disease (Capuano, Croix et al. 2003). Therapeutic
experiments similar to those in mice using this model are however likely to be very
expensive and ethically problematic.

1.4.2 In vitro models

In the light of the limited reproducibility and translation to humans of mouse data, other
models of drug action in vitro against stationary phase M. tuberculosis under different
conditions have been developed. As long ago as 1933, it was observed that in vitro
cultures maintained under anaerobic conditions for many years could still harbour
viable organisms (Corper and Cohn 1933). Bacilli in a similar state could also be
recovered from surgical specimens (Hobby, Auerbach et al. 1954; Wayne 1960) and
Cornell mice (McCune, Feldman et al. 1966). Wayne later described a means of
inducing “non-replicating persistence” in liquid culture which has provided a simpler
means of studying the basic characteristics of this phenomenon (Wayne 1976).
Recently, Coates and colleagues have also developed a range of similar models using
varying conditions of drug exposure with similar characteristics (Mitchison and Coates
2004). Intracellular infection models have also become a common means of attempting
to replicate in vivo conditions and may induce relevant physiological changes in
mycobacteria depending on the experimental conditions (Schnappinger, Ehrt et al.
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2003). Hollow-fibre and other more dynamic in vitro PK-PD modelling systems are
only beginning to be applied in this area (Karakousis, Yoshimatsu et al. 2004; Gumbo,
Louie et al. 2007). However, the relevance and predictive power of all of these systems
to activity in clinical trials remains to be proved.

1.4.3 EBA studies

Prior to the 1980s, mouse models seemed to be the only feasible means of in vivo
pharmacodynamic evaluation of new agents carried out prior to initiation of Phase III
trials. In 1977, a seminal study conducted in tuberculosis patients in Nairobi, Kenya
(Jindani, Aber et al. 1980) pioneered attempts to obtain similar information from
humans. Patients were assigned randomly to monotherapy with different agents for 14
days after which they received standard therapy. Viable colony counts were prepared
from samples of sputum submitted on alternate days and regression methods used to
compare the rate of decline of viable counts caused by the different drugs during
different time intervals. For the first time in humans, it was demonstrated that an in vivo
pharmacodynamic measure existed which was sufficiently precise to enable differences
in the activity of drugs to be detected. This breakthrough subsequently led to the
“classical” concept of “early bactericidal activity”, defined as the fall in sputum colony
counts over the first two days of therapy which was at first advocated as a means of
demonstrating proof-of-concept and potentially measuring the absolute activity of
agents in humans (Donald, Sirgel et al. 2003). The idea was also later successfully
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applied to problems of finding the minimum effective and optimal doses (Sirgel, Botha

t

1

et al. 1993; Sirgel, Fourie et al. 2005) (Figure 1.4).

There are, however, two significant problems with EBA studies. The first is that the
effect of isoniazid over the first two days of therapy is so large that it is impossible to
detect differences between any combination of agents containing it at reasonable sample
sizes. The second is that it is unclear whether EBA studies measure what became
known in the BMRC trials as “sterilizing activity”. Rifampicin has very modest EBA by
comparison with that of isoniazid, while pyrazinamide has almost no detectable activity
at all during the first two days (Jindani, Aber et al. 1980). This obvious discrepancy
between the results of EBA studies and Phase III trials led to the concept of an
“Extended EBA study” over the first 7-14 days generally using single agents but also
with pairs of drugs and sometimes full regimens. This was also argued to ensure that
steady state of the agents could be reached during the study period (although in fact
very few of the agents tested exhibit accumulation under daily dosing).
The results of such studies were difficult to interpret. While the effect of isoniazid
diminished rapidly after the first two days and the regression coefficients of the
“sterilizing” drugs increased in the later time intervals these differences varied in
statistical significance. The variability of the measurements was greater than in the
original EBA studies, resulting in less powerful comparisons and there was no firm
basis on which to select appropriate intervals for statistical summarization (Jindani,
Aber et al. 1980; Jindani, Dore et al. 2003).

33

General Introduction

Chapter 1

Figure 1.4: Summary of published dose-titration studies of Early Bactericidal Activity
(Data from publications of Donald et al) H=isoniazid, R=rifampicin, Rb=rifabutin,
Rp=rifapentine, Cp=ciprofloxacin, S=streptomycin

Log Dose (mg)
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A Phase II study of the promising new rifamycin rifalazil employed a 14 day design
with monotherapy and pairs of drugs compared on the basis of change of sputum colony
counts from baseline. This study produced negative results and seems to have been
grossly underpowered (Dietze, Teixeira et al. 2001). The limit of 14 days imposed by
ethical concerns on monotherapy studies (because of the risks of resistance and early
mortality) places serious constraints on the maximum possible divergence of the
response profiles, making it almost impossible to achieve reasonable power of
comparisons during this interval.

Controversy also continues over bacteriological (Gosling, Uiso et al. 2003) and
statistical methodology (Gillespie, Gosling et al. 2002).The scale of EBA activity
appears to have contrary properties with an empirical ceiling on the magnitude of any
measured effect imposed by the activity of isoniazid while the extension of EBA studies
has led to safety concerns regarding the control group which was always included in
classical studies. One solution has been to suggest that all effects could safely be tested
against zero, the mean effect observed in historical controls (Sirgel, Venter et al. 2001)
though this would not protect against bias in individual studies since the range of
control EBAs includes values up to 0.117 logio CFU/ml/day (Sirgel, Venter et al. 2001)
and does not resolve the issue for studies of combinations of drugs.

Another solution is to instead test effects against isoniazid as a positive control. This
has the statistical problem that this drug shows the highest variance (Donald, Sirgel et
al. 2003) and the logical one that all effects will then be defined negatively. The latter
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can only be interpreted either as reduced activity or antagonism and it is nonsensical to
argue that this might for instance represent improved sterilizing activity (SA) since the
relationship between EBA and SA is unclear and both could logically be absent.
Transformation of the data to a scale derived from non-linear regression of counts, socalled vtso, at first appears to improve the ranking of agents (Gillespie, Gosling et al.
2002; Gosling, Heifets et al. 2003). However, since it is a one-to-one transformation of
a rate constant derived from the same possibly inappropriate biological measure this is
certainly equally misleading. This problem appears insurmountable and argues for
restricting the use of classical EBA studies to proof-of concept demonstration of activity
in humans and dose-finding studies. These could be usefully interpreted along with
Phase 1PK data to improve dose selection for later Phase II and III development.

Studies were later initiated that attempted to circumvent this impasse. In 1991 a new
colony-counting study was carried out in Nairobi that followed patients on standard
(SHT) and short-course (SHRZ) regimens over the first 28 days of their treatment
(Brindle, Nunn et al. 1993). The initial reading of the results of this study appeared
disappointing since there were no obvious differences between two combination
regimens which were already known to differ in their “sterilizing activity” and though
this approach was later replicated in another study in Uganda (Joloba, Johnson et al.
2000), it did not appear to be of use for drug development.
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1.4.4 New biomarkers

Attempts have also been made to find new sputum biomarkers with better properties, in
both a statistical and biological sense. Among these were use of liquid culture systems
(Epstein, Schluger et al. 1998; Wallis, Perkins et al. 2000) , measurement of DNA and
mRNA (DesJardin, Perkins et al. 1999; Hu, Mangan et al. 2000), Antigen 85 complex (
the quantitatively dominant outer membrane protein of M tuberculosis) (Wallis,
Perkins et al. 1997) and IFN-gamma production (Ribeiro-Rodrigues, Resende et al.
2002). Non-sputum biomarkers such as Whole blood bactericidal assay (Wallis, Vinhas
et al. 2003) , IFN-gamma EFISPOT for ESAT-6 (Ferrand, Bothamley et al. 2005) and
urine LAM (Tessema, Hamasur et al. 2001; Boehme, Molokova et al. 2005) have also
been proposed. It remains unclear whether any of these new biomarkers is superior in
either a statistical or a priori biological sense for the detection of differences between
treatment regimens and to date none has undergone any clinical evaluation at the scale
of colony-counting methods. Yet the need for biomarkers which could accurately reflect
the presumed decline of persisting bacilli in vivo has never been greater.

1.5. Methodology in tuberculosis clinical trials
1.5.1 The dilemma of new Phase III trials

The results of Study X (East African/BMRC 1978; East African/BMRC 1981) raised a
difficult ethical and statistical problem for future clinical trialists proposing to study
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new combination regimens. Sputum culture results at two and six months in this study
had initially appeared encouraging but it quickly become clear that these endpoints did
not reflect the failure of the regimens to ultimately “sterilize” the patients. Only the
relapse rate seemed capable of providing this information (Mitchison 1996).
Unfortunately, the potency of the short-course regimen at a duration of six months had
already reduced this endpoint to a very small magnitude (approximately 5%) (Fox,
Ellard et al. 1999). As accurate strain differentiation using the IS6110 insertion
sequence (Mazurek, Cave et al. 1991; van Soolingen, Haas et al. 1993) and
spoligotyping (Goyal, Saunders et al. 1997) became available it was revealed that this
endpoint could also be contaminated, at least in high incidence settings, by a high
proportion of reinfections, presumably completely unrelated to failure of therapy
(Verver, Warren et al. 2006).

These factors taken together mean that superiority designs for new Phase III trials using
HRZE as the comparator are hardly feasible (Figure 1.2 -bottom panel) and even those
based on demonstrating non-inferiority must involve groups much larger than those
used in the short-course chemotherapy trials. For instance it has been estimated that not
less than 350 subjects per arm would be needed even for an equivalence trial of any new
regimen, but this may be an optimistic figure since re-infection is not taken into account
(Global Alliance for Tuberculosis Drug Development 2001). The potential economic
and time costs of trialing an ineffective regimen have therefore increased very
significantly in this new era, rendering the older, more informal and uncertain paradigm
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of drug development inadequate and placing an urgent new focus on the capacity of
Phase II studies to screen new agents prior to entry into Phase III.

1.5.2 Surrogate endpoints

There has been much discussion in the recent literature on the subject of biomarkers and
surrogate endpoints in Phase II trials in tuberculosis (Perrin, Lipman et al. 2007). A
surrogate endpoint is a biomarker intended to give an early and reliable indication of
treatment effects in clinical trials in relation to some reference, usually clinical endpoint
(Burzykowski, Molenberghs et al. 2005). A surrogate endpoint must fulfill three
conditions

• it must have a biologically plausible causal relationship with the reference
endpoint, preferably mechanism-based
• it must have useful statistical properties
• it must successfully complete a process of evaluation (sometimes referred to as
“validation”) against the reference endpoint

It is useful to distinguish between surrogate endpoints that perform well at the
“individual” level i.e. predict the value of an individuals reference endpoint and those
that are useful at the “trial” level i.e. predict the magnitude and direction of a treatment
effect on the reference endpoint (Molenberghs, Burzykowski et al. 2004). These two
properties are not as closely related in practice as intuition suggests (Baker and Kramer
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2003) and for the purposes of Phase II trials it is the second that is of most interest and
upon which evaluation must focus (Burzykowski, Molenberghs et al. 2005).

If it is required that a surrogate endpoint is intended to replace the reference endpoint in
the context of a Phase III trial then a very high degree of prior validation will be needed
and the focus will be on hypothesis testing to confirm efficacy. A crucial aspect of the
assessment of efficacy in Phase II however is usually to learn as much as possible about
dose-response (Sheiner 1997). Under these circumstances surrogate endpoints with less
firm prior validation may be provisionally accepted especially if they have high
biological plausibility and favourable statistical properties. Recently it has been
suggested that cumulative meta-analysis of studies employing such endpoints is the
optimal means of evaluating them (Buyse, Molenberghs et al. 2000; Molenberghs,
Buyse et al. 2005) which would enable practical application of the learning paradigm in
this context.

It was noted retrospectively that in the BMRC studies sputum culture results at time
points prior to six months were associated with later relapse. A broad correlation
between two month culture positivity and relapse was observed across the series of
trials (Mitchison 1996) and a linear discriminant comprising two and three month
culture results and radiographic extent of disease appeared to be a useful predictor of an
individuals risk of relapse (Aber and Nunn 1978). Two month culture was therefore
proposed as the most reliable early indication of relapse but this approach has a number
of problems. Given the information that now exists about the decline of bacillary load in
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the sputum over the intensive phase of therapy from EBA and extended colony counting
studies, it can readily be appreciated that adopting culture positivity at two months as a
surrogate endpoint is a strategy that wastes information. It does not lend itself to
learning about the pattern of drug response over time and also has the statistical
disadvantage that as a poorly scaled static proportion, it lacks power.
A multinational study recently completed by the Centres for Disease Control
seems to illustrate the difficulties with this approach (Burman, Goldberg et al. 2006).
The study was designed to compare substitution of Moxifloxacin for Ethambutol as the
fourth component of the regimen in the intensive phase. Two month sputum culture was
defined as the primary endpoint though cultures were also performed at 0, 2, 4 and 6
weeks. Despite some intriguing differences at early time points and trends on survival
analysis, no statistically significant differences were seen on the primary endpoint at a
sample size of 125 per arm. Taking into account the size of the treatment effect actually
observed it appears that the power calculation for this study was highly optimistic. In
fact, it must now be doubted whether this endpoint can be usefully used to screen for
even quite large treatment effects since the required sample size for such a study
approaches that required for a Phase III equivalence trial.

1.5.3 Pharmacokinetic-pharmacodynamic methods

The concept of the usefulness of pharmacokinetic-pharmacodynamic (PK-PD)
modelling as an aid to understanding drug response in early clinical development is now
commonplace in the pharmaceutical industry (Zhang, Sinha et al. 2006) and recognized
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by it’s regulators (International Conference on Harmonisation 1994; Food and Drug
Administration 2003). Improved computational and simulation methods have enabled
an approach which can synergize with and improve the design of both pre-clinical
experiments and early clinical trials (Csajka and Verotta 2006) with the potential for
large improvements in the efficiency of drug development (Derendorf, Lesko et al.
2000; Sheiner and Steimer 2000). This has only recently been recognized in the field of
infectious diseases, though it has become well-established in drug development
programmes in other areas such as psychiatry, chronic medical conditions and cancer.

For many years, the static concepts of MIC and breakpoint concentration have been the
accepted bedside and laboratory methodology for integrating pharmacokinetic and
pharmacodynamic information, particularly in bacterial infections (Reeves, Wise et al.
1999; Mouton, Dudley et al. 2005). In recent years, attempts have been made to
introduce more sophisticated PK-PD indices appropriate to different classes of agents
with different mechanisms of action against different kinds of organisms (Craig 1998;
Mouton and Links 2005; Ambrose, Bhavnani et al. 2007). Work in the areas of
respiratory infection (Craig and Andes 1996; Schentag, Meagher et al. 2003), malaria
(Svensson, Alin et al. 2002; Pukrittayakamee, Wanwimolruk et al. 2003; Simpson,
Hughes et al. 2006) and HIV (Pfister, Labbe et al. 2003; Winston, Hales et al. 2005)
have done much to operationalize the PK-PD concept. Until recently, however,
pharmacokinetics of the first-line agents for tuberculosis had been incompletely
characterized and very limited information existed concerning the relationship of their
pharmacodynamics to pharmacokinetic determinants or the influence of
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pharmacogenetics, single nucleotide polymorphisms (SNPs) in genes relevant to drug
metabolism. New studies have recently re-evaluated earlier work using modem
analytical and population pharmacokinetic methods.

1.6. PK/PD characteristics of existing agents
1.6.1 Isoniazid

The pharmacokinetics of isoniazid are summarized in Table 1.1. Its disposition has long
been recognized as highly dependent on acetylator status, under the control of the
arylamine N-acetyl tranferase (NAT2) gene (Fretland, Leff et al. 2001), one of the most
important and highly polymorphic pharmacogenetic loci. The frequency of mutant
alleles associated with a “slow” acetylator phenotype varies significantly between
ethnic groups (Hein, Doll et al. 2000). The common *5 (T341C) mutant allele is
responsible for the predominance of “slow” phenotype in Caucasians (Cascorbi,
Brockmoller et al. 1999), while in Asia the wild type *4 allele predominates with a
variety of other mutant alleles increasing in frequency with latitude (Morrison and Levy
2004). The correlation between genotype and phenotype is generally close, though
acetylator phenotype has been reported to be discordant in HIV infection with the
acetylation rate decreasing with more advanced disease (O'Neill, Gilfix et al. 1997).
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Table 1.1: Pharmacokinetic characteristics of current first-line agents ( data from
publications of Ellard, Peloquin and Conte and others)

pKa
LogP
Usual daily dose
T m a x (h)
Cmax (P g /m l)
A U C o - o o (pg/ml * h)
Bioavailability
(and effect of food)
VCLkg1)
Protein binding (%)
Pulmonary levels *
CSF levels (pg/ml )f
Metabolism

Metabolites

Ti/2(h)
Cl (1 h'1)
Renal clearance (ml
min'1kg'1)
% excreted
unchanged
Accumulation index
with daily dosing
Toxicities

Isoniazid

Rifampicin

Pyrazinamide

Ethambutol

1.8, 3.5, 9.5
(weak base)
-0.6
300 mg
1-2
3-6
4-30
91%
(Cmax ¿51%
AUC 4,12%)
0.85-1.2
20

1.7, 7.9
(zwitterion)
3.7
600 mg
1.5-2
8-24
50-150
68 %
( Cmax 136%
AUC |6%)
0.5
85

0.5
(weak base)
-1.88
25 mg/kg
1-2
20-50
300-550
>90%

0.7
50

6.3,9.5
(strong base)
-0.14
25 mg/kg
2-3
2-6
20-40
80%
( C m a x 117%
A U C 14%)
0.3-7
40

ELF 1.2-3.2 x
AC 2 .lx

ELF 0.2x
AC l . l x

ELF 20 x,
AC 0.81x

ELF 1.04x
AC 26x

(C m a x 1 1 5 %
A U C

T 2 % )

2.4 -3.2

0.3-0.8

31.0-44.5

-

Acetylation
(N A T 2)

Deacetylation
and hydrolysis
(C Y P3A 4)

Dehydrogenation
(A lcohol
dehydrogenase)

acetylisoniazid
, isonicotinic
acid, m onoand diacetylhydrazines

2 5 -0 desacetylrifampicin,
3-form ylrifampicin

Deamidation,
oxidation
(xanthine
oxidase)
pyrazinoic a c id ,
5-OH pyrazinoic
acid

0.5-2
9-80
46

2-5
4-40
8.7

9
3-5
2

2-4
50-150
25

40%

-18%

-3%

70%

1

1

1

Hepatitis
Peripheral
neuropathy

Hepatitis

1.21 (1.32 for
POA)
Hepatitis
Arthralgia

* ELF = Epithelial Lining Fluid AC= Alveolar cells

2 ,2 ’etylenediam inodibutyric acid

Optic
neuropathy
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“Slow” phenotype was associated with peripheral neuropathy early in the drugs use
(Hughes, Biehl et al. 1954), a toxic effect closely related to the increase in exposure as
measured by plasma AUC (Ellard and Gammon 1976). More recently “slow” alleles
have also been linked to hepatotoxicity (Ohno, Yamaguchi et al. 2000; Huang, Chem et
al. 2002) possibly through increased formation of toxic hydrazines (Sarich, Zhou et al.
1995) but polymorphisms in CYP2E1 have also been independently linked to isoniazid
hepatitis (Huang, Chem et al. 2003; Vuilleumier, Rossier et al. 2006).

Acetylator status and plasma concentrations of isoniazid have been linked with
pharmacodynamics in humans with an essentially linear relationship between AUC and
EBA and a strong independent influence of NAT2 genotype (Donald, Sirgel et al.
2004). Work in different mouse and cellular models also supports the concept of
AUC/MIC as the strongest PK-PD index for isoniazid (Jayaram, Shandil et al. 2004;
Gumbo, Louie et al. 2007). Importantly, there also appears to be a significant post
antibiotic effect: single pulses of isoniazid may lead to cessation of growth in vitro for
as long as 6 days (Mitchison 1998). This property was a crucial scientific argument for
the use of intermittent regimens. However, isoniazid also has the shortest half-life
among current first-line agents ( from 1 to 3.5 hours according to acetylator status)
(Peloquin, Jaresko et al. 1997). Pharmacokinetic substudies (Weiner, Burman et al.
2003) of clinical trials in which rifamycin mono-resistance emerged in patients on
therapy (Vernon, Burman et al. 1999) linked this unusual phenomenon with acetylator
status and the AUC of isoniazid, suggesting that the explanation may have been
pharmacokinetic mismatching between isoniazid and rifamycins with a half-life longer
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than rifampicin during intermittent regimens. However, rifamycin monoresistance has
also been observed with the standard agent, particularly when given intermittently
during the intensive phase of therapy (Nettles, Mazo et al. 2004; Li, Munsiff et al. 2005)

1.6.2 Rifampicin

The pharmacokinetics of rifampicin are summarized in Table 1.1. The drug undergoes
extensive first-pass mucosal and hepatic metabolism and auto-induction of the enzymes
responsible for it’s inactivation (Miguet, Mavier et al. 1977), with a significant
reduction in plasma concentrations at steady state which was recognized at an early
stage of clinical development (Acocella, Pagani et al. 1971). The drug is a substrate for
and strongly induces the majority cytochrome P450 isoform CYP3A4 (Combalbert,
Fabre et al. 1989) but may also induce other important isoforms including CYP3A5,
CYP2B6 and CYP2C9 (Rae, Johnson et al. 2001; Raucy, Mueller et al. 2002). This
explains many of its important drug-drug interactions, particularly with antiretroviral
agents, which other members of the rifamycin series do not share (Niemi, Backman et
al. 2003).

Rifampicin is also a substrate for and inducer of members of the human ATP-binding
Cassette transporter (ABCT) superfamily, particularly P-glycoprotein (PGP)
(Becquemont, Camu et al. 2000; Hartkoom, Chandler et al. 2007). These drug
transporters represent a general and remarkably non-selective mechanism of removing

General Introduction

Chapter 1

amphipathic xenobiotics from the cell and may work in synergy with CYP enzymes in
vivo since they share the same pathway of gene regulation through the orphan nuclear
receptor PXR (Chen and Raymond 2006). There is evidence that PGP expressed in
monocytes and macrophages and may be independently upregulated by interferon-y
stimulation and HIV infection (Puddu, Fais et al. 1999; Jorujuria, Dereuddre-Bosquet et
al. 2004). The MDRla gene encoding PGP has a remarkably redundant coding
sequence with 28 introns (Sakaeda, Nakamura et al. 2002). Of 28 SNPs identified to
date, one, in exon 26 (C3435T) despite being located at a wobble position, has been
unequivocally associated with an altered phenotype (Hoffmeyer, Burk et al. 2000) and
the frequency of this polymorphism varies significantly between ethnic groups
(Ameyaw, Regateiro et al. 2001; Sakaeda, Nakamura et al. 2002). In addition, PGP may
be linked to altered virological and immunological response to antiretroviral therapy
(Fellay, Marzolini et al. 2002; Haas, Wu et al. 2003; Saitoh, Singh et al. 2005)

In in vitro and mouse models it would appear that the AUC/MIC is once again the most
relevant pharmacokinetic index of response (Jayaram, Gaonkar et al. 2003; Gumbo,
Louie et al. 2007) and it also demonstrates post-antibiotic effect (Mitchison 1998).
Several conflicting reports have appeared raising the possibility of “inadequate”
exposure of rifampicin ( as compared to normal ranges generated in healthy American
volunteers ) especially in patients with advanced AIDS and gastrointestinal dysfunction
(Choudri, Hawken et al. 1997; Sahai, Gallicano et al. 1997; Perlman, Segel et al. 2005),
while studies of population PK from different countries suggest quite large differences
in parameters across populations (Pargal and Rani 2001; van Crevel, Alisjahbana et al.
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2003; Mcllleron, Walsh et al. 2005; Tappero, Bradford et al. 2005). How far this is
explained by differences in assay conditions and formulation of drugs is still not clear
but establishing consistent bioequivalence of rifampicin in fixed drug combinations has
posed significant technical difficulties (Pillai, Fourie et al. 1999). No data currently
exist relating rifampicin PK to EBA though an early EBA study unsuccessfully
attempted to study this for rifabutin, a more lipophilic drug for which interpretation of
plasma concentrations is much less clear (Chan, Yew et al. 1992).

There is also uncertainty concerning the current dose of the drug. The only published
dose-ranging Phase III study (USPHS Study 19) concluded that a dose of 600 mg was
better tolerated and had equal efficacy to 900 mg (Long, Snider et al. 1979) but other
studies using higher doses have claimed better rates of cure (Kreis and Pretet 1976) with
the potential for treatment shortening. A dose-finding study based on EBA techniques
showed a linear and continuously increasing dose-response in the range up to 600 mg
(Sirgel, Fourie et al. 2005), confirming the results of two earlier reports (Jindani, Aber
et al. 1980; Chan, Yew et al. 1992) and recently a further study demonstrated a
significant doubling in EBA at a daily dose of 1200 mg (Diacon, Patientia et al. 2007).

1.6.3 Pyrazinamide

The pharmacokinetics of pyrazinamide are summarized in Table 1.1. The drug achieves
high concentrations in plasma and is metabolized by hepatic deamidases and xanthine
oxidase to at least one metabolite believed to be active, 5-hydroxy-pyrazinoic acid
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(Lacroix, Houng et al. 1989). This is present in abundance in human plasma but is also
believed to be generated by the nicotinamidase of M tuberculosis itself and so is rarely
assayed. Despite the presence of significant phenotypical variability in the xanthine
oxidase pathway (Wang and Weinshilboum 2006), the pharmacokinetics of
pyrazinamide appear to be the most reliable of the three first-line agents (Perlman,
Segal et al. 2004; Wilkins, Langdon et al. 2006).

The unusual mechanism of action of pyrazinamide makes it likely that the relevant PKPD relationships may not be captured by plasma levels and there are no published data
on PK-PD relationships from animal or in vitro models. There are many difficulties
with susceptibility-testing since in vitro the drug exhibits no activity at all at neutral pH
(Heifets, Higgins et al. 2000), making the application of the MIC concept in vivo
possibly problematic. Pyrazinamide is also the only one of the four first-line drugs for
which no significant EBA can be demonstrated, making clinical assessment difficult
(Donald, Sirgel et al. 2003).

1.7. Research Priorities

These issues are made more pressing by the emergence from the drug discovery
pipeline, for the first time in thirty years, of completely new classes of
antimycobacterial agents. Those close to or now entering clinical development include
the nitroimidazo- compounds PA-824 (Kendall-Stover, Warrener et al. 2000) and OPC-
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67683 (Matsumoto, Hashizume et al 2006), the diarylquinoline R-207910 (Andries,
Verhasselt et al. 2005), the pyrrole BM-212 (Biava 2002) and the 8-methoxyquinolones,
Moxifloxacin (Ji, Lounis et al. 1998) and Gatifloxacin (Tomioka, Saito et al. 1993 ).
The potency and place of these individual agents in combination regimens needs to be
defined and the possibility of pharmacodynamic interactions between these new drugs
and their older companions in a regimen must be carefully evaluated. This appears
possible albeit provisional in the mouse model but whether it can be efficiently
confirmed and explored with existing Phase II methods in humans is currently in
question. The uncertainty surrounding both sources of information adds unacceptably to
the already considerable risks involved in the design and execution of Phase III trials for
which limited resources are available at present. The identification and optimization of
appropriate PK-PD methods for use in the early clinical phase could be the key to
resolving these problems. This is the single most urgent task now facing those involved
in the tuberculosis drug development process.
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CHAPTER 2
Non-linear mixed effects analysis of a
serial sputum colony counting study
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2.1 Introduction

The increasing insensitivity of clinical and laboratory endpoints traditionally used in
tuberculosis treatment trials has created an urgent need to identify and optimize
biomarkers that could act as surrogate endpoints for “sterilizing” activity in the early
stages of clinical development (Global Alliance for Tuberculosis Drug Development
2001). The only method which has so far been widely evaluated uses serial counts of
colony-forming units of M. tuberculosis in patient’s sputum during the early stages of
therapy. “Early bactericidal activity” (EBA) (Jindani, Aber et al. 1980; Sirgel, Donald et
al. 2000) probably reflects drug action on a population of rapidly dividing bacilli and may
not accurately reflect or even detect the “sterilizing” activity of the first-line agents
apparent in clinical trials. It has been proposed that by extending the duration of sputum
sampling more reliable estimates of this activity could be obtained.

The only large-scale study to evaluate serial sputum colony counting (SSCC) for longer
than 14 days during modem short course combination chemotherapy was carried out in
Nairobi, Kenya in 1989-90 (Brindle, Nunn et al. 1993). Employing laboratory methods
similar to those used in EBA studies ( without decontamination during processing of the
sputum ) the sputum of patients on “ standard” and “short-course” regimens was sampled
repeatedly during the first four weeks of treatment. A recent re-analysis of this dataset
using a summary measures analysis of variance (SM-ANOVA) approach has been
published which was able to make better use of the information available in the dataset
and appears to support the concept of the usefulness of extended sampling (Brindle,

53

M ixed effects an alysis

C h apter 2

Odhiambo et al. 2001). However, while robust and relatively free of assumptions, this
>
method of analysis was not able to account for the high variability of the summary
statistics between individuals and was forced to discard a significant proportion of the
individual profiles in later time intervals because of missing observations. These
difficulties suggest that an explicitly hierarchical form of regression analysis would be
suitable for data of this kind. This chapter describes the application of a modem statistical
modelling approach, specifically non-linear mixed effects analysis, to the original dataset.

2.2 Methods
)

2.2.1 Conduct of the study

The design and conduct of the study have been described previously (Brindle, Nunn et al.
1993). Briefly, 122 patients with newly diagnosed pulmonary tuberculosis were treated
with Streptomycin and Isoniazid with the addition of either Thiacetazone (SHT regimen)
or Rifampicin and Pyrazinamide (SHRZ regimen). All of the patients consented to
serology for HIV infection and harboured drug-sensitive strains of tuberculosis. Extent of
both disease and cavitation on chest x-ray were recorded on a semiquantitative scale of 1 6. Sputum was sampled on days 0,2,7,14 and 28 and SSCC carried out. The data were
presented as logio colony-forming units/ml sputum.
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2.2.2 Summary measures analysis of variance (SM-ANOVA)

The dataset was divided into four different time intervals defined by the five sampling
points. In each interval, the profile of logio -transformed colony counts for each
individual with at least two available data points was summarized by the slope coefficient
from a subject-specific linear regression model. These coefficients were normalized using
the Box-Cox transformation and analysis of variance performed with the effects of
different factors evaluated using F-tests (Brindle, Odhiambo et al. 2001)

2.2.3 Non-linear mixed effects analysis (NLME)

2.2.3.1 Data structure

Only positive results were included in the dataset, as in the previously published analysis
(Brindle, Odhiambo et al. 2001) and no information was available as to the specific
reasons for missingness. All missing observations were coded as NA and removed by the
fitting function prior to estimation. The response was analysed on the logio scale to
correct skewness of the response and allow inspection of residual plots. Inspection of the
error structure after transformation however suggested moderate residual
heteroscedasticity, the variance increasing inversely with the response, so a simple power
function was used to further explicitly model the error structure (Pinheiro and Bates
2000 ).
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2.23.2 Form of the model

Exploratory data analysis suggested that a sum-of-exponentials would be an appropriate
structural model and initial values for the parameters were obtained by graphical curve
stripping of the population median response curve. An exponentiated parameterization
was used to ensure positivity of the parameters in the models and avoid constraints on
optimization (Davidian and Giltinan 1995). For the fitted monoexponential and
biexponential functions this takes the form

v, = 1°&u>[e0 ' x e " xe ]

y, = !°g io

where y t is the observed response in logio CFU ml'1 at time t and the variance function
may be expressed as

Var(yt ) = a -2
where a2 is the base variance of the response, pt is the value in logio CFU ml'1 predicted
by the model at time t and 8 is a parameter to be estimated. No more complicated
structural model could be evaluated since the original study included only five design
points.
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2.2.33 Fitting procedure

Non-linear mixed effects (NLME) analysis was carried out using the package nlm e
(Pinheiro and Bates 2000) in R (R Development Team 2007). A generalized non-linear
least squares (GNLS) fit of the pooled data was done first and the value of the exponent 5
for the variance function estimated. This was followed by a mixed effects fit using this
same variance function with 5 fixed to aid convergence and a diagonal form of the
covariance matrix for the random effects initialized with arbitrary values. The models
were fitted to the data using the hybrid alternating algorithm of Lindstrom and Bates
(Lindstrom and Bates 1988) with the maximum likelihood (ML) option when comparing
a set of models with nested fixed effects and the default restricted maximum likelihood
(REML) option once the best structural model had been identified . Monoexponential and
biexponential models were compared using the Akaike Information Criterion (AIC) and
Likelihood Ratio (LR) test as well as different graphical displays of the within group
residuals and random effects.

2.2.3.4 Parameterization

The parameters 0 are expressed in terms of natural logarithmic intercepts and rate
constants whereas the parameters from SM ANOVA are regression coefficients on a logio
scale. For consistency of terminology, our estimates are expressed here as intercepts A
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and B and rate constants a and p on the logio scale. The intercepts are simply 0i and
03 divided by 2.303 and the rate constants calculated as e.g. f

- (

4 ) / 2.303 .

Individual predicted values for the parameters were extracted from the fitted models by
addition of the estimated random effects to the fixed effects to obtain the best linear
unbiased predictors (BLUPs). Elimination times for the “slow” population were derived
by addition of the random effects for 02 and 04 to their fixed effects and conversion to
the logio scale. Since, on this scale, for the second exponential term

log 10 cfu = B - p x day
Setting logio CFU to zero (equivalent to one organism on the integer scale) and
rearranging, we have

b/p

a useful analytical approximation for the limit of viability of the population, algebraically
equivalent to Q 3 / e d 4 .A similar method was used to examine the ratio of the model
intercepts 8j and 83 but this is expressed on the real number scale equivalent
t° e 0 1 / e 9 3 in the original parameterization to give a more intuitive interpretation.
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2.2.3.5 Statistical inference

Inferences on parameters in the mixed effects modeling procedure comparing the
regimens and incorporating the covariates relied on Wald tests of the coefficients. Other
statistical methods were used to explore and confirm the findings. Data on the intercepts
A and B, the elimination times B/p and the ratio of intercepts e 6 >/ e 6 3were tested for
normality using normal quantile-quantile plots and the Shapiro-Wilks W test.
Significance testing was carried out using the unpaired Student or Welch t tests,
Wilcoxon test or the Mann-Whitney Rank Sum U test as indicated. A linear model was
used for covariate effects on the intercepts. Non-parametric bootstraps were performed
where appropriate to check the relevant standard errors

2.3 Results

2.3.1 Data summaries and exploratory analysis

The data are presented as individual profiles for each patient in Figure 2.1. Of the 122
subjects, 100 had more than one datapoint available. 54 of these were treated with the
SHT regimen and 46 with SHRZ. Data from the remaining 22 subjects were not used in
the analysis since they had only a single datapoint, usually at baseline. Of the 48 subjects
with all five datapoints available, 29 were treated with SHT and 19 with SHRZ. 29% of
subjects included were HIV seropositive and this did not differ significantly by regimen.
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Figure 2.1: Summary of individual profiles of counts
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Figure 2.2: Spaghetti and non-parametric summary and plots of the SHT (left) and
SHRZ (right) regimens
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For the majority of the individual profiles of counts and for time plots of non-parametric
summary statistics for the groups of patients receiving each of the regimens, the rate of
elimination of organisms does not appear to be linear with time ( Figure 2.2 ). The
coefficient of variation of the counts appears to increase steadily with time. In addition,
there are apparent differences in the shape of the profile between the two regimens with a
steeper decline in counts towards the end of the sampling period for patients receiving the
SHRZ regimen. However, the proportion of patients becoming culture negative by 28
days is similar on both regimens ( 30.4% for SHRZ and 33.3% for SHT ) .

2.3.2 Choice of structural model

Using the complete dataset of 48 subjects, comparison of possible models for both the
SHRZ and SHT regimens confirms that the preferred model is biexponential in form (
Table 2.1 and Figure 2.3) and this is also true for the dataset as a whole (data not shown).
This finding suggests that at least two subpopulations of bacilli, eliminated at different
rates, are present in the sputum though not necessarily simultaneously at baseline ( they
are referred to here as “fast” and “slow”). The parameter estimates for the two regimens
are consistent with previously described clinical endpoints achieved by these drug
regimens in clinical trials and with summary measures estimates. In particular, the p
parameter is larger for SHRZ than for SHT suggesting greater sterilizing activity (0.094
vs. 0.063 logio CFU /ml/day for regimen contrast within the whole dataset, Wald test
p=0.013, 0.094 vs. 0.076 logio CFU /ml/day for separately fitted data, Wilcoxon test p
< 0 .001).
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Table 2.1: Model Choice using pooled fits to the complete data
I

A

a

B

P

(log10C FU )

(logio

(logio

(logio

C F U /m l/dy)

CFU)

C F U /m l/dy)

AIC

LR test

493.169

(1) SH T

6.128

0.095

M on oexp on en tial

(5.829-

(0.076-

6.428)

0.118)

(2) SH T

6.722

0.797

5.604

0.069

B iexp on en tial

(6.237-

(0.249-

(5.044-

(0.045-

7.207)

2.552)

6.165)

0.108)

(3) S H R Z

6.522

0.148

M on oexp on en tial

(6.176-

(0.124-

6.868)

0.176)

(4) SH R Z

7.030

0.417

5.547

0.101

B iexp on en tial

(6.580-

(0.179-

(4.651-

(0.063-

7.480)

0.971)

6.443)

0.161)

(2) vs (1)
484.934

0.002

327.668

(4) vs (3)
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Figure 2.3: Graphical comparison of the location of the regression function for the SHRZ
and SHT regimens
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2.3.3 Random effects structure

Addition of normally-distributed random effects for all the population parameters in the
biexponential model resulted in a significantly improved fit (p<0.001) (Table 2.2). This is
consistent with the high level of inter-individual variability observed in the individual
profiles and inspection of residual plots confirmed that clustering in individuals’ residuals
was adequately accounted for by the mixed effects model. The distributions of the
random effects suggested that variability among individuals was much greater in the
intercept parameters A and B than in the rate constants a and (3. In particular the random
effect for the “fast” rate constant a had a CV% of <1% in relation to the value of it’s
fixed effect and so a simpler mixed effects structure incorporating only the remaining
three parameters A,B and (3 was used in the final model.

2.3.4 Effect of covariates

The effect of HIV status on the fixed effects when fitted as a covariate was statistically
significant for the model as whole but difficult to interpret (complete data not shown).
Apparent modest baseline differences in the A intercept according to HIV status were due
to confounding by extent of cavitation ( p=0.432 for HIV and 0.018 for cavitation score)
but there was a clearly a reduction in the size of the B intercept in the HIV positive group
( p=0.008 ) which was not explained by such factors. There was a highly significant
reduction in a on the SHT regimen (p<0.001) which is surprising given the poor
precision of this parameter but this was not observed on SHRZ. Most importantly, there
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Table 2.2: Estimates of the fixed effects from the pooled and mixed effects fits for the
two regimens using the whole dataset

S H T P o o le d

A

a

B

P

(log™

(lo g 10

(logio

(logio

C FU )

C F U /m l/day)

CFU)

C F U /m l/day)

6.633

0.621

5.380

0.066

(6.282-

(0.241-1.132)

(4.916-

(0.045-0.099)

6.650

0.881

5.463

0.076

(6.264-

(0.651-1.191)

(5.114-

(0.060-0.095)

S H T M ix e d

6.842

1.046

5.611

0.061

E ffe c ts , H I V

(6.387-

(0.711-1.539)

(5.232-

(0.046-0.080)

S H R Z P o o le d

6.845

0.456

5.472

0.100

(6.509-

(0.243-0.858)

(4.868-

(0.072-0.140)

688.627

<0.001

679.184

0.002

606.405

6.075)

S H R Z M ix e d

6.834

0.519

5.307

0.094

e ffe c ts

(6.509-

(0.409-0.658)

(4.824-

(0.079-0.113)

7.159)

526.689

5.790)

<0.001

S H R Z M ix e d

6.985

0.430

5.590

0.098

e ffe c ts , H I V

(6.612-

(0.322-0.575)

(5.004-

(0.079-0.121)

7.359)

751.900

5.989)

7.296)

7.180)

C o v a r ia te

te st

5.812)

7.037)

C o v a r ia te

LR

5.844)

6.984)
S H T M ix e d e ffe c ts

AIC

6.175)
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was no difference in the value of p according to HIV status for either regimen (SHT
p=0.928, SHRZ p=0.367).

The model fixed effects estimates predict that for the population as a whole the ratio of
the intercepts for the “fast” and “slow” components lies between 15.4 (SHT) to 33.7
(SHRZ). This ratio was slightly higher for HIV positive than for HIV negative patients,
due to the greater reduction in the B as against the A intercept. For the SHT regimen, the
median ratio was 7.3 (IQR 2.674-66.700) for HIV negative and 29.4 (IQR 12.080182.300) for HIV positive patients (Mann-Whitney test p=0.048) and for the SHRZ
regimen, the median ratio was 29.8 (IQR 6.454-107.437) for HIV negative and 45.9 (IQR
14.965-193.367) for HIV positive patients (Mann-Whitney test p=0.442). Thus, if the
subpopulation hypothesis is correct, at the beginning of treatment “fast” organisms
should outnumber “slow” ones by approximately 10-50 : 1, or between 1 and 2 logio on
the transformed scale. This is consistent with changes observed during decontamination
in quantitative studies of its effects (Kent and Kubica 1985; Burdz, Wolfe et al. 2003)

For the SHT and SHRZ regimens respectively the predicted minimum elimination times
are 7.5 (5.6-9.5) and 13.2 (10.3-16.0) days for the “fast” and 74.3 (68.8-79.8) and 56.2
(52.9-59.5) days for the “slow” population (Figure 2.4). For each regimen elimination
time was significantly shorter for HIV positive patients (t-tests SHRZ 51.0 vs. 58.5 days
p=0.039, SHT 60.1 vs. 79.7 p=0.001) though it is worth noting again that this is because
of differences in the initial population sizes and not the rates of their elimination. Though
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Figure 2. 4: Histograms of minimum elimination times for the “slow” population of
bacilli with superimposed smoothed density estimates
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these calculations make the assumption of perfect sensitivity for the SSCC method,
*

incorporating a realistic limit of detection of 103 CFU /ml sputum would extend these
mean predicted elimination times for the SHT and SHRZ regimens only to 114.8 and
88.0 days respectively.

2.3.5. Bias and precision of NLME and SM-ANOVA

Assuming the biexponential model to be correct, comparison of the NLME estimates for
the P parameter with the summary measures estimates using different time periods
*

*

>

reveals the extent of bias in these estimators (see Table 2.3). KI(2-7) overestimates P by
more than 100% and any estimator involving day 2 by at least 20%. Later time periods
perform better and agree with the NLME analysis to within 5%. This pattern simply
reflects the persistence of the fast component in the model for up to 14 days rather than
its complete elimination within two, which has sometimes been implicitly assumed. This
bias was consistently positive for the SHRZ regimen but varies in direction for the SHT
regimen.*

Regarding precision of the estimators, use of the whole dataset, rather than complete
profiles only, reduces the standard error of estimates approximately 1,4-fold (see Table
2.4). This is a sample size effect gained by the ability of NLME to use all the available
information. Comparing the P(2-28) coefficient calculated by summary measures with
the values of p estimated here, the CV% is reduced approximately sixfold, from 62% to
less than 10% for mixed effects fits using all of the available data.
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Table 2.3: Bias: Magnitude of Summary Measures and NLME estimators of p and their
ratio*
SHT

SHRZ
Parameter

Value

Ratio

Value

Ratio

(logio C F U /m l/day)

(logio C FU /m l/day)

KI(2-7)

0.225

2.39

0.121

1.61

KI(2-28)

0.115

1.22

0.060

0.80

p(2-28)

0.109

1.16

0.057

0.76

KI(7-14)

0.099

1.05

0.091

1.21

KI(14-28)

0.099

1.05

0.053

0.71

NLME p

0.094

1.00

0.075

1.00

* Methods for the summary measures estimates are given in (Brindle, Odhiambo
et al. 2001).
P(a-b) refers to the coefficient of a linear regression fitted to all the datapoints
between and including times a and b
Kl(a-b) refers to the slope of a straight line connecting datapoints at time a and b
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Table 2.4: Precision: Standard errors and percent coefficient of variation (CV%) of
Summary Measures and NLME estimators of p.
Point estimate

Standard

(log10

Error*

CV%

C F U /m l/d ay)

Pooled summary measures (3(2-28)

0.077

0.048

62.33

Complete (SHT) p

0.069

0.014-0.017

20.15-25.23

Incomplete (SHT) (3

0.066

0.012-0.015

18.37-22.50

Mixed effects Incomplete (SHT) P

0.076

0.008-0.010

10.92-12.64

Complete (SHRZ) P

0.100

0.022-0.027

21.4427.30

Incomplete (SHRZ) P

0.100

0.016-0.019

15.69-18.61

Mixed effects Incomplete (SHRZ) P

0.094

0.008-0.009

8.75-9.67

* A range of standard errors is given since the confidence intervals on the logio scale
derived from NLME analysis were obtained by an exponential transformation of the
confidence interval for the original parameter 84 and are hence asymmetrical.
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2.4 Discussion

It has long been recognised that the bacillary population in patients with tuberculosis is
likely to be spatially and metabolically heterogenous (Mitchison 1979). Though
organisms become undetectable in the sputum in most patients after two months of
therapy, at least 20% will relapse if treatment is stopped at this point (Fox, Ellard et al.
1999) and the location and state of the “persister” bacilli responsible for relapse have
been the subject of longstanding controversy. Continuation of therapy for a further four
months will result in cure for 95% of patients but the very success of modem “short
course” chemotherapy makes evaluation of new regimens in Phase III clinical trials
problematic.

It has been hoped that studies employing surrogate endpoints in early clinical
development may be able to offer stronger scientific warrant for such trials than can be
obtained from animal models alone (Global Alliance for Tuberculosis Dmg Development
2001). Serial sputum colony counting (SSCC) is the only candidate biomarker with
which there is currently any significant experience in clinical studies but there has
recently been controversy regarding both it’s methodology and relevance in dmg
development (Brindle, Odhiambo et al. 2001; Gillespie, Gosling et al. 2002; Jindani,
Dore et al. 2003). In particular, it has been recognized that traditional EBA studies may
not adequately reflect the properties of agents already identified as having “sterilizing”
activity in Phase III trials.
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Traditionally EBA studies have involved two or three highly correlated repeated
measurements obtained over the first two or five days of therapy (Donald, Sirgel et al.
2003). Analysis of such studies has typically proceeded by computing summary statistics
such as EBA0-2 ( the slope of a linear regression on the counts for each individual)
followed by transformation and comparison using simple analysis of variance techniques
without adjusting for baseline counts. This approach proved to be capable of detecting the
activity of and differences between individual agents when given as monotherapy but was
less successful when combination regimens were studied (Jindani, Aber et al. 1980).
High inter-individual variability in the summary statistics limited the power of this
approach and meant that EBA studies could only be successfully carried out at reasonable
sample size in centres where such variability was minimized (Sirgel, Donald et al. 2000).

The use of summary statistics has some advantages : simplicity, interpretability and
minimal assumptions (Matthews, Altman et al. 1990; Senn, Stevens et al. 2000).
However, the approach is highly empirical, necessarily involving arbitrary truncation of
the data into time intervals whose significance is unknown. Departures from linearity can
only be handled using polynomial regression with its attendant problems of interpretation
and prediction. In addition, where data are incomplete, the assumption of constant
variance for the summary statistics may be strictly invalidated and many profiles may
simply be discarded due to computational problems.

In recent years, hierarchical regression techniques have found many applications in both
population pharmacokinetics (Davidian and Giltinan 1995) and advanced medical
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statistics (Diggle, Heagerty et al. 2002). Where the variance of a response measure
clearly depends on multiple sources of variability it is important to account for this in the
analysis : repeated measurements on an individual experimental unit will often be highly
correlated due to factors determining the response that are intrinsic to that particular
individual (Lindsey 1999). Statistical inference which relies on an assumption of
independence between the observations can be highly misleading in such a situation. This
kind of structure in the data can instead potentially be reflected using three distinct
statistical modelling approaches : so-called marginal, transition and random effects
models (Diggle, Heagerty et al. 2002).

The latter type of model is perhaps most commonly used in population pharmacokinetics
where the study of inter-individual variability in drug disposition parameters is of
particular interest (Davidian and Giltinan 1995). By introducing random effects on
relevant parameters of the regression model such an approach can parsimoniously
represent the distribution of subject-specific effects which are expected in many real-life
biological problems. In the case of SSCC studies this translates into partitioning the total
variance of the counts into that induced by inter-individual differences and the residual
variance presumably due to random error arising from sampling variation and
characteristics of the laboratory assay itself (Sirgel, Venter et al. 2001).

In conditions where the overall level of response in a profile of measurements is strongly
determined by subject-specific effects such an approach should greatly improve the
precision and therefore power of inferences at the population level. The development of
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hierarchical modelling in medical statistics has traditionally focused on linear and
generalized linear models for the relevant response (Verbyla, Cullis et al. 1999 ). In
pharmacokinetics (and other areas such as biology and agriculture), the response is more
commonly represented by a more-or-less mechanistic model derived from appropriate
scientific considerations (Mager, Wyska et al 2002 ; Goldstein, Browne et al. 2002). Such
models will usually be non-linear in at least some of their parameters (Lindsey 2001).
This entails a more complex likelihood function with both more sophisticated algorithms
for the fitting of models to data and a more cautious approach to inference (Seber and
Wild 2003, Bates and Watts 1988 ). On the other hand non-linear models often have
greater interpretability and predictive power in many situations (Pinheiro and Bates 2000;
Lindsey 2001).

The dataset analysed here is the largest currently available which employs a
bacteriological method without prior decontamination of the sputum in the context of
extended sampling during combination therapy with a modem short course regimen.
Using a modem statistical modelling approach, the preferred structural model for the data
is unequivocally biexponential which is consistent with the hypothesis that the bacilli
observed in the sputum consist of at least two subpopulations, eliminated by therapy at
different rates. Such heterogeneity amongst organisms found in sputum could help to
explain the discrepancies observed between the results of EBA studies which focus on
the “early” phase of elimination and Phase III trials (Mitchison 1996). Furthermore,
analytical methods that can distinguish between these two distinct phases might still offer
a means of quantifying “sterilizing” activity using laboratory methods similar to those of
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EBA studies during the first weeks of treatment. The statistically significant differences
observed in the rate of elimination of “slow” phase organisms between two regimens
whose “sterilizing” activity in Phase III trials is already known to differ (Fox, Ellard et al.
1999) suggests that this is possible, even at the modest sample sizes available in the
current dataset.

An alternative explanation for these observations could be time-dependent selection of
drug-tolerant “survivor” bacilli under drug pressure from an initially homogenous
population, presumably growing under unrestricted conditions, a model conceptually
similar to that currently used in some in vitro hollow-fibre systems (Gumbo, Louie et al.
2005; Gumbo, Louie et al. 2007) . However, overall rates of multiplication of bacilli
under in vivo conditions appear to be much slower than in such systems. Nutrient or
oxygen starvation models probably reflect these conditions more accurately with growth
rates steadily declining and gradually approaching a state of “non-replicating
persistence” (Wayne and Sohaskey 2001). Given our knowledge of the anatomical and
cellular compartmentalization of bacilli in pulmonary tuberculosis (Canetti 1955;
Fenhalls, Stevens-Muller et al. 2002), the pharmacodynamic properties of combination
chemotherapy (Mitchison 1998) and the conditions under which drug tolerance is
induced in vitro (Mitchison and Coates 2004) this “evolutionary” model seems less
plausible.

While some other clinical studies have reported evidence of only a single population of
bacilli in their data (Joloba, Johnson et al. 2000; Gosling, Heifets et al. 2003; Wallis,
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Vinhas et al. 2003) in these cases processing of the sputum has invariably involved
decontamination using different laboratory methods. The suggestion has been raised that
this technique may eliminate a presumably rapidly growing component of the population,
leaving only a single “slow” subpopulation which appears to be eliminated at a constant
time-invariant rate. If this interpretation is correct, these findings would tend to support
the hypothesis of two subpopulations present prior to commencement of therapy. While
this theory appears to be better supported by the data to date, it seems very likely that
transitions between the two putative subpopulations must occur to at least some degree
(Lipsitch and Levin 1998). Modelling the extent of this phenomenon is difficult however
because we currently lack laboratory methods to discriminate between the
subpopulations. Without this additional information, a model explicitly incorporating
transitions between the subpopulations will have non-identifiable parameters (Wu, Ding
et al. 1998).

These insights have important practical implications for the design and analysis of SSCC
studies ( and by implication many other biomarker studies based on bacteriological
endpoints ). Firstly it appears that in order to obtain reliable estimates of the elimination
of the “slow” phase at a reasonable sample size, the duration of sampling must be
extended beyond two weeks. Secondly, rate constant estimates derived from summary
measures based on datapoints prior to the predicted disappearance of the “fast”
subpopulation between 7-14 days are likely to be biased upwards. This is confirmed by
comparison of the trend in the estimates which agree best when summary measures are
calculated from day 7-28 in this dataset. Sputum decontamination might offer a solution
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to this problem but it seems unlikely that the “fast” subpopulation would be consistently
or completely eliminated even with careful control of the sputum processing method.

This methodological issue is critically important if estimates of sterilizing activity that are
as free from bias as possible are to be obtained. A more formal modeling approach may
have some advantages here since it can in principle discriminate between effects on
different subpopulations. Anti-tuberculosis drugs clearly do have differing activity
against different subpopulations of bacilli in vitro (Paramasivan, Sulochana et al. 2005).
If new agents are active against more than one subpopulation in vivo or interact with the
pharmacodynamics of other components of the regimen, the extent and direction of bias
in summary measures estimates could be hard to predict. This could be part of the
explanation for the difference in the alpha parameter between the SHT and SHRZ
regimens observed in our analysis.

A non-linear mixed effects approach to data like that presented here offers several other
potential advantages in addition to these insights into model choice. It can explicitly
model complicated error structures, account for inter-individual variability and make
efficient use of incomplete data. In this case the gain in precision of the parameters is
approximately five fold. However, not all the parameters were equally well-estimated and
such a model-based approach can be sensitive to the choice of sampling scheme, though
in this dataset, even with only one degree of freedom for the fixed effect parameters, the
procedure was reasonably reliable. The lack of variability in and poor precision of the
alpha parameter is interesting and may be partly due to the sampling scheme adopted in
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the study with only one data point available during the first week. However, the
overwhelmingly large and consistent effect of isoniazid in the early phase of therapy has
been noted in previous analyses of this data and other EBA studies (Sirgel, Donald et al.
2000; Brindle, Odhiambo et al. 2001; Jindani, Dore et al. 2003).

A more serious objection to a hierarchical approach would arise if significant qualitative
heterogeneity in the form of the model existed at the individual level (Matthews, Altman
et al. 1990). In this case, inspection of the individual profiles suggests that a
monoexponential model might be more appropriate for a small minority of subjects
(<5%) but a reasonable interpretation in this context would be that these subjects just
have a very small fast component and should not make the general conclusion at the
population level misleading.

The effect of the available covariates on the model parameters is of some interest since
both HIV infection and radiological appearances have been thought to be linked to
sputum bacillary load and other bacteriological and clinical endpoints. Interestingly, HIV
status did not affect the “sterilizing activity” ((3) in the previous summary measures
analysis and did not do so here. However, the effect of HIV in reducing the B intercept
with a relative preponderance of “fast” bacilli leads to shorter predicted elimination times
for the “slow” population in the HIV positive group. In general, for any given baseline
value of bacillary load, it is possible that the absolute value of the B intercept or ratio of
intercepts

#,/

0 3 could be a more important determinant of the outcome of therapy

than small variations in the a and P rate constants due to drug activity and is likely to be
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related to immune status. This is perhaps a counterintuitive finding but there is some
t

evidence to support such a prediction, based on observed antagonism between immune
and pharmacodynamic effects in clinical trials of adjunctive immunotherapy (Wallis and
Song 2004). However, this insight has important implications for the interpretation of
analyses of bacteriological biomarkers based on survival methods. Clearly, if no account
is taken of the effect of these differences in baseline counts misleading differences in
treatment effect ( as reflected by median culture conversion times ) according to HIV
status may be concluded (Wallis 2005).

In both clinical practice and published Phase III clinical trials it has traditionally been
noted that extent of radiological disease and/or the presence of cavitation are associated
with treatment failure and relapse (Aber and Nunn 1978). Though it is clear that these
measures are correlated to some extent with sputum bacillary counts, they also appear to
exert an independent effect not completely captured by bacteriology. In this dataset
extent of disease as represented by a semi-quantitative ordered categorical scale appeared
to predict the A but not the B intercept.

Calculations of time to elimination of the “slow” component also suggest that it is
unlikely to persist long enough to be the sole source of relapses. So it must be asked
whether the “slow” subpopulation observed in the sputum is that from which relapses
subsequently arise and, by implication, whether it is an appropriate model for the process
of ultimate sterilization and cure. It may be that a third subpopulation is responsible
which may or may not be detectable in sputum using the SSCC method alone, which
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might have a limit of detection as high as 103 CFU/ml of sputum (Burdz, Wolfe et al.
2003). This question cannot be answered by the current dataset because of the lack of
design points, which restricts the order of model that can be fitted. However, given that
the limit of detection is a constant property of the bacteriological method, such
calculations of predicted time to elimination of the “slow” population might still be a
useful and relevant surrogate marker of the likely required length of a regimen in
humans, which could be obtained cost-effectively in relatively small groups of patients
during early clinical development.

Non-linear mixed effects analysis may be a useful method of reducing bias and
improving precision in the assessment of the sterilizing activity of anti-tuberculosis
regimens and gives additional insights into the process of treatment not readily available
using other methods.
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3.1 Introduction

New anti-tuberculosis agents with enhanced sterilizing activity are urgently needed.
However, the potency of modem “short course” therapy makes assessment of new
regimens difficult. Large numbers of patients are required in Phase III development, even
for equivalence trials, and assessing the contribution of individual drugs within
combination regimens efficiently is hardly feasible. Surrogate endpoints, measured in the
early phase of therapy and reflecting sterilizing activity and treatment efficacy could
significantly accelerate the development of new drugs. They could assist in the
confirmation and assessment of absolute activity in humans, selection of dose size and
optimization of companion drugs. However, the quality of information obtainable from
such measures will need to be evaluated and maximized (Global Alliance for
Tuberculosis Drug Development 2001).

Serial sputum colony counting (SSCC) is among the most promising of these surrogate
pharmacodynamic measures (Jindani, Dore et al. 2003). Using standard bacteriological
techniques developed for studies of “early bactericidal activity” (EBA) (Mitchison, Allen
et al. 1971) , the clearance of bacilli from sputum of patients with pulmonary tuberculosis
is characterised by an initially rapid fall, followed by a slower decline, probably more
closely related to the “sterilizing” phase of treatment (Jindani, Dore et al. 2003). In the
largest published SSCC dataset using such techniques under a representative modem
combination regimen (Brindle, Nunn et al. 1993), Chapter 2 shows that, by comparison
with conventional statistical approaches, non-linear mixed effects analysis (NLME)
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offers insights into the choice of model for data of this kind, removes bias in estimates of
>

)

key parameters and improves their precision ( see Chapter 2, Davies, Khoo et al. 2006).
NLME appears capable of clearly differentiating measures of “early bactericidal” activity
from “sterilizing” activity. This is of particular importance since it is believed that it is
only enhancement of the latter that holds the promise of shorter treatment.

Previously conducted studies using SSCC methodology were generally based on
arbitrarily selected sampling schemes principally focused on the measurement of EBA
and not sterilizing activity (Jindani, Aber et al. 1980; Kennedy, Fox et al. 1993; Joloba,
Johnson et al. 2000; Sirgel, Donald et al. 2000; Brindle, Odhiambo et al. 2001; Gosling,
Heifets et al. 2003) . Using the results of our previous analysis (Davies, Khoo et al.
2006), we have conducted a simulation exercise to see whether sampling schemes with
greater efficiency for the sterilizing phase can be constructed and what implications this
would have for sample size required for SSCC studies.

3.2. Methods
3.2.1 Model for simulations

Our previous analysis supported a structural model for the SSCC data (Figure 3.1) ,
described by the following function :
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where y is the concentration of colony-forming units per mL of sputum expressed on a
log 10 scale, 0 = {0j , 02, 03, 04} is the vector of fixed effect parameters and t the vector
of sampling times. The form of the function, a biexponential decline, suggests that at
least two subpopulations of bacilli are present in the sputum, though not necessarily
contemporaneously. The parameter 02 thus reflects the rate of clearance of a rapidlyeliminated subpopulation of bacilli, similar to “early bactericidal” activity, while

64

represents clearance of a more slowly-eliminated subpopulation, corresponding more
closely to “sterilizing” activity.

Parameter values for the simulations were fixed at #=15.769 Ln
CFU, #=0.178, 6*3=12.222 Ln CFU and #=-1.526, the final estimates in our analysis
for the regimen comprising the drugs Streptomycin, Isoniazid, Rifampicin and
Pyrazinamide (SHRZ). This regimen is very similar to the current standard and any
immediately foreseeable ultra-short course regimen would be likely to include at least
two of these drugs. An exponentiated parameterization was used to ensure positivity of
the rate constants (defined as exp6*2 for the rapidly-eliminated and exp04 for the slowlyeliminated subpopulation) and avoid constraints on optimization (Davidian and Giltinan
1995). The regression function was simulated in conjunction with the variance function
selected in our previous analysis, equivalent to the following expression for the variance
of the response
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Var(yt ) = a 2

28

where pt is the value of logio CFU / ml predicted by the model at time t and 8 was set to
-0.285 (Pinheiro and Bates 2000).This reflects a modest increase in variance at low logio
colony counts, despite the logarithmic transformation, partly due to accumulating
censored or missing data and probably partly due to the properties of the bacteriological
assay method itself.

3.2.2 Optimization of sampling schemes

The aim of the study was to define sampling schemes for SSCC studies with the highest
possible parameter precision and statistical power with regard to estimating the parameter
04 ( as a putative measure of “sterilizing” activity ), while maintaining operational
feasibility. We utilised two search strategies: i) a nested series of schemes based on
sequential elimination of design points and ii) a non-nested series of schemes employed
in previous studies or considered feasible for future ones. In both cases, the performance
of sampling schemes was compared against a theoretical “saturated” scheme of daily
sampling for 57 consecutive days (the current duration of the initial four-drug phase of
therapy), using the ratio of the Variance Inflation Factor (VIF) calculated for each of the
parameters 6 under each scheme. The variance of any parameter estimate 6 can be
expressed generally as

Var(e)~ a 2 xVIF

87

Optimal sampling strategies

Chapter 3

where the total observed variability is a product of both biological variability (cr , a
constant, which is the focus of statistical and scientific interest) and variability
attributable to the design o f the sampling scheme itself (VIF), sometimes referred to as
the “design effect” (Hsieh, Lavori et al. 2003).

Formally, the Variance Inflation Factor (VIF) associated with an experimental design
varies with the condition number of the design matrix X (in this case simply a matrix
formed from the sampling times) and is determined by the collinearity of its component
columns (Marquardt 1970). Simulations using design matrices corresponding to the
different sampling schemes were used to compute the matrix D of partial derivatives of
the simulated function with respect to each of the parameters at each sampling point

D {e)=

' d f(0 , t ) '

l

de )

and the VIF for each parameter was obtained from the diagonal elements of the matrix

v (e )= D (e fw (e )D (û )

where W(0) is a diagonal matrix of weights derived from the variance function (Seber
and Wild 2003). A globally optimal sampling scheme would yield the lowest possible
VIF for each of the parameter estimates ( 0 ) when compared against the saturated
scheme, though more limited optimization focused on the principal parameter of interest
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(e.g. the “sterilizing” rate constant 04 ) may be sufficient in some situations. A simple
sensitivity analysis of one such globally optimized scheme, identified using the methods
above, was also performed for the parameter 64, repeating the simulations over a range of
values whilst holding all the other parameters constant.

3.2.3 Sample size calculations

Sample size calculations were performed in order to evaluate the impact of gains in
precision conferred by optimized sampling schemes. Sample sizes were computed using
an approximation of the population Fisher Information matrix of the model computed by
the linearization method described by (Kang, Schwartz et al. 2004) and (Retout, Mentre
et al. 2002). The full non-linear mixed effects model may be formulated as follows

where y, 0 and t are as specified above and r\i is the vector of random effects for the
fixed effect parameters 6. Both r) and s are assumed to be normally distributed with
expected values of zero and covariance matrices Q and E respectively.

A first order Taylor expansion of the model around the expected value of the random
effects may be written
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df(0,O,t)
y = f ( 0,O,t)+ — -------p + £
dp

For which the first two moments of y are

E(y)=f(efi,t)

dp

dp

+ a 2L

The log-likelihood function is then

l = -i(« ln (2 ^ ) + ln|F| + (7 - f(0,O ,t)J V~l{y - f(0,O,t)))

and the expected value of the Fisher’s information matrix with respect to <9is

F =E

d2{ - 2/)! s 2 d fT(0,O,t)T^ df(0,O,t)
d0d0'
d0
d0

Given some specific linear null hypothesis ho about the fixed effects 0 expressed as

\ = H0
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where ho is a vector of dimension h equal to the number of parameters to be compared
and H is a matrix of dimension h x p (where p is equal to the number of parameters )
specifying the relevant contrasts on the parameters 0 , the Wald test statistic

Q.= N(He-hJ[HFHY(He-\)

is asymptotically distributed as the non-centrality parameter of a non-central x
distribution with h degrees of freedom. The asymptotic power of the test is then

\-ß

where a is the type I error rate, ß is the type II error rate and z l\- a is the critical value of
the central x distribution with h degrees of freedom.

Samples sizes were computed for both the original sampling scheme and a globally
optimised scheme over a realistic range of parameter differences (0.05-0.30 logio
CFU/ml/day) and inter-individual variability in the model parameters (10-30%
coefficient of variation) using the same variance function for intra-individual variability.
Simulations of different sampling strategies and calculation of sample size were carried
out using purpose-written functions in R (R Development Team 2007)
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3.3 Results

3.3.1 Identification of critical sampling points

By simulating the model function (Figure 3.1) over the ‘saturated’ scheme of daily
sampling for 57 days, the profile of partial derivatives with respect to each of the
parameters of the function was obtained (Figure 3.2). The maxima of these partial
derivatives identify the most informative sampling points for each parameter and these
sampling points are usually critical features of the design of any optimized sampling
scheme. For ft the maximum is located at approximately day three and for 6.\ the value
continued to grow until the end of the sampling interval, suggesting potentially large
gains in information with later sampling.

3.3.2 Properties of different sampling schemes

Sampling points were sequentially deleted from the daily scheme until the five-point
scheme used in the original study (Brindle, Nunn et al. 1993)was reached (Figure 3.3).
Particularly large reductions in the ratio of the VIF compared to the daily scheme were
observed for the parameters ft and ft, as the number of sampling points increased from
five to eleven and a reasonably smooth decline thereafter (data not shown), suggesting
that estimation of these parameters could be improved by optimizing the sampling
scheme. Since it is hard to envisage complete intensive sampling on any individual
involving more than eleven sampling points, further simulations focused on schemes
92
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Figure 3.1: Serial sputum colony counts (SSCC) from patients on “Standard” (SHT)
and “Short Course” (SHRZ) chemotherapy with predictions of fitted biexponential
models

Days on treatment

Optimal sampling strategies

Chapter 3

Figure 3.2: Time profile of partial derivatives of the simulated function with respect to
each of the parameters
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Figure 3.3: Ratio of VIF to that of the saturated model in a nested series of sampling
schemes
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using up to eleven or fewer variously permuted points, attempting to minimize the VIF
ratios for some or all of the parameters. The findings from these simulations are
presented in Table 3.1.

Most of the potential gain in the precision of 64 could be achieved by replacing the last
sampling point in the original scheme with day 56. Permuting the various points in this
set (0,2,7,14,56) suggested that it was a minimum skeleton for any larger scheme (data
not shown). However given the potential vulnerability of the day 56 sampling point in
terms of missing data, other schemes with an earlier final sampling point were also
evaluated. In general, precision on

64

was closely related to the duration of the sampling

scheme (schemes 1-6) and this had a much greater influence than the total number of
sampling points (e.g. incorporating day 56 alone in a five point scheme decreased the VIF
ratio tenfold while doubling the number of sampling points thereafter led to a further
twofold reduction). Schemes restricted to the first six weeks with less than ten sampling
points still achieved reductions of up to fivefold in the VIF ratio with respect to

6 4.

By

contrast, confining sampling to the first 28 days considerably restricted the efficiency
gains available for

64.

to achieve reductions in the VIF comparable with adding a single

sampling point at day 42 for instance required daily sampling within the first month.

For 82 to be estimated with any precision at least one sampling point was required
between days 0 and 7. Days 2 and 4 appeared to be equivalent used individually but gave
significant gains in precision on

when used together (schemes 5,6,11 and 12). Schemes

containing more than six sampling points further increased precision on
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Table 3.1: Variance Inflation Factors for selected sampling schemes (Ratio to daily
scheme in brackets)

No

Timing of samples

01

02

03

04

6 s a m p lin g p o in ts
l
2
3
4
5
6

0,2,7,14,21,28
0,2,7,14,28,42
0,2,7,14,28,49
0,2,4,7,28,56
0,2,7,14,28,56
0,2,4,7,14,56

9 .6 4 6 (1 .5 0 )
9 .6 4 6 (1 .5 0 )
9 .6 4 4 (1 .5 0 )
8 .9 2 7 (1 .3 9 )
9.643 (1.50)
8 .9 0 4 (1 .3 9 )

7
8
9
10
11
12

0,2,4,7,9,14,28
0,2,7,14,28,35,42
0,1,2,3,4,42,56
0,2,4,7,14,42,56
0,2,4,7,14,28,56
0,2,7,14,28,42,56

8 .9 0 0 (1 .3 8 )
9 .6 4 5 (1 .5 0 )
7 .0 6 7 (1 .1 0 )
8.901 (1.38)
8 .8 9 2 (1 .3 8 )
9.643 (1.50)

13
14
15
16
17
18

0,2,4,7,9,11,14,21,28
0,2,4,7,9,14,21,28,35
0,2,4,7,9,14,28,35,42
0,1,2,3,4,7,14,42,56
0,1,2,3,4,7,14,28,56
0,1,2,7,14,21,28,42,56

8.886(1.38)
8.891 (1.38)
8 .8 8 9 (1 .3 8 )
6 .7 5 9 (1 .0 5 )
6 .7 4 6 (1 .0 5 )
8.155 (1.27)

4.078 (3.24)
4.009 (3.19)
3.985 (3.17)
2 .4 6 6 (1 .9 6 )
3 .9 6 4 (3 .1 5 )
2.341(1.86)

1 3 .2 9 0 (1 7 .5 6 )
8 .1 7 3 (1 0 .8 1 )
6.802 (8.98)
8 .7 3 4 (1 1 .5 5 )
5.605 (7.41)
6.586 (8.71)

0 .7 1 0 (6 6 .9 8 )
0.211 (19.91)
0 .1 3 0 (1 2 .2 6 )
0.080 (7.55)
0.058 (5.47)
0.062 (5.85)

8 .6 6 6 (1 1 .4 6 )
8 .1 3 0 (1 0 .7 5 )
53.176 (70.34)
6.328 (8.37)
5.511 (7.29)
5.482 (7.25)

0.599 (56.51)
0 .1 8 9 (1 7 .8 3 )
0.406 (38.30)
0.062 (5.85)
0.057 (5.38)
0.058 (5.47)

7 .1 5 8 (9 .4 7 )
6.295 (8.33)
5.337 (7.06)
6.234 (8.25)
5.440 (7.20)
4 .440 (5.87)

0.505 (47.64)
0.261 (24.62)
0 .1 4 4 (1 3 .5 8 )
0.061 (5.75)
0.057 (5.38)
0.051 (4.81)

6.566 (8.69)
5.272 (6.97)
3.755 (4.97)
3.271 (4.33)
3 .1 7 5 (4 .2 0 )
2.966 (3.92)

0.406 (38.30)
0 .1 4 3 (1 3 .4 9 )
0 .0 4 4 (4 .1 5 )
0.042 (3.96)
0.038 (3.58)
0.038 (3.58)

7 s a m p lin g p o in ts
2 .3 5 0 (1 .8 7 )
4 .0 1 0 (3 .1 9 )
3.222 (2.56)
2.323 (1.85)
2 .2 7 4 (1 .8 1 )
3.960 (3.15)

9 s a m p lin g p o in ts
2 .2 7 3 (1 .8 1 )
2 .2 7 4 (1 .8 1 )
2 .2 5 0 (1 .7 9 )
1 .6 6 6 (1 .3 3 )
1 .6 2 8 (1 .3 0 )
3 .9 0 4 (3 .1 1 )

11 s a m p lin g p o in ts
19
20
21
22
23
24

0,2,4,7,9,11,14,17,21,25,28
0,1,2,3,4,7,9,14,28,35,42
0,1,2,3,4,7,9,14,28,42,56
0,1,2,3,4,7,9,14,21,28,56
0,1,2,3,4,7,9,11,14,42,56
0,1,2,3,4,7,9,11,14,28,56

25
26
27

0,2,4,6,8,10,12,14 (R ef 4)
0,2,7,14,28 (R ef 6)
0,1,2,3,4,5 (R e f 9)

8 .9 1 5 (1 .3 9 )
9 .6 4 8 (1 .5 0 )
7 .5 4 9 (1 .1 7 )

28
29

0,2,7,14,21,28,35,42,49,56
0,1,2,3,7,8,9,14,28,42,56

9 .6 3 9 (1 .5 0 )
7 .2 0 9 (1 .1 2 )

8.883 (1.38)
6 .7 4 0 (1 .0 5 )
6 .7 2 6 (1 .0 5 )
6 .7 1 7 (1 .0 5 )
6 .7 1 7 (1 .0 5 )
6 .7 1 3 (1 .0 4 )

2 .2 5 2 (1 .7 9 )
1 .6 0 8 (1 .2 8 )
1 .5 5 8 (1 .2 4 )
1.5 3 4 (1 .2 2 )
1 .5 3 2 (1 .2 2 )
1.521 (1.21)

P u b i is h e d o r p ro p o s e d sc h e m e s
2.893 (2.30)
4.082 (3.25)
15.045
(11.97)
3 .9 2 4 (3 .1 2 )
2 .0 1 8 (1 .6 1 )

97

2 9.222 (38.65)
13.313 (17.61)
3501.645
(4631.81)
4.251 (5.62)
2.944 (3.89)

5.307 (500.66)
0.742 (70.00)
2558.906
(241406.20)
0.049 (4.62)
0.037 (3.49)
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also including days 1 and/or 3. Most of the gains in the rate constant parameters &i and
04were achieved using a six- or seven-point scheme. Increasing the number of sampling
points to nine or more principally improved the precision of the intercept parameters O3
and, to a lesser extent, 0\.

3.3.3 Optimized sampling schemes

Most published sampling schemes were found to be relatively inefficient, even with
respect to the parameter
respect to

which many were intended to measure (schemes 25-27). With

and 64 they performed much less well. However, globally optimized

schemes could be obtained that were superior to all of the published schemes with
respect to all of the parameters (schemes 28 and 29). Compared with the original
sampling scheme upon which the simulations are based, by increasing the number of
sampling points to eleven and locating them near to the extrema of the functions partial
derivatives, it was possible to decrease the VIF ratio by a factor of 2 with respect to 02
and by a factor of 20 with respect to

64.

Since the precision on a parameter is related to

the square root of the variance inflation factor such a change is equivalent to an expected
decrease in the standard error on

64

by a factor of 4.4. This could only be achieved by

sampling at day 56 but a globally optimized scheme still performed well if no data was
available after day 42, when the standard error was still reduced by a factor of 2.3 (data
not shown).
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Sensitivity analysis of the performance of a representative globally optimized scheme
(scheme 29) was carried out by varying only the value of 64 (Figure 3.4), since the
intercepts 0\ and £%depend only on the study population and the “rapid” log rate constant
&2 seems principally to be determined by the action of isoniazid and not the other
components of the regimen. The results suggested that this scheme’s superiority with
respect to 64 would be maintained over a range between values of 64 of - 2.0 and
approximately -0.5. Since in the analysis presented in Chapter 2, the difference between
SHRZ and SHT corresponded to a change in

64

from approximately -1.75 to -1.5, it is

reasonable to expect that any foreseeable regimen will be unlikely to exceed a value for
64

o f-0.5, a change four times as large as that accompanying the introduction of R and Z

in combination (Davies, Khoo et al. 2006). Over this range, in fact, the VIF on this
parameter using the same sampling scheme decreased up to a further factor of four,
without materially affecting the precision of any of the other parameters.

3.3.4 Reduction in sample size achieved by optimized sampling schemes

Using a range of differences in

64

between treatment groups, sample size required to

detect such an effect was computed for both the original (Table 3.2) and a representative
globally optimized scheme (Table 3.3), at varying levels of inter-individual variability.
The optimized scheme achieved very significant reductions in sample size from 1.5 to 4
fold depending on the level of inter-individual variability. The change observed in our
previous analysis appeared to have been just detectable at the actual sample size of 50 per
arm and we may expect that differences observed in future trials
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Figure 3.4: Sensitivity analysis: Variance Inflation Factor (VIF) by value of ^ w ith all
other parameters held constant
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Table 3.2: Sample size for the original sampling scheme ( days 0,2,7,14,28 )

Inter-individual variation (CV%)

Difference

0.10

0.15

0.20

0.25

0.30

0.05
0.10
0.15
0.20
0.25
0.30

1555
375
161
88
55
37

1788
432
186
101
63
43

2115
511
220
120
75
51

2534
613
264
144
90
61

3047
737
318
174
108
73

Table 3.3: Sample size for the improved sampling scheme (days
0,1,2,3,7,8,9,14,28,42,56)

Inter-individual variation (CV%)
Difference

0.10

0.15

0.20

0.25

0.30

0.05
0.10
0.15
0.20
0.25
0.30

385
95
42
24
15
11

618
152
67
38
24
16

945
231
101
56*
35
24

1364
333
145
81*
50
34

1877
458
199
110
69
47

* Implementing the scheme as two balanced blocks of 0,1,3,8,14,42 and 0,2,7,9,28,56
results in sample sizes of 79 and 97 respectively.
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may be smaller in magnitude. Under optimized schemes, however, differences as small as
0.15 (about half that observed in the original study) (Davies, Khoo et al. 2006) could be
detected with adequate power at a sample size of 100 per arm and possibly 70 or fewer
per arm if modest improvements in patient selection and laboratory methods or
measurements of relevant covariates were capable of reducing the inter and/or intra
subject variability.

3.4 Discussion

The use of SSCC as a surrogate pharmacodynamic measure capable of giving a reliable
early indication of the efficacy of a regimen has evolved slowly over the last two decades
but is now recognized as a potentially critical tool for increasing the pace of drug
development in tuberculosis. There have been problems with the reproducibility of
laboratory methods (Sirgel, Donald et al. 2000) and controversy over the most suitable
form of analysis for the data (Gillespie, Gosling et al. 2002; Dore and Nunn 2003) but
since there is much less experience with any other credible method, the question arises
whether SSCC can be optimized to improve the precision of its comparisons.

In Chapter 2 it was demonstrated that nonlinear mixed effects (NLME) analysis, using
the largest published SSCC dataset employing a representative modem combination
regimen, is an appropriate and informative approach (Davies, Khoo et al. 2006).
Specifically, it supports a biexponential model for the data, suggesting that at least two
subpopulations of bacilli are present in the sputum and that it is estimates of the rate
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constant for the slowly-eliminated subpopulation (#4) that are most likely to relate to
sterilizing activity observed in clinical trials. As importantly, this approach is capable of
greatly increasing the precision of parameter estimates. However, the number and
spacing of the sampling points in the original dataset appeared to cause some estimation
problems raising the possibility that optimizing the sampling scheme might offer further
improvements in precision.

Though the approach described here was non-exhaustive, many of the operationally
feasible approaches have been explored. Simply doubling the number of sampling points
and placing them appropriately with respect to the extrema of the partial derivatives of
the parameters can lead not only to a globally superior strategy but to a potential
improvement in precision on the critical sterilizing parameter

64

of approximately an

order of magnitude. This is reflected in a reduction of the required sample size to detect
realistic differences in 64 by approximately twofold with respect to the sampling scheme
used in the original study. It is also worth noting that in general the computed sample
sizes presented here for a SSCC superiority study are less than a quarter of that required
for a definitive Phase III equivalence trial using relapse as an endpoint.

The optimization procedure used here obviously depends on the correctness of the model
and the repeatability of the experimental situation. Clearly each new study design should
be tailored using all the available information and no single scheme should be considered
a portmanteau solution. The simple sensitivity analysis presented here does suggest,
however, that in the case of 64 , the performance of the globally optimized scheme is
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maintained over a range of values likely to span immediately foreseeable improvements
in sterilizing activity. As regimens improve, however, sampling schemes may need to be
re-optimized or adapted to reflect the new values of the relevant parameters. In addition,
this analysis only indirectly addresses many other issues which may need to be taken into
account including losses to follow-up, decreasing availability of sputum with time and
logistical capacity to collect and process large numbers of samples simultaneously.

The simulations are based on data collected only within the first month of therapy and
some caution should be exercised regarding predictions beyond this range. At day 28,
70% (32 of 46) of subjects still had detectable colonies. This is a high proportion by
comparison with unselected clinical trial patients: by day 56 less than 15% ( 7 subjects)
would usually be expected to have available data. The weighting scheme derived from
the variance function for the simulations takes some account of these losses to follow up
but might not be an accurate model for the error structure beyond the range of the training
set and near to the limit of detection of the response. In the simulations, the predicted
values for the mean fall below logio zero just after 56 days so schemes including later
sampling points were not explored. However, in the only published study to have
extended sampling beyond 56 days (Joloba, Johnson et al. 2000), only 6% (2 of 33) of
subjects had detectable counts at 60 days and none at 90 days, suggesting that utilizing
these sampling points might pose an absolute restriction on the sample size in order to
have sufficient data at these later time points, negating any potential efficiency gains
from the sampling scheme.
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The choice of the final sampling point will depend to some extent on the maximum
envisaged sample size of the study, degree of selection of the participants and also on the
method of analysis envisaged, while the total number of sampling points will depend on
the precision required in parameters other than 64. It is possible to argue that the latter is
really the only parameter of interest in relation to sterilizing activity but there are at least
two reasons to prefer a globally optimized scheme: correlation of the parameter estimates
for

and 64 and simultaneous treatment effects of a new drug on both O2 and

O4, situations where estimates of one parameter could affect or degrade the other.

The relative costs of adding additional sampling points versus recruiting additional
patients also need to be considered, which in most studies would tend to favour the
former. There are limits to this approach though since increasing the number of sampling
points beyond eleven per patient leads to much smaller gains in precision and power.
Even an eleven-point scheme may be impractical in some study settings if envisaged as
complete intensive sampling. When carried out as essentially weekly sampling with an
extra sampling point at day 2 (scheme 28), however, this is perhaps simpler than at first
sight and similar schemes (scheme 29) could also be implemented using a design of, for
instance, one baseline measurement followed by two balanced blocks of five sampling
points. Such deliberately incomplete schemes may pose difficulties for other methods of
analysis but can be accommodated by an NLME approach (Pinheiro and Bates 2000).
The sample size for such a design would be increased by 20-40 % (see table 3.2) but this
loss in statistical efficiency could be offset by improved operational feasibility.
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Furthermore, as Table 3.1 shows, even complete schemes with fewer than eleven
sampling points could still achieve reasonable power.

SSCC is the most promising candidate for a useful early surrogate pharmacodynamic
measure in the treatment of tuberculosis and NLME analysis of such data can yield large
gains in precision. The additional methodological improvements described here suggest
that SSCC may have yet to fulfill its potential as a tool for drug development.
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4.1 Introduction
The fluoroquinolones are the first major new class of anti-infective agents to demonstrate
antimycobacterial activity since the discovery of the rifamycins. The DNA gyrase complex of M
tuberculosis consists only of a type II, with no type IV, topoisomerase enzyme (Cole, Brosch et
al. 1998), the quinolone resistance-determining site of which differs uniquely from that of gram
negative bacteria (Guillemin, Jarlier et al. 1998). Early members of the fluoroquinolone series
such as flumequine and nalidixic acid showed no useful activity against M tuberculosis ( with
MICs in vitro of 64 and 128 pg/ml) but the improved potency of ciprofloxacin ( MIC 0.5 pg/ml
) (Aubry, Pan et al. 2004) stimulated clinical research interest after its introduction in 1987
(Gillespie and Kennedy 1998). However, despite demonstrating detectable EBA (Kennedy, Fox
et al. 1993), performance of second-generation agents in small clinical studies of first-line
regimens was generally disappointing (Kennedy, Berger et al. 1996).

One randomized clinical trial suggested that substitution of ofloxacin for ethambutol during an
extended three-month “intensive” phase of therapy might shorten the total duration of treatment
to 4 or 5 months (Tuberculosis Research Centre 2002). However, this study was not concurrently
controlled and analysis of the relapse endpoint did not account for multiple comparisons. Use of
fluoroquinolones is therefore currently restricted to treatment of patients with multidrug-resistant
disease (Bastian and Colebunders 1999; Mukheijee, Rich et al. 2004; Caminero 2006). However,
a recent systematic review of randomized controlled trials of fluoroquinolones for treatment of
tuberculosis concluded that there was to date no evidence that any of these agents improved
outcome for either new or multi-drug resistant cases (Ziganshina, Vizel et al. 2005)
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Continued structure-activity based modification resulted in the synthesis of the N-cyclopentyl 8methoxyfluoroquinolones, moxifloxacin and gatifloxacin, which, in addition to improved activity
against gram-positive organisms, proved to be highly bactericidal against M tuberculosis in vitro
(MICS 0.25 and 0.12 pg/ml respectively ) (Alvirez-Freites, Carter et al. 2002; Aubry, Pan et al.
2004) . This activity is preserved in in vitro models involving persistent, drug-tolerant organisms
(Hu, Coates et al. 2003) and recent studies in chronic experimental murine tuberculosis also
confirm the superior antimycobacterial activity of moxifloxacin (Nuermberger, Yoshimatsu et
al. 2004; Nuermberger, Yoshimatsu et al. 2004; Shandil, Jayaram et al. 2007), though no
comparable experiments are yet available for gatifloxacin. A recent EBA study (Johnson, Hadad
et al. 2006) suggested that both moxifloxacin and gatifloxacin showed greater activity than either
ciprofloxacin (Kennedy, Fox et al. 1993; Sirgel, Botha et al. 1997) or ofloxacin (Sirgel, Donald
et al. 2000).

To assess the potential capability of these new fluoroquinolones to shorten the duration of
current therapy, the South African Medical Research Council performed a four-arm, open- label
phase II randomized clinical trial in which ofloxacin, gatifloxacin and moxifloxacin were
substituted for ethambutol during the intensive phase of standard short-course therapy. The trial
was preliminary to a Phase III trial of the efficacy and safety of a shortened 4-month
gatifloxacin-containing regimen. The study utilized serial sputum colony counts (SSCC) on
selective culture medium (Brindle, Odhiambo et al. 2001; Davies, Khoo et al. 2006) as the
primary endpoint and was the first both to extend quantitative sampling of sputum throughout the
intensive phase and to employ an optimized sampling scheme of the kind described in Chapter 3
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(Davies, Khoo et al. 2006). This enabled examination of modelling issues that could not be
adequately addressed in the previous dataset (Davies, Khoo et al. 2006). The study also aimed to
assess the performance of different bacteriological endpoints and of different methods of analysis
appropriate to these endpoints.

4.2 Methods
4.2.1 Design and Conduct of the trial

Newly diagnosed patients with pulmonary tuberculosis were recruited from 4 clinics in
KwaZulu-Natal, South Africa from June, 2004 to June, 2005. Patients were eligible for the study
if they were aged 18-65 years, weighed 38-80 kg, had two consecutive sputum smears positive
for acid-fast bacilli, accepted HIV serology and gave informed consent. Patients with any of the
following conditions were excluded : resistance to rifampicin of the pre-treatment strain of M.
tuberculosis, pregnancy, WHO stage 4 of HIV infection, prolongation of the cardiological QT
interval > 500 msec, bradycardia, laboratory findings exceeding grade 2 of the Division of
Microbiology and Infectious Disease, any condition resulting in delayed drug absorption,
metabolism or elimination, or other serious illness. The study was accepted by the Medical
Ethics Committees of the Nelson R Mandela School of Medicine, University of KwaZulu, Natal
and of the St George’s Hospital Medical School, London and by the Medicine Control Council
of South Africa.

.
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Patients were randomly allocated in blocks of 20 equally to one of four different regimens for the
first 8 weeks of treatment: a standard short-course regimen of isoniazid, rifampicin,
pyrazinamide and ethambutol (HRZE arm) or one of three test regimens in which a
fluoroquinolone was substituted for ethambutol: ofloxacin (HRZO arm), gatifloxacin (HRZG
arm) or moxifloxacin (HRZM arm). At the end of the study period all patients received
rifampicin and isoniazid for a further 4 months. All drugs were dosed daily and were directly
observed. Standard drugs were given as fixed dose combination tablets (Akurit-3 or Akurit-4,
Lupin), adjusted by bodyweight as follows: patients 38-50 kg received 3 tablets and those
weighing 50-80 kg received 4 tablets. The following doses of fluoroquinolones were used

I

>

>

irrespective of body weight: 800 mg ofloxacin (Tarivid, Aventis), 400 mg gatifloxacin (Gatispan,
Lupin) or 400 mg moxifloxacin (Avalon, Bayer). In the initial protocol, 100 patients were
allocated to each of the 4 arms. After a blinded interim analysis, with 25 patients per arm, found
differences between the regimens, the sample size was re-estimated (Davies, Khoo et al. 2006)
and the intake reduced to 50 patients per arm.

Overnight sputum specimens were collected on 10 occasions on days 0, 2, 7, 14, 21, 28, 35, 42,
49 and 56 of treatment (Davies, Khoo et al. 2006). Serial sputum colony counts were set up
from the sputum homogenised with dithiothreitol but without decontamination, in a range of 8fold dilutions plated in duplicate onto Middlebrook 7H11 plates made selective by addition of
polymixin B 200,000 U/L, ticarcillin lOOmg/L, amphotericin B lOmg/L, trimethoprim lOmgL
(MS24, Mast, Merseyside, UK) (Mitchison, Allen et al. 1971) with an additional lOmg/L
Amphotericin B (Sigma). An inoculum of 100 pi was used corresponding to a lower limit of
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detection of 10 colony-forming units per ml of sputum. All isolates were tested for sensitivity to
isoniazid, rifampicin, ethambutol, streptomycin and gatifloxacin using the proportion method.

4.2.2.Statistical methods
4.2.2.1 Non-linear mixed effects modelling

A non-linear mixed effects (NLME) model for the data was developed as follows. First, nested
sums-of-exponentials models were fitted to the pooled profile of colony counts using maximum
likelihood (ML) and three different approaches: ignoring censoring, accounting for censoring by
separately integrating the likelihood of the data below the limit of detection (LOD), and using a
simple rule-based imputation of logio 0.699 CFU /ml sputum /day, half the nominal LOD, for the
first missing observation. This rule was as follows:

1) All contaminated or non-existent specimens were first assigned NA

2) If a profile terminated with at least two observations for which counts of zero were
recorded, the first observation was assigned the value 0.699 logio (half the theoretical
limit of detection of 1 logio CFU/ml/sputum)

3) All other observations in the profile for which counts of zero were recorded were then
assigned NA.
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Mono-, bi- and tri-exponential models were fitted . The bi-exponential model has the form:

logioC/w = l°g 10 e

<9, v -dayxe0 2 ^
xe

+e

e, v

-dayxe0 ^

ixe

where 62 and 64 are the rate constants for the “early” and “late” phases of bacillary killing while
6j and 63 represent the intercepts corresponding to these phases. The regression functions were
purpose-written, using an exponentiated form for numerical stability (Davidian and Giltinan
1995) with starting values obtained by graphical methods and varied initially to check that the
solutions represented global maxima of the likelihood. A variance function of the form
>
previously described was used to model increasing variance of the counts with time

Var(y, ) = a 2
where a2 is the base variance of the response, pt is the value in logio CFU ml'1predicted by the
model at time t and 8 is a parameter to be estimated.

After selection of the most appropriate structural model, mixed effects models were fitted using
ML and residual maximum likelihood (REML) methods as appropriate (Pinheiro and Bates
2000). Significant random effects, used to account for inter-patient variability and intra-patient
dependence of observations, were supported for three of the four parameters in the basic model
(0i, 83 and 84 ). This mixed effects model was then adjusted for relevant covariates, selected by
summaries, graphical display and univariate fitting of the available covariates in the basic NLME
model. The final adjusted model, including possibly simultaneous, independent treatment effects
during the “early” and “late” phases, was then built in a forward stepwise maimer.
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Models were compared using the Akaike Information Criterion (AIC), model-based F-tests and
Likelihood Ratio Test (for nested ML models only) and were checked for deviations from
assumptions using graphical analysis of residuals from the different levels of the model. In
addition, the final adjusted model was also examined for the influence of serial correlation,
protocol deviations in collection time and censoring of observations (using the imputation
method described above). Parameter estimates were converted to the original, logio-transformed
scale on which the counts were presented using for example the relation (3 siow = (e 04)/2.3O 3.

All the analyses were performed in R, version 2.2.1 (R DevelopmentTeam 2007) using the
libraries g n l r and nlm e (Pinheiro and Bates 2000; Lindsey 2001).

4.2.2.2 Summary measures analysis of co-variance (SM-ANCOVA)

Summary statistics for analysis of linearly divergent treatment effects were described by Frison
and Pocock (Frison and Pocock 1992; Frison and Pocock 1997). Using the regression coefficient
of response on times tr for &=(1,2. ..r) as a summary measure for each individual j in treatment
group i we have the statistic
SLOPE,, = I L k - ‘ K ,
2 L A - ') 2
which is equivalent to the previous analysis of the Nairobi SSCC study (Brindle, Odhiambo et al.
2001). However this measure will be biased if any difference in baseline counts between
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treatment groups exists at the beginning of the trial. Two unbiased summary statistics based on
the principle of analysis of covariance are

SLANCU

Y i J h - i K ,,

■y préSLOPE (*,yo - * o )

E J '. - 'T

SLAINu

Y k J f * ~ 0 x-a
7 INTER.SLOPE

2 L A -0 2

where Y p r e .s l o p e and Y in t e r

s lo p e

are the regression coefficients of the SLOPE statistic on

(possibly replicated) observed baseline measurements and the subject-specific intercept
estimated by linear regression respectively.

The variances of the three statistics are given by the formulae

var \s LOPEt

»
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where p is the (assumed ) constant correlation between observations adjacent in time. The
higher variance of the SLOPE statistic gives it an asymptotic relative efficiency of about 80% as
against the SLAIN statistic and the latter is more robust against departures from the assumption
of compound symmetry ( i.e. constant correlation) amongst the measurements (Frison and
Pocock 1997). The SM-ANCOVA statistics were computed for each individual using the
function lm L is t, transformed to normality using the function

implemented in the function b o x . cox and analysed using the function lm in R, version 2.2.1
(R Development Team 2007).

4.2.2.3 Survival analysis

Analysis of the SSCC data on the basis of culture conversion events was performed using
the library s u r v i v a l in R, version 2.2.1 (R Development Team 2007). Non-parametric
survival analysis was carried out using the Kaplan-Meier estimate and treatment groups were
compared using the log-rank test. Cox proportional hazards regression was also carried out.
Model selection was on the basis of the likelihood ratio test. Model checking included inspection
of the baseline hazard function and plots of the Martingale residuals against the various
covariates.

117

Ojlotub Study

Chapter 4

4.3 Results
4.3.1 SSCC dataset

During the intake, 412 patients were screened, and 217 were accepted for randomisation. Of
these, 8 were excluded from the SSCC analysis, 2 for initial resistance to rifampicin but no other
drug, 2 for severe AIDS and super-infections during treatment caused by pan-resistant strains, 1
for death on day 2, 1 with no sputum cultures after day-0,1 withdrawn from study and 1 with
only two erratic CFU counts. The remaining 209 patients were included in the SSCC efficacy
analysis (see Figure 4.1). Of the pretreatment strains from these patients, only 1 was resistant to
isoniazid, and none were resistant to gatifloxacin, ethambutol or pyrazinamide. Adherence to the
study protocol was high throughout. From a possible total of 2090 sputum specimens only 49
(2.3 %) were not sent for culture while a further 73 (3.6 %) were lost due to contamination, so
results were available for 94.2% of the scheduled observations.

The patients had severe pulmonary disease, almost all with cavitation evident in a PA radiograph
while 68% had bilateral involvement; 68.5% were HIV positive with most patients in WHO
stage 1, having fairly high CD4 counts. Most characteristics were evenly distributed between the
arms with the exception of the radiographic extent of disease, characterised as either unilateral or
bilateral. Unilateral disease was found in 35%, 33% and 35% in the HRZE, HRZM and HRZO
arms, but in only 23% of the HRZG arm.
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4.3.2 Summary of the data

The individual profiles are summarized in Figure 4.2. 81.3% of subjects had five or more
observations available in their raw profile. The results of culture were below the nominal limit of
detection of 1.0 logi0CFU ml sputum -1 in 665 (33.8%) of the remaining specimens, resulting in
1303/2090 (62.3%) positive observations. The level of censoring exceeds 50% of the
observations at day 35 and by day 56 only 8% of subjects had positive values (Table 4.1) . 167
(25.1%) of the censored observations were assigned a value by the pre-defined imputation rule
giving 1470/2090 (70.3%) positive observations in the imputed dataset. Inspection of the
profiles suggests that a majority of subjects show a non-linear response on a log scale. There is
some qualitative heterogeneity with a minority of profiles showing a more linear response,
particularly where only a small number of observations are available. The empirical correlation
matrix of the observations suggests moderately strong correlations between the measurements, of
the order of 0.7 for measurements one week apart and still 0.5-0.6 for those two weeks apart
(Table 4.2). These observations are consistent with the presence of significant inter-individual
random effects determining the overall level of response.

The median counts of bacilli in sputum for the study population as a whole (Table 4.1 and
Figures 4.3 and 4.4) during the complete treatment period show a curvilinear response
characterised by an initially rapid but steadily diminishing kill, followed after day-7 by a slower
and approximately linear decline. The overall coefficient of variation of the counts increased
from 13% at day-0 to about 40% from day 35 onwards. In addition, after this timepoint the
magnitude of the slope of the fall in counts gradually decreases, ultimately becoming positive at
120
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Table 4.1: Summary statistics of the data
Day
Mean
Median
Max
3QR
1QR
Min
SD
CV%
Gradient
% data

0

2

7

15

22

28

35

42

49

56

7.050

6.052

5.105

4.088

3.404

3.015

2.515

2.476

2.419

2 .458

7.081

5.998

3.367

2.820

2.380

2 .489

6.629

6.010

5.618

5.137

2.279
5.194

2.230

8.448

5.025
8.724

4.177

9.250

5.105

4 .1 8 9

7.686

6.585

4.801

4.163

3.827

3.015

3.002

2.672

6.515

5.542

5.739
4.505

3.500

2.568

2.301

1.778

1.650

1.795

2 .828
1.652

3.695

2.255

1.301

1.000

1.000

1.000

1.000

1.000

0.856

1.081

1.069

1.000
1.074

1.000

0.930

1.090

1.040

1.102

0.947

0.947

13.20

14.27

21.5

26.15

31.57

36.14

41.35

44.52

39.16

38.54

-

-0.542

-0.091
59.8

-0.063

-0.014

49.3

28.2

-0.007
14.4

+ 0.037

96.2

-0.106
91.4

-0.116

98.1

-0.195
96.2

81.3

8.1

Table 4.2: Correlation matrix of the observations

0
0
2
7
15
22
28
35
42
49
56

2

7

15

22

28

35

42

49

56

1
0.662

1

0.526

0.964

0.397

0.546

0.732

1

0.280

0.404

0.579

0.703

1

0.271

0.457

0.602

0.677

0.77

1

0.244

0.292

0.482

0.499

0.633

0.705

1

1

0.157

0.229

0.357

0.436

0.573

0.607

0.705

1

0.142

0.293

0.198

0.134

0.471

0.449

0.707

0.727

1

-0.364

-0.300

-0.112

0.050

0.527

0.373

0.596

0.734

0.664
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Figure 4.4 : Non-parametric summary plot of the data
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day 56. Though this phenomenon is accompanied by increasing censoring of the counts, the
estimated curve is based on 30 subjects or more until this final timepoint. At the end of the
intensive phase, there were no statistically significant differences between the treatment arms in
the proportion of subjects undergoing culture conversion by either routine culture on 7H11 plates
(p=0.22 for HRZG and p=0.09 for HRZM) or MGIT culture.

4.3.3 Naive pooled fitting and effect of censoring

Details of the model-selection process for the data are shown in Table 4.3 and Figure 4.5 (top
panel). Naive pooled fitting was used to guide the choice of model and examine the effects of
ignoring the censored values, imputing them or treating them explicitly as left-censored. The
gnls and gnlr algorithms produced essentially identical results for the data when censoring is
ignored but both significantly underestimate the value of 64 produced by NLME. Imputation of
the dataset interestingly appeared to make this apparent bias worse while two different methods
of handling the censored values ( treating all or only the first value as censored) produced
estimates of 64 much closer to NLME.

In no case was a monoexponential model adequate to represent the data as judged by all the
goodness-of-fit criteria used. The move from a mono-exponential (one phase) to a bi
exponential (two-phase) model unequivocally improved the fit. By none of the methods was the
ranking of the structural models changed (Table 4.3). Weighting by a simple inverse power of
the response appears to improve the fit of all these models modestly but significantly. Though a
tri-exponential model could be fitted to the data with a significant but smaller decrease in the
125

1 5 .3 0 6

14.101

14.231

13.233

0 .3 3 0

13.212

0 .3 3 0

0.3 71
-1 .1 0 3
0 .3 3 5

1______
0 .4 5 2

16.163

1 6 .1 69

16.135

-0 .5 0 5

-1 .2 8 2

0 .3 6 6

-0 .8 2 4

-1 .3 5 5

0 .2 0 4

-1 .2 6 5

-0 .8 2 4

5 .9 0 0

4 .0 5 6

-1 .1 3 9

-1 .2 2 6

-1 .2 4 2

-1 .7 4 2

4 .4 8 7

3 .3 0 6

Censored data

-1 .2 6 2

-2 .2 5 9

-1 .5 4 7

-2 .2 5 9

Imputed data

-1 .7 9

5 .6 7 8

-2 .1 0 3

-1 .3 9

-2 .1 0 3

-2 .1 4 9

-1 2 .3 2 9

-1 3 .1 9 7

-4 .7 3 6

-6 .4 3 0

-5 .0 1 6

747687

2185155

684

3521
1874.5
4 0 8 0 .5

0 .4 8 2

1.553

1.581

1.162

1.274

1.270

1.443

1.441

0 .0 2 8

< 0 .0 0 0 1 v s 2 0

2 3 2 9 .3
2 7 0 9 .8
2 6 7 1 .3

0 .4 4 9
0 .8 0 5 5

0 .6 8 3

0 .0 0 6 v s. 23

< 0 .0 0 0 1 v s 2 2

< 0 .0 0 0 1 v s 19

2 4 5 1 .8

2 2 7 5 .9

2 3 0 9 .1

2 3 6 0 .0

0 .4 9 9

0 .6 6 5

0 .2 4 9

2 4 4 3 .3

4 5 9 4 .3

4 8 4 8 .0

4 6 1 8 .2 9

4 8 8 6 .6

0 .0 0 6 v s 3

< 0 .0 0 0 1 v s 5

19 0 0 .4

3 7 4 3 .5

< 0 .0 0 0 1 v s 4

2 0 5 8 .5

0 .3 1 7

0 .3 9 8 v s.2

VS2

< 0 .0 0 0 1

3 8 0 3 .6

< 0 .0 0 0 1 v s 1

1 .0 1 7

3 7 4 9 .0

4 1 1 7 .0

LR test

3 8 0 0 .9

1 .0 3 8

O
Ö

13.870

13.3 8 6

13.531

10.971

13.491

8 .7 4 9

12.443

8 .7 4 9

13.253

0 .3 3 3

-1 .3 5 4

12.067

0 .1 6 7

-1 .3 6 4

10.735

-0 .4 1 7

-1 .4 6 1

10.735

-0 .4 1 7

-1 .4 6 1

14.613

9 £ 9 '£ l

19. Mono rule-censored gnlr
20. Bi rule-censored gnlr
21. Tri rule-censored gnlr
22. Mono all-censored gnlr
23. Bi all-censored gnlr
24. Tri all-censored gnlr

1 4 .4 10

15.30 6

14.101

99191

10. Mono imputed unweighted
_g“ls________________________
11. Bi imputed unweighted gnls
12. Tri imputed unweighted gnls
13. Mono imputed weighted gnls
14. Bi imputed weighted gnls
15. Tri imputed weighted gnls
16. Mono imputed gnlr
17. Bi imputed gnlr
18. Tri imputed gnlr

16.18 0

16.15 6

1 4 .3 76

16.181

1 5 .7 57

1 4 .1 06

16.181

1 5 .7 57

1 4 .1 06

■
oen5ot
■

69T 9I

1. Mono naïve unweighted gnls
2, Bi naïve unweighted gnls
3. Tri naïve unweighted gnls
4. Mono naïve unweighted gnlr
5. Bi naïve unweighted gnlr
6. Tri naïve unweighted gnlr
7. Mono naïve weighted gnls
8. Bi naïve weighted gnls
9. Tri naïve weighted gnls
O
O
OO

19993

5b
0 0 0 '9

5b

ro
Ö
¿ 6 2 '0

eu
«^
>
06 8

5b

Raw data

e
ZLVl

Mode!

U
hH
<
■
cn
>
O
O
O
Ö
V

en

OO

O flotub Study

C hapter 4

Figure 4.5: Model selection and effect of censoring , imputation and random effects
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log-likelihood and AIC, this model had convergence difficulties, with signs of over-fitting in the
coefficients and its predictions with respect to predicted minimum elimination time did not
appear realistic. The model appeared only to fit well when censoring was ignored so this source
of bias may be the explanation. There was a persistent lack of negative residuals for all the
models at the bottom end of the range of the data due to the censoring, even for the
triexponential model. This was not improved by imputation and as expected appeared worse
when censoring was handled explicitly. Overall mixed effects fitting to the positive data alone
appeared to produce results which did not reflect the bias of pooled fitting ignoring censoring
and similar to those capable of taking it into account (Figure 4.5 bottom panel).

4.3.4 Mixed effects modelling

Addition of random effects resulted in a significant improvement in fit of the biexponential
model as expected. Initially random effects were entertained for all four parameters but the
random effects for the &i parameter resembled an extreme t-distribution, which resulted in fitting
problems and alternative solutions under ML. However since the magnitude of the variability in
this parameter was much smaller than the others, could not be realistically represented in the
model and did not materially improve goodness-of-fit under REML, a simpler structure with
only three random effects was therefore selected.

4.3.5 Effect of treatment
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After the basic model had been selected the effect of treatment regimen on the parameters (h and
6*4was estimated (see Table 4.4). In addition the treatment groups were fitted individually to
check the results. Treatment regimen had no independent significant effect on the early phase of
therapy as represented by (h- However, there was a small improvement in model fit for the effect
of treatment on 04and the coefficient for the HRZM regimen was statistically significant
(p=0.02) while that for the HRZG regimen failed to achieve significance at the 5% level
(p=0.13). HRZO did not appear different from the control regimen HRZE. The model predictions
for the four regimens are presented in Figure 4.6 (top panel).

The separately fitted data supported the separation of the treatment regimens into these two
groups though the individual estimates of d4varied. The estimates of the variance function
parameter ô by treatment group also varied from -0.19 for HRZM to - 0.5 for HRZG suggesting
some possible differences in the error structure of the model. However, inspection of the residual
plots by treatment group from the jointly-fitted model did not suggest any serious departure from
the model assumptions.

4.3.6 Effect of covariates

The effect of covariates was initially explored by graphically examining their effect on the
distributions of the model random effects (Figure 4.7). In addition univariate analysis of the
distribution of covariates at baseline was carried out. In particular, 77% of subjects receiving the
HRZG regimen were described as having bilateral radiological disease as against 65-66% in the
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Figure 4.6: Model predictions for the NLME model unadjusted (top) and adjusted (bottom)for
covariates

131

I

<
D
(A
ro 55
• a j t...■ .. I-. •
o
.2 o

to <D
^ 1..* H

•

T3

(V

1 1 1 1

T------ ------ ------ ------ ------

■-

• •> m • - -

- +1+

• r n — i ••

£0 10 00 tO- £0- SO- »0-

V

£

0

i.. an.... h• •
• rn iro oo ro-

£• *•

vo-

oo- ro-

200

400

600

<U

•~4-f+-

>
a

Ö5
-o
a
•*—
o
O'

>

ro _ h-- \ 1|—H° «>
oax>oacf-|JJ--^oo
2CD-5
£
o 15
o >
-O
1
■a ro
ro o
ec
fr

Z

0

z- \r

9-

10

00

o

Z 0- t-0'

•h—-Q }--H»

-o

□ H
fr

Z

0

i-—cn —
-o

h-£Dh
frO

OO

•
frO-

a<L)
c
cL
/3>
X<>
'♦-*
C
/3
Ö
• »"H
C
Ö
t>
cSß
t/3
D
'S
>
oo
O
cn
-«-»
O
Pu
V
u
2

wd

E

<Ol

<N
<0

o-)

<o>

80-

(N
m

Oflotub Study

Chapter 4

other three arms. In addition age, sex and radiological findings appeared to influence the
distribution of 6awhilst HIV status seemed to particularly affect the intercept parameters 6\ and
&$. These individual covariates were first added individually to all parameters of the basic model
to assess their overall suitability for inclusion and identify which parameters were influenced by
which covariates. After the basic set of covariates was thus selected all pairwise interactions
between them were also fitted to verify the structure of the covariate-adjusted model (data not
shown).

Rapid killing was associated with female sex, decreasing age, HIV-negativity and unilateral
disease. After adjustment for these covariates and for deviations in times of submission of
sputum samples from those scheduled in the protocol, the precision of parameter estimates was
improved. The regression coefficients for HRZG (0.166: 95%CI = 0.143-188 logio CFU/ml/day)
and for HRZM (0.169: 95%CI = 0.143-0.190 logio CFU ml/day) were almost identical and both
were significantly (p = 0.007 and 0.006 respectively) greater than for HRZE (0.134: 95%CI =
0.118-0.155 logio CFU/ml/day). In both phases of killing, HRZO appeared no different from the
HRZE (0.138 :95% CI= 0.119-0.155 logio CFU/ml/day, p=0.943). The estimated treatment
effects are shown in Figure 4.6 (bottom panel).

4.3.7 Model-checking

Imputation to account for censoring had the effect of increasing the values of the regression
coefficients P in the slow phase of NLME from day-7 onwards, but did not materially alter tests
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of significance for the differences between HRZG or HRZM versus HRZE. Examination of the
auto-correlation function for the final model suggested a modest degree of residual serial
dependence in the residuals but addition of a simple auto-regressive process (AR(1)) to the
within-subject errors did not significantly improve the fit.

4.3.8 Forecasting

Using the estimates from the fully covariate-adjusted model, two methods of forecasting the
likely duration of therapy which will be required under the study regimens can be provisionally
proposed. The first simply compares the relative change in the regression coefficients observed
in the current trial with those previously observed between the regimens SHT and SHRZ
(Brindle, Odhiambo et al. 2001; Davies, Khoo et al. 2006). In that study, introduction of R and Z
in combination was associated with an increase of 48% in the magnitude of the regression
coefficient for the late phase of therapy. This change in fact corresponded to a similar reduction
in the duration of therapy. In the current study, the HRZG and HRZM regimens increased
clearance in the late phase by between 23.9 to 26.1% with the upper 95% confidence limit at
approximately 41%. On this basis, the model predicts that the expected duration would be
approximately 4.5 and unlikely to be less than 3.5 months (see Figure 4.8). A second approach is
based on simple extrapolation of the predicted response functions to 6 months. This exercise
supports the estimates of the first approach, suggesting that the HRZM regimen achieves a
comparable nominal population size as that for the HRZE regimen at 6 months in 138 days (4.6
months).
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Figure 4.8: Forecasting duration of treatment by effect size

% Change in (3versus control
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4.3.9 Comparison with other analytical methods
4.3.9.1 SM-ANCOVA

SLOPE statistics could be computed in the four intervals 0-2, 0-7, 7-28 and 7-56 for 197,207,194
and 195 subjects respectively. Thus up to 7% of profiles were discarded due to the fact that they
contained no observations at all or only one at the beginning of the interval. Examination of the
distributions of the statistics revealed variable left skew and a number of biologically implausible
outliers which could generally be attributed to artifacts of the truncation of the data into the
different time intervals and removed. Adequate normality was achieved using the Box-Cox
transformation with X set at 1.78 and constants of 2, 0.8, 0.4. and 0.4. respectively.

The estimated effects of treatment during the four intervals are presented in Table 4.5. During
the interval 0-2 days no significant differences between the regimens were detected by any of the
methods. The p-values for the SLANC and SLAIN methods were identical reflecting the fact that
the adjustment for baseline is equivalent on only two datapoints. In the interval 0-7 days
significant effects were detectable for both the HRZG and HRZM regimens. Interpretation of
these findings must be cautious however since in this time period the curvature of the response
function is maximal and the model assumptions least likely to be fulfilled. In both the intervals
from day 7 onwards, neither the SLOPE nor the SLANC methods detected any differences
between the regimens whilst the SLAIN approach suggested superiority of the HRZM regimen
(p=0.035 and 0.017 for 7-28 days and 7-56 days) whilst the HRZG regimen did not appear
significantly different from control ( p=0.215 and 0.065 ). After adjustment for relevant
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Table 4.5: Summary Statistics in the four time intervals
I n te r v a l

G roup

SLO PE
E s tim a te

0 -2 d a y s

HRZE
HRZG
HRZM
HRZO

F fo r tr e a t
0 -7 d a y s

HRZE
HRZG
HRZM
HRZO

F fo r tr e a t
7 -2 8 d a y s

HRZE
HRZG
HRZM
HRZO

F fo r tr e a t
7 -5 6 d a y s

HRZE
HRZG
HRZM
HRZO

F fo r tr e a t

0.464
- 0.536
- 0.550
- 0.387
0.064
- 0.232
- 0.289
- 0.305
- 0.240
0.014
- 0.122
- 0.121
- 0.134
- 0.108
0.115
- 0.113
- 0.120
- 0.127
- 0.110
0.310

SLA N C

p -v a lu e

E s t im a t e

0.448
- 0.522
- 0.543
- 0.279
0.024
- 0.229
- 0.286
- 0.310
- 0.253
0.009
- 0.120
- 0.121
- 0.135
- 0.107
0.119

-

0.298
0.224
0.249

0.032
0.008
0.772

0.952
0.254
0.190

0.214
0.125
0.716

0.022
0.002
0.32396

0.120
- 0.128
- 0.109
0.373
-

137

0.442
- 0.517
- 0.538
- 0.421
0.024
- 0.228
- 0.286
- 0.306
- 0.246
0.010

p - v a lu e

0.214
0.125
0.716

0.023
0.003
0.471

-0 .1 1 1

0.8939
0.1707
0.1962

-0 .1 1 1

0.467
0.159
0.753

E s tim a te
-

-

>

t

S L A IN

p -v a lu e

0.351
0.110
0.793

0.122
0.131
- 0.104
0.034
- 0.102
- 0.116
- 0.122
- 0.102
0.152
-

-

0.215
0.035
0.420

0.065
0.017
0.953
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covariates however the size of the p-values for both HRZG and HRZM were reduced in both
time intervals (p=0.l23 and 0.019 respectively for 7-28 and p=0.008 and 0.004 respectively for
7-56 days), with both regimens statistically significant in the last interval.

4.3.9.2 Survival analysis

The Kaplan-Meier estimates of the probability of sputum culture conversion on selective plates
are plotted in Figure 4.9. A global log-rank test for the effect of treatment is highly significant
11.9 on 3 d.f. p=0.008) though inspection of the Kaplan-Meier curves suggests that this may be
largely due to the difference between the HRZO and HRZM regimens. Cox proportional hazards
models were fitted to the data and the results are presented in Table 4.6. Prior to adjustment for
any covariates, the HRZM regimen appeared to accelerate culture conversion by comparison
with the control regimen (Hazard ratio 1.73 95% Cl 1.15-2.60 p=0.009). After adjusting for
covariates, particularly baseline viable count and extent of radiographic disease, the effects of the
HRZG ( Hazard ratio 1.49 95% Cl 0.98-2.28 P=0.064 ) and HRZM (Hazard ratio 1.63 95% Cl
1.06 - 2.51 p=0.027) regimens again appeared more similar. In neither analysis was there any
observed effect of the HRZO regimen. An interesting feature of the Cox models is the non
constant baseline hazard, which increases monotonically as the counts steadily approach the limit
of detection (Figure 4.9).
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Figure 4.9: Kaplan-Meier plot of sputum culture conversion
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Table 4.6: Cox regression models
Model

Predictor variables

(1)

Regimen

(2)
(3)
(4)
(5)
(6)
(7)

Baseline count
CXR score
HIV
Age
Sex
Baseline count +CXR
score
Baseline count +CXR
score +HIV

(8)
(9)

Baseline count+CXR
score+HTV+Regimen

HRZE
HRZG
HRZM
HRZO

count
CXR
count
CXR
HIV
count
CXR
HIV
HRZG
HRZM
HRZO

Hazard
Ratio
1.00
1.26
1.73
0.89
0.69
0.68
1.6
0.99
1.47
0.71
0.73
0.74
0.74
1.47
0.71
0.74
1.42
1.49
1.63
0.81

140

95% Cl

P value

0 . 84 - 1.89
1 . 15 - 2.60
0 . 58 - 1.35
0 . 59 - 0.80
0 . 50 - 0.93
1 . 19 - 2.16
0 . 97 - 1.00
1 . 08 - 1.99
0 . 53 - 1.00
0 . 61 - 0.84
0 . 63 - 0.88
0 . 54 - 1.02
1 . 08 - 2.02
0 . 60 - 0.85
0 . 54 - 1.03
1. 03 - 1.96
0 . 98 - 2.28
1. 06 - 2.51
0 . 53 - 1.24

0.270
0.009
0.57
< 0.001
0.015
0.002
0.16
0.013
< 0.001
0.05
< 0.001
0.064
0.016
< 0.001
0.077
0.031
0.064
0.027
0.330

Deviance
(null=1675)
1663.9

1611.6
1600.5
1665.2
1673.0
1669
1553.0
1547.1

1533.3
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4.4 Discussion

The results presented here support and extend the findings presented in Chapter 2. Elimination of
bacilli was confirmed to be biphasic, with an early, fast phase lasting about 7 days, probably
acting on multiplying bacilli, and a later, slower phase, gradually predominating during the first
7 days of treatment. This new data also demonstrates that this late and approximately linear
decline continues until the end of the intensive phase of treatment. Given that this phase of
treatment may be a useful measure of the elimination of the persisting bacilli largely responsible
for the long duration of current anti-tuberculosis chemotherapy, proper identification and
accurate estimation of the rate of decline during this phase may be important in early clinical
evaluation of anti-tuberculosis drugs. In addition to assessing the suitability of the most advanced
new agents for progress into Phase III trials, this study also provided an opportunity to study the
role of different statistical methods in this critical stage of development.

In the current study, three different fluoroquinolones were added to the core short-course
regimen during the intensive phase of therapy. Neither of the methods capable of distinguishing
the early phase supported statistically significant differences in activity between the regimens, a
finding that agrees with the observation that addition of other drugs does not increase the EB A of
isoniazid-containing regimens (Jindani, Dorè et al. 2003). Survival analysis was not informative
during the first 14 days since very few culture conversions occurred during this period. SMANCOVA, though much more suitable for this purpose, was likely to be more reliable during the
interval 0-2 than 0-7 days because of the non-linearity of the profile of counts between 2 and 7
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days which led to difficulties of interpretation. NLME however appeared to be a more successful
approach since it was able to represent the two phases simultaneously in a more flexible and nonarbitrary way, while using all of the available data.

In the late phase of therapy, moxifloxacin clearly accelerated the rate of bacillary clearance as
assessed by any of the statistical methods used. However, some important imbalances in baseline
covariates, particularly extent of radiographic disease, masked the real magnitude of treatment
effect for the gatifloxacin-containing regimen. After adjusting for covariates important during the
late phase which also included HIV status and age, as well as baseline count for SM-ANCOVA,
both 8-methoxyquinolone-containing regimens achieved an approximately similar and, by the
analyses based on counts, highly statistically significant magnitude of effect (p=0.006 by NLME,
p<0.004 by SM-ANCOVA). The estimated treatment effects from Cox regression supported this
finding but at a lower level of significance ( p= 0.027 and 0.064 for HRZM and HRZG
respectively ). The regimen containing ofloxacin appeared no better than control. This ranking is
in agreement with findings from in vitro models of persistence (Hu, Coates et al. 2003) though
existing mouse data do not allow a similar ordering.

Clearly these important conclusions depend on the adequacy of the model fitted to the data. The
bi-exponential model used here appears to capture the important features of the data and is
crucially able to distinguish between the early and late phases of therapy, unlike the mono
exponential model, while the tri-exponential model showed clear signs of overfitting and
produced implausible predictions. Careful model-checking did not reveal any serious violations
of the assumptions of the selected model and the results of the analysis were robust to simple
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methods of accounting for the censoring imposed by the limit of detection of the bacteriological
method and to other potential problems such as residual serial correlation of the observations and
protocol deviations in timing of samples. The use of explicitly model-based analyses is
increasingly advocated during early clinical development of drugs in many areas (Sheiner and
Steimer 2000). A carefully applied statistical modelling approach appears more flexible and
powerful than other more empirical methods of measuring sterilizing activity and in addition
promises to advance our understanding of the underlying process of elimination of bacilli.

While the appropriateness and performance of a particular analysis applied to a biomarker is an
important factor in its adoption as a surrogate endpoint, perhaps a more important consideration
is its evaluation in relation to the definitive endpoint of clinical interest. Culture conversion at 2
months is known to be predictive of subsequent relapse on short-course regimens (Mitchison
1996). Since this endpoint and all the forms of analysis discussed here reflect the rate of
elimination of bacilli from sputum during the intensive phase it is prima facie likely that they
may share useful surrogacy. As yet, however, no direct evaluation of these new putative
surrogate endpoints, which would require long prospective follow-up of Phase II or extensive
sub-studies of Phase III trials, has been carried out. Though we can establish their biological
plausibility and statistical superiority, we must now also begin the process of gathering the data
which will allow this critical evaluation to be carried out.

An additional aspect of this problem is that of quantifying the relationship between the
magnitude of the putative surrogate and the duration of therapy. Until the evaluation process is
quite advanced, forecasting the extent of shortening of any eventual phase III regimen on the
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basis of Phase II results will remain problematic. However, this issue has assumed great
importance in the light of the current focus on reducing the duration of therapy and will be a
crucial ethical hurdle in the transition of any new shortened regimen into Phase III. Modelbased endpoints may have some advantages over empirically selected ones in this context since
their predictions may have better a priori biological and therefore causal support.
Straightforward extrapolation of the slow phase of bacterial killing in the current analysis
supports a shortening of therapy up to 30%, but this estimate could be unreliable because of
several factors operating in the continuation phase, such as the absence of pyrazinamide, a
change in the pH of the bacillary environment (Mitchison 1985) and the possible presence of
additional subpopulations with a greater degree of antibiotic tolerance (Mitchison and Coates
2004).

These findings provide evidence that gatifloxacin and moxifloxacin, but not ofloxacin, could
improve the sterilizing activity of regimens for pulmonary tuberculosis and argue for their urgent
progress into Phase III trials. Modem regression modelling applied to SSCC data appears to be a
suitable and efficient method for Phase II studies of novel combination regimens. It could enable
factorial evaluation of combination regimens at feasible sample sizes, providing the key to
rational early clinical development.
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Whole Blood Bactericidal Assay

5.1 Introduction

All currently accepted surrogate endpoints in tuberculosis clinical trials such as EBA and
two month culture conversion rely on bacteriology performed on sputum during the
intensive phase of therapy (Mitchison 1996). These endpoints are likely to best reflect
pharmacodynamic effects on subpopulations of bacilli located extracellularly in cavities
and bronchi and can only be studied in culture positive tuberculosis patients. After culture
conversion has occurred, and in patients with extrapulmonary tuberculosis, no such
information can be obtained unless and until bacteriology again becomes positive at the
time of a relapse. New biomarkers that could provide similar or additional information
about the rate of sterilization during therapy would be very useful in early clinical
development.

Serum bactericidal activity (SBA) was used for many years in infective endocarditis to
remedy precisely this inability to adequately monitor persisting organisms at an
inaccessible site of infection. Adopting an indirect approach, an estimate of the likely
efficacy of therapy in vivo was made by incubating the organism recovered from patients
with blood sampled after administration of drugs. Though no longer generally advocated
in the care of patients with infective endocarditis SBA is still used as a means of
assessing pharmacodynamic response in early clinical development of antibacterials
(Geerdes-Fenge, Wiedersich et al. 2000; Bantar, Nicola et al. 2004; Leighton, Gottlieb et
al. 2004) and is a commonly used functional assay in studies of immune response
(Martin, McCallum et al. 2005). In tuberculosis, diluted whole blood bactericidal assay
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(WBBA) has similarly been advocated for studies of immune response to BCG
vaccination (Cheon, Kampmann et al. 2002) and for monitoring therapy of tuberculous
meningitis (Simmons, Thwaites et al. 2006).

Recently however, WBBA has also been used to study the action of various anti
tuberculosis drugs ex vivo in healthy volunteers (Wallis, Palaci et al. 2001; Janulionis,
Sofer et al. 2004) and to attempt to predict response to therapy in tuberculosis patients.
One suggested advantage of the technique is that in addition to accounting for protein
binding of drugs, phagocytosis of the inoculated organisms may make it a useful model
of intracellular infection. Preliminary studies suggested that a measure of total WBBA
activity over the entire period of treatment might correlate with the better-validated
bacteriological measures (Wallis, Vinhas et al. 2003). The method has been applied with
laboratory reference (Wallis, Palaci et al. 2001; Wallis, Vinhas et al. 2003), clinical
(Wallis, Vinhas et al. 2003) and genetically-engineered (Cheon, Kampmann et al. 2002)
(BCG lux+) strains of M tuberculosis.

The method proposed for assessment of the pharmacological activity of regimens by
Wallis et al (Cheon, Kampmann et al. 2002) (and Wallis, personal communication)
utilizes the radiometric BACTEC 460 system (Wallis, Palaci et al. 2001). Though often
considered the gold-standard for liquid culture of mycobacteria, the need for repeated
needle access of bottles and disposal of radiological waste limit application of WBBA,
with HIV co-infection a particular concern. Newer fluorometric liquid culture systems
with essentially continuous monitoring do not suffer from these problems, though they
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may be less sensitive (Brunello, Favari et al. 1999). We describe an adaptation of the
WBBA method to the MB/BacT system (Biomerieux) which may enable more flexible
and widespread use in pharmacokinetic-pharmacodynamic studies. Well-characterised
laboratory strains of M. tuberculosis were selected in order to minimize immune and
strain factors and enable the assay to be carried out within the first few weeks of therapy,
prior to recovery of the patients own strain.

5.2 Methods

5.2.1 Materials

The reference strains H37Ra ( NCTC No.3617) and H37Rv (NCTC 3616) were obtained
from the National Culture Type Collection. MB/BacT MP process bottles (Biomerieux)
were prepared using 0.5 ml of reconstitution fluid without the addition of the selective
antibiotic supplement recommended by the manufacturer. For colony counting, plates of
Middlebrook 7H11 medium (Difco 0838) (Middlebrook and Cohn 1958) with oleic acidalbumin-catalase (OADC Difco 0722) were prepared and made selective by the addition
of Selectatabs ( MAST MS24 ) to give final concentrations of antibiotics as follows:
polymixin B 200 u/ml, carbenicillin 100 mg/L, trimethoprim 10 mg/L and amphotericin
B 10 mg/L (Mitchison, Allen et al. 1971). RPMI-1640 with L-glutamine ( Sigma-Aldrich
) was prepared with 20 mM HEPES buffer (Sigma-Aldrich). A safety rack ( purpose-built
by University Department of Engineering ) and square-ended 18g 1 inch needles
(Cooper’s Needle Works , Birmingham) were used for incoculation of the bottles. 2 ml
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microcentrifuge tubes with rubber O-ring safety seals (Symport) were used for incubation
of the assays. Rifampicin, isoniazid, pyrazinamide and ethambutol compound were
obtained from Sigma-Aldrich.

5.2.2 Study of the characteristics of the MB/BacT system

All procedures were carried out in a Class II biological safety cabinet within the Category
3 laboratory. Both H37Ra and H37Rv strains were resuscitated and incubated in single
MB/BacT Process bottles until the signal reached 4000 reflectance units, the point of
entry into stationary phase as assessed by the shape of the growth curve. Multiple
daughter bottles were then re-inoculated with 100 pi from the original bottle and
similarly incubated. 1 and 2 ml aliquots of the resulting stock were frozen at -20 °C prior
to use. Standard curves were prepared by making ten-fold dilutions of stock in MB/BacT
MP medium. 900 pi of medium was removed from the first bottle to which 1000 pi of
neat stock were added, 100 pi neat stock to the second and then 100 pi of serially diluted
stock to each of five subsequent bottles. The bottles were then incubated until positive
and log (equivalent volume of original stock ) plotted against days-to-positivity (DTP).
The inoculum for the assay was selected as the volume of stock estimated to result in
DTP of 4.5. In addition 100 pi volumes of serial ten-fold dilutions of the stock were
plated in duplicate onto half-plates of selective Middlebrook 7H11 medium.
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5.2.3 Assay procedure

Lithium heparinised whole blood was collected in 2 ml closed sterile polypropylene tubes
( Sarstedt) and kept at room temperature until the assay was carried out. An aliquot of
stock was thawed and the pre-determined inoculum inoculated directly into an MP bottle
as a process control. Further inocula were placed in 2 ml microcentrifuge tubes and 1 ml
of RPMI-HEPES added. The tubes were placed in a sealed rotor and centrifuged for 10
minutes at 3000 xg. The supernatants were carefully removed with a fine-tipped Pasteur
pipette and the pellets resuspended in 300 pi of RPMI-HEPES and vortexed thoroughly.
300 pi of whole blood was then added to each tube as appropriate, the lid tightly sealed
and the contents of the tube mixed by gentle tapping. The tubes were placed inside a rack
in an air-tight plastic box and placed on a full-visibility orbital shaker for 48-72 hours at
37 °C. After incubation was completed, the tubes were again centrifuged for 10 minutes at
3000 xg. The ~ 300 pi of plasma supernatant was removed using a Pasteur pipette and
900 pi of sterile water added. Each tube was then vortexed at high speed for 30 seconds
allowed to stand for 10 minutes and then vortexed again at high speed for 30 seconds to
lyse blood cell membranes. The tubes were again centrifuged for a further 10 minutes at
3000 xg and the -800 pi of supernatant again carefully removed. The pellets of cell
debris and mycobacteria were then vortexed again at high speed for 30 seconds. The
residua were transferred into MB/BacT MP bottles using a 1 ml tuberculin syringe with a
square-ended needle. The bottles were incubated in the MB/BacT machine until they
signaled positive and the DTP recorded. Activity in the assay was expressed as
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A DTP = DTPX- DTPo= logio(volumex) - logio(volumeo)

using the original output of the machine and not back-calculated to change in the volume
of stock ( and hence number of colony-forming units ) via the standard curve. Initially all
positive bottles underwent gram and Kinyoun staining to ensure the absence of
contamination. Thereafter bottles were randomly sampled for quality control purposes
unless there were obviously abnormal growth characteristics.

5.2.4 Study of the effects of individual first-line agents

Each of the individual first-line agents were spiked into whole blood from a single PPDpositive healthy volunteer. Stock concentrations of the drugs corresponding to those
achievable in vivo were freshly prepared as follows : Rifampicin 3000 pg/ml, dissolved
in methanol and then 1:10 in distilled water, Isoniazid 1000 pg/ml in distilled water,
Pyrazinamide 10000 pg/ml in distilled water and ethambutol 3000 mg/ml in distilled
water. Drug solutions were passed through a 0.2 pm filter and 20 pi dissolved into 2 ml
of whole blood under sterile conditions. 2 or 3-fold dilutions were then made with
additional blood in microcentrifuge tubes and mixed throroughly without vortexing. 300
pi of blood from each tube was added to duplicate assay tubes pre-prepared with an
appropriate inoculum resuspended in RPMI-HEPES and the assay carried out as
described above.
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5.2.5 Studies of tuberculosis patients

Exploratory studies were carried out in the Infectious Diseases Unit at the Royal
Liverpool University Hospital, Liverpool and at Bamrasnaradura Infectious Diseases
Institute, Bangkok, Thailand in order to define the characteristics of the assay in patients
with tuberculosis. Patients commencing or already receiving combination chemotherapy
for drug-sensitive tuberculosis or patients receiving rifampicin as therapy for
staphylococcal infection were eligible for entry to the study.

Exclusions included : significant possibility of or proven drug-resistant disease,
significant hepatic or renal dysfunction, concomitant anti-retroviral or methadone
therapy. Potential participants were identified by staff on the ward or from a current
register of patients already receiving therapy. All gave their written informed consent.
Participants were asked to attend the ward for a 12 hour period and were asked to delay
taking their daily dose of anti-tuberculosis drugs and to bring it with them. A small bore
heparinised cannula was inserted aseptically into a forearm vein and 39 ml of blood was
drawn, following which the patient was asked to take their next dose. Administration of
drugs was directly observed and all drugs were given as quality assured fixed dose
combinations.

Subsequently, further 4 ml heparinised blood samples were drawn at five timepoints
chosen from 0, 0.25, 0.5,1,4,10 or 11 hours ( the exact schedule differed between
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patients). Basic clinical information, including HIV status, were abstracted from the
patient’s case-notes. All specimens and study materials were coded with a unique
identifier and anonymised to protect the confidentiality of the participants. WBBA
specimens were assayed as described above after not more than 2 hours at room
temperature and harvested after 72 hours incubation. Peripheral blood mononuclear cells
were isolated using the Ficoll-Paque method and frozen immediately in foetal calf serum
with 10% DMSO at -80 °C. ABC transporter expression was subsequently assayed as
described in Chapter 6.

5.2.6 Statistical methods

The Area-under-the-curve (AUC) for the WBBA profile for each subject was computed
using two different methods. The data were normalized to the DTP value in the drug-free
control at time 0 and this time point was doubled for the purposes of model fitting (i.e it
was assumed that the value at time 0 would be the same as that at 24h). Standard noncompartmental analysis was used to estimate the AUCo-n on a logarithmic scale using the
trapezoidal method and the log up/linear down option. In addition a generalized Weibull
function (Heikkila 1999; Wallis, Vinhas et al. 2003) was fitted to the individual profiles
in order to estimate the AUC0-24. The form of the function pertaining to a one
compartment model for orally administered drugs is
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where a and p are scale parameters for the f(t) and t axes respectively which are
constrained to take values > 0 . y and k are parameters controlling the shape of the
function under the following constraints y>l and k > max (2, y) (Heikkila 1999) . The
primary parameters of the model cannot be interpreted more meaningfully and are simply
a means to estimating the AUC in studies of bioequivalence. This method, implemented
in FORTRAN as a user-defined model, and non-compartmental analysis were carried out
in WinNonLin 4.0 ( PharSight corporation, USA ).

5.3 Results

5.3.1 Characteristics of the MB/BacT system

The growth characteristics of the two reference strains studied in MB/BacT appeared
different. Those of the H37Ra strain appeared unfavourable (see Figure 5.1), despite its
potential advantages in terms of biosafety. In the mid-range of inoculum size to be used
in the assay, H37Ra required incubation times approximately twice as long as H37Rv to
signal positive. In addition, in the MB/BacT system, bottles are generally declared
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Figure 5.1: Growth characteristics of the reference strains H37Rv (red line) and H37Ra
(blue line)
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negative at 42 days and for small inocula it appeared that H37Ra might approach this
limit. The H37Rv strain was therefore selected to prepare the inoculum for the assay.

WBBA in BACTEC is based on log-linearity of response in DTP to size of inoculum,
measured either as volume or colony-forming units (Wallis, Palaci et al. 2001). We
confirmed that this was also generally true in the MB/BacT system ( Figure 5.2) with a
log-linear response over a 7 logio range of inoculum volume. Colony-counting on
selective Middlebrook 7H11 medium gave an estimated concentration for the stock of 5.6
x 106 colony-forming units/ml. For very high inocula ( >100 pi of stock corresponding to
approximately 6 x lO3 plate-viable M tuberculosis organisms ), DTP reached a
minimum (2.5 days) probably determined by the minimum generation time of the strain.
At the low end of the range (<10'4 pi of stock corresponding to < 1 plate-viable M.
tuberculosis organism), if the estimates of plate-counting are correct, a limiting dilution is
reached, since only about half of bottles inoculated ultimately became positive below this
inoculum size. Given these constraints, a dynamic range of about 3-22 days can be
expected, which for a machine reading every ten minutes corresponds to an
approximately 2736-point scale. However, we selected an inoculum size corresponding to
4.5-5 days ( ~ 10-30 pi or approximately 6 x 104 organisms ), a slightly higher inoculum
than used in the BACTEC 460, to ensure that small variations in immune control of
mycobacterial growth between individuals at baseline could also be registered. From
time-kill studies (data not shown) we determined that the assay reached completion
within 48 hours.
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Figure 5.2: Standard curve for the reference strain H37Rv
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5.3.2 Effect of first-line anti-tuberculosis agents in the assay system

We tested the pharmacodynamic response to different anti-tuberculosis agents in the
assay system by adding isoniazid, rifampicin and pyrazinamide to heparinised whole
blood from a single healthy volunteer over a range of pharmacokinetically realistic
concentrations and in addition one probably supraphysiological concentration to
determine if maximum pharmacodynamic effect could be achieved. The concentration
response curves for the three drugs are shown together in Figure 5.3. Of the four agents
studied, rifampicin had the largest effect with a maximum change in DTP of 14 days,
equivalent to a 4 logio kill and the shape of the observed curve did not suggest that
maximum effect had been achieved within the range of concentrations studied. For
isoniazid, the next most potent agent, a maximum effect of 4 DTP appeared to be
achieved at the physiological concentration of 3 pg/ml. Neither pyrazinamide nor
ethambutol demonstrated an effect greater than 1 DTP at any concentration studied. For
the former maximum effect was achieved at the physiological concentration of 50 pg/ml
while for the latter maximum effect did not appear to be reached even at concentrations
greatly exceeding those achievable in vivo.

5.3.3 Exploratory study in tuberculosis patients

Four African patients were studied in Liverpool and four Thai patients in
Bangkok. All had smear positive pulmonary tuberculosis and five were also HIV co
infected. The population mean profile of WBBA activity for each group of patients is
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Figure 5.3: Concentration-response curves for the four first-line anti-tuberculosis agents
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Figure 5.4: Population mean profiles of WBBA activity in African (n=4) and Thai (n=4)
tuberculosis patients
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shown in Figure 5.4. Interestingly, onset of WBBA activity was rapid in most patients,
despite the known absorption characteristics of the drugs but the maximum effect was
reached by four hours, around the approximate Cmaxof rifampicin and pyrazinamide.
This activity was however sustained until the end of the sampling interval when plasma
concentrations of drugs are declining rapidly. There was considerable between-patient
variability in the parameters of the individual WBBA profiles and some differences in the
shape of the profile between the two groups of patients, though these were not
statistically significant. In addition sterilization of the bottle at any time point, which was
previously a problem, has not yet been observed (Wallis, Vinhas et al. 2003).

5.4 Discussion

The almost exclusive use of bacteriological endpoints in tuberculosis clinical trials
currently poses a number of problems in early clinical development. Firstly, it has proved
difficult to study combinations of agents effectively using EBA studies (Jindani, Aber et
al. 1980; Dietze, Teixeira et al. 2001) . The dominant effect of isoniazid in relation to
other drugs and the variability of colony counts in different centres (Sirgel, Donald et al.
2000) means that adequate power is difficult to achieve at practical sample sizes.
Secondly, EBA is an irreversible measure once treatment has begun. This has two
consequences : directly comparable measures of drug activity cannot be obtained
repeatedly and cross-over trials incorporating a pharmacodynamic component in Phase
I/II development, which would be an obvious means of overcoming the high level of
inter-individual variability observed in EBA studies, are consequently impossible (Senn
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and Ezzet 1999). Thirdly, it is known that EBA is poorly predictive of sterilizing activity
>

►

I

I

in Phase III trials. The availability of new pharmacodynamic measures / surrogate
endpoints without these constraints could greatly improve the quality of information
available in early clinical development.

An ex vivo diluted whole blood bactericidal assay for tuberculosis was first described by
Wallis et al (Wallis, Palaci et al. 2001) and may offer one means of overcoming some of
the problems described above. Initially interest in the technique focused on the study of
correlates of protection in vaccination studies (Cheon, Kampmann et al. 2002) but the
effect of anti-tuberculosis drugs in such a system proved to be much greater than that of
protective immunity (Wallis, Vinhas et al. 2003). The characteristics of the system
suggested that it might be a useful model for both intracellular and sterilizing activity
(Wallis, Palaci et al. 2001).

The method as originally described was based on DTP in the original radiometric
BACTEC 460 liquid culture system (Middlebrook, Reggiardo et al. 1977). However,
monitoring growth in this system requires intermittent, usually daily, needle sampling of
the bottles. This raises biosafety concerns and the first studies of WBBA excluded HIVpositive patients primarily for this reason. Furthermore, it is also necessary to interpolate
the observed data to obtain an exact value for DTP (Wallis, personal communication).
The advent of completely sealed mycobacterial liquid culture systems based on nearcontinuous monitoring of oxygen or carbon dioxide production offers an obvious way to
overcome these technical difficulties.
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We established that mycobacteria incubated in the MB/BacT system have similar growth
characteristics to those observed in BACTEC and in particular that the relationship
between inoculum size and DTP is log-linear. The dynamic range of the log-linear
portion of the response curve was approximately 7 logio, which is comparable with
colony counting studies though the actual scale of observed measurements is more
restricted ( 2736 against ~ 107 points).

The ranking of the activity of the four first-line agents in the new assay system is
identical with that observed in BACTEC (Wallis, Palaci et al. 2001) and supports the use
of the assay as a model of clinical sterilization since the maximum effect of rifampicin is
more than three-fold greater than that of isoniazid, a reversal of the situation observed in
studies of Early Bactericidal Activity (Donald, Sirgel et al. 2003). In addition, at
concentrations routinely achieved in vivo the pharmacodynamic effect of rifampicin
continues to increase without achieving any maximum, a phenomenon also observed in
EBA studies (Sirgel, Fourie et al. 2005). Perhaps disappointingly the effect of
pyrazinamide, though detectable, was much smaller than that of isoniazid, a finding that
does not reflect their action in clinical trials. It is likely that this is due to the buffering of
the culture medium used in the assay to support the growth of the mononuclear cells. The
activity of pyrazinamide is highly pH-dependent (Zhang and Mitchison 2003) and these
results appear to confirm the observation that the redox environment of phagosomes is
not itself sufficient to activate it (Hartkoom, personal communication).
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In the original studies, WBBA was carried out at only two time points (2 and 6 hours),
while -25% of the assays were completely sterilized and had to have a maximum value
imputed. It was suggested that computing the AUC of the measurements would improve
reproducibility, given that replicating the individual measurements was costly (Wallis,
Vinhas et al. 2003). Complete sterilization was not observed in any of the assays reported
here. This may be due to the use of a slightly higher inoculum of a single reference strain
and a shorter incubation time. The pilot studies were designed on the basis of five
sampling points to ensure that the parameters of the generalized Weibull model could be
uniquely estimated and improve precision of the AUC. In order to identify the best
sampling points, the time profile of WBBA was studied on the initial day of treatment in
four African and four Thai tuberculosis patients, half of whom were HIVpositive. In
general, the shape of the curves agreed reasonably well with the known pharmacokinetic
parameters of the first-line agents, enabling harmonization of the sampling schemes for
WBBA and pharmacokinetics.

The characteristics of the MB/BacT system appear to be suitable for the WBBA method
previously described and this adaptation may have some advantages. Firstly use of the
system is less time-consuming for laboratory staff. Continuous monitoring also means
that interpolation using a standard curve is not required: the machine readout can be used
directly. Secondly, the bottles remain sealed so that, after preparation, there are no
biosafety concerns. This allows WBBA to be used for all tuberculosis patients,
irrespective of HIV status. Lastly, because more samples can be processed both the
maximum effect and AUC can be estimated more precisely. Harmonization of WBBA
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with pharmacokinetic samples could offer more insight into pharmacodynamic
interactions and play a useful role in Phase II trials of anti-tuberculosis agents.

ABC transporter expression

Chapter 6

CHAPTER 6
Expression of P-glycoprotein
and multidrug-resistance protein 1
on mononuclear phagocytes

167

ABC transporter expression

Chapter 6

6.1 Introduction.............................................................................................................. 169
6.2 Methods..................................................................................................................... 171
6.2.1 Samples............................................................................................................... 171
6.2.2 Isolation of peripheral blood mononuclear cells.................................................172
6.2.3 Preparation of monocyte-derived macrophages................................................. 172
6.2.4 Isolation of human alveolar macrophages........................................................ 173
6.2.5 Flow cytometry for immunophenotyping of monocytes and macrophages..... 173
6.2.6 Flow Cytometry measurements of ABCT expression...................................... 174
6.2.7 Statistical methods.............................................................................................. 176
6.3 Results....................................................................................................................... 177
6.3.1 Location and validation of monocyte and macrophage gates........................... 177
6.3.2 Initial titration of UIC-2...................................................................................... 177
6.3.3 Evaluation of blocking strategies........................................................................ 178
6.3.4 Chequerboard titration of UIC-2 and F(ab)’2 fragments....................................181
6.3.5 Time and temperature studies for UIC-2............................................................ 181
6.3.6 Development of MRP-1 assay............................................................................ 184
6.3.7 Further optimisation experiments......................................................................184
6.3.8 Study of monocytes from healthy donors..........................................................187
6.3.9 Study of monocytes and alveolar macrophages from respiratory patients....... 192
6.4. Discussion................................................................................................................. 196

168

ABC transporter expression

Chapter 6

6.1 Introduction
The phenomenon of drug efflux in humans was first clearly identified as a mechanism of
resistance to chemotherapy of cancer (Bradshaw and Arceci 1998). Intense scientific
interest in the molecular basis and physiological origin of these processes led to the
identification of several large families of ubiquitous proteins implicated in cellular drug
transport which collectively have an important impact on drug disposition and
metabolism (Ayrton and Morgan 2001). P-glycoprotein (PGP) and multidrug-resistance
protein 1 (MRP-1) are members of the human ATP-binding cassette transporter (ABCT)
superfamily and are constitutively expressed in a wide variety of tissues (Chan, Lowes et
al. 2004).

PGP appears to form part of a general secretory detoxification system and is abundant on
the apical face of many epithelial surfaces, particularly the small intestine and bile
canaliculi. Its expression is co-ordinated and plays a synergistic role with CYP enzymes
(Wang and LeCluyse 2003) and bioavailability of many drugs is significantly increased
in mdrla (-/-) knockout mice (Sakaeda, Nakamura et al. 2002). By contrast, MRP1 is
localized to the basal aspect of enterocytes and renal tubular cells and may be involved in
detoxification of endogenous substances (Hipfner, 1999).

Both molecules are also expressed on leucocytes (Chaudhary, Mechetner et al. 1992;
Drach, Zhao et al. 1992). PGP phenotype of blasts has been associated with failure of
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anthracycline treatment for leukaemia (Poeta, Stasi et al. 1996; Laupeze, Amiot et al.
2002). Both PGP and MRP1 are also thought to play a significant role in the
accumulation of HIV-protease inhibitors within lymphocytes (Jones, Bray et al. 2001)
and in clinical response to antiretroviral therapy (Fellay, Marzolini et al. 2002). The
impact of these efflux mechanisms on other intracellular infections is not yet known
(Bambeke, Michot et al. 2003). Expression of PGP on monocytes from normal subjects
may be several-fold lower than on autologous lymphocytes (Drach, Zhao et al. 1992) but
there are few published data relating to tissue macrophages (Puddu, Fais et al. 1999).

Rifampicin, a major determinant of the success of tuberculosis therapy, is believed to be
both an inducer of (Becquemont, Camu et al. 2000; Runge, Kohler et al. 2000) and
substrate for PGP (Hartkoom, Chandler et al. 2007). Furthermore, there is evidence that
both HIV and tuberculosis may upregulate expression of transporters in vitro (Gollapudi,
Reddy et al. 1994) and in humans (Lucia, Rutello et al. 2002) raising the possibility that
cellular accumulation of rifampicin under such conditions may be limited by enhanced
drug efflux.

Since most studies of leucocytes have focused on expression in lymphocytes and blasts,
there is therefore a need for further information concerning expression of PGP and MRP1
in mononuclear phagocytes. In preparation for a clinical study including an evaluation of
the role of ABCT in anti-tuberculosis chemotherapy, sensitive methods have been
developed for the detection of these transporters on human monocytes, monocyte-derived
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monocyte-derived macrophages and human alveolar macrophages and their performance
evaluated in pilot studies of healthy volunteers and unselected respiratory patients.

6.2 Methods
6.2.1 Samples

Samples of peripheral blood were obtained from healthy volunteers in the Department of
Pharmacology at the University of Liverpool. Paired samples of peripheral blood and
broncho-alveolar lavage fluid were obtained from unselected respiratory patients
attending the Department of Respiratory Medicine/Medicines Evaluation Unit at
Wythenshawe hospital, Manchester under the study programme on pulmonary
macrophage function. Patients undergoing bronchoscopy for diagnostic clinical
indications were asked to give written, informed consent to undergo broncho-alveolar
lavage. This was performed prior to any indicated biopsy. The bronchoscope was wedged
in an appropriate tertiary bronchus away from the site of any pathology, usually in the
right middle lobe. Up to four 50 ml aliquots of pre-warmed normal saline were instilled
according to the return and the patient’s condition. The traps were placed on ice in the
bronchoscopy suite prior to processing.
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6.2.2 Isolation of peripheral blood mononuclear cells (PBMCs)

Freshly-drawn heparinised blood was layered in 50 ml Polypropylene tubes onto FicollPaque Plus (Amersham Biosciences) using plastic pipettes at room temperature in a 1:1
or 2:1 ratio according to the volume of blood available. The gradient was centrifuged at
400 xg for 30 minutes at 20 °C with no brake. The interface layer of cells was removed
circumferentially with a polypropylene Pasteur pipette and transferred to 15ml
polypropylene centrifuge tubes. The cells were diluted by a factor of five to ten in Hanks’
Balanced Salt Solution free from Calcium or Magnesium ions (HBSS,Sigma) at 4°C and
centrifuged again at 750 xg for 5 minutes at 4°C. The cell pellets were then processed for
flow cytometry or the supernatants discarded and the wash step repeated prior to
monocyte culture.

6.2.3 Preparation of monocyte-derived macrophages

Cell pellets were resuspended in 1ml of LPS-free RPMI-1640 medium with L-glutamine
and phenol red (Sigma) and counted using a modified Neubauer haemocytometer. The
cell suspension was adjusted to a concentration of 10 xlO6 PBMCs/ ml and 1-10%
autologous human serum (prepared by centrifugation at 1500 xg for 10 minutes at 20 °C
and followed by 0.2pm filtration) added. 1 ml of suspension was then transferred to
wells of polystyrene 24 well plates and the plates incubated for 1 hour (1% serum) or
overnight (10% serum) to allow the monocytes to adhere. The wells were then washed
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twice with plain RPMI-1640 and the medium replaced with RPMI-1640 with 10%
autologous human serum. Plates were then incubated at 37 °C with 5% humidified CO2
for 10-14 days, changing the medium approximately every three days according to colour
change of the medium. Transformation was confirmed by morphology and staining with
a Non-specific esterase kit (Sigma diagnostics).

6.2.4 Isolation of human alveolar macrophages

Bronchoalveolar lavage fluid was passed through a 100pm filter and centrifuged at 400
xg for 10 minutes at 4°C. The pellet was washed in a 15ml polypropylene centrifuge tube
with HBSS and the supernatant discarded prior to preparation for flow cytometry or
tissue culture. 2-4 75pl aliquots of suspension were also pelleted onto slides at 400xg for
6 minutes (Cytospin, Thermo-Shandon) where enough fluid was available. These were
stained with DiffQuik and/or Non-specific Esterase in order to independently confirm the
proportion of macrophages in the sample and detect the presence of granulocytes.

6.2.5 Flow cytometry for immunophenotyping of monocytes and
macrophages

Cell pellets in centrifuge tubes were resuspended in plain Flow Cytometry buffer ( FCB ,
PBS with 1% Foetal Calf Serum , lmM EDTA and 0.01% Sodium Azide ) to a
concentration of 4 xlO6 cells/ml. Directly conjugated immunophenotyping antibodies
were pre-placed in 12 x 75mm test tubes according to the manufacturers instructions in
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various combinations of the following as appropriate:7-Aminoactinomycin D solution
(20pl, Beckman-Coulter), anti-CD45-FITC (20pl, Serotec), anti-CD 14-RPE (20 pi,
Serotec), anti-CD206-RPE (40pl, Beckman-Coulter) or matched isotype controls. 100 pi
aliquots of cell suspension were then added to each tube. Unstained cells were used as
control for absorption of 7-aminoactinomycin D. Tubes were incubated for 20 minutes at
room temperature, 1ml of FCB added to each and centrifuged at 750 xg for 5 minutes at
4°C. The supernatants were discarded and the tubes resuspended with 300 pi 1:10
paraformaldehyde prior to analysis.

6.2.6 Flow Cytometry measurements of ABCT expression

Cell pellets in centrifuge tubes were resuspended in 2ml of 1:10 Paraformaldehyde
solution (Cellfix, Becton-Dickinson), mixed thoroughly, vortexed if necessary and
allowed to fix for 20 minutes. The suspension was then divided equally using a further
centrifuge tube. Each tube then received 10 ml of either plain FCB or FCB with 0.05%
Saponin (FCB+S) except in preliminary experiments where the composition of the buffer
was an experimental factor. The tubes were centrifuged at 750 xg for 5 minutes at 4°C,
one tube of each pair per sample was counted on a haemocytometer and the suspension in
both tubes resuspended with the same buffer to an appropriate concentration in the range
0.6-5 x 106 cells/ ml (usually lx 106 cells/ml).
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100 |_il aliquots were then placed in 12 x 75mm polypropylene test tubes and allowed to
stand at room temperature in the dark for 30 minutes, in order to allow the cells for the
MRP-1 assay to permeabilise. Primary antibody was added to the cell suspension at a
volume of 5 or 10 pi and mixed by repeated pipetting. All samples were prepared in
duplicate. For PGP the antibody UIC-2 (Immunotech,France) (Ferrand, Julian et al. 1996)
was used and for MRP-1 QCRL-1 (Calbiochem, USA) (Hipfner, Mao et al. 1999). Both
antibodies were unconjugated to fluorochrome. Matched unconjugated IgG2a and IgGi
antibodies (Serotec) were used as isotype controls. The tubes were incubated under
varying time and temperature conditions, ultimately 1 hour at 20 C in the dark for the
validation series.

Tubes were washed by adding 1 ml of the appropriate buffer, vortexing and centrifuging
at 750xg for 5 minutes at 4°C.The supernatants were discarded by pouring and a further
wash step repeated. Secondary antibody was added at a volume of 10 pi, mixed by
repeated pipetting. Several secondary reagents were used at varied dilutions: Goat anti
mouse IgG-R-Phycoerythrin (Serotec), Goat anti-mouse F(ab)’2-R-phycoerythrin
fragments (Caltag), Goat anti-mouse F(ab)YTricolour fragments (Caltag) and Goat
anti-mouse IgG-Alexa-Fluor 647 (Molecular Probes). Secondary antibodies were
incubated for thirty minutes at 4°C in the dark except where this was an experimental
factor. Two further washes were performed as outlined above and 300 pi of 1: 10
paraformaldehyde were added to the residual suspension .
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Samples were analysed in Liverpool and Manchester using an EPICS XL-MCL three or
four colour flow cytometer (Beckman-Coulter). Peripheral blood mononuclear cells were
gated by Forward and Side Scatter followed by validation with a lineage specific marker
for monocytes (CD 14- Lipopolysaccharide Receptor ). Human alveolar and monocytederived macrophages were gated on Forward and Side scatter followed by validation of
the selected gate by use of a lineage specific marker for differentiated macrophages
(CD206- Mannose receptor). For both gates, 3000 events were collected unless this was
an experimental condition . For immunophenotyping, compensation was preset for each
protocol using singly labelled cells for each fluorochrome. Results were expressed as the
ratio of the median fluorescence intensities of specific antibody and isotype control.

6.2.7 Statistical methods

Distributions of median fluorescence intensity ratios were examined for normality using
histograms, quantile-quantile plots and the Shapiro-Wilks W test. Where assumptions of
normality were not fulfilled or there were significant outliers, robust summary statistics
(median and interquartile range) and non-parametric tests ( paired and unpaired Wilcoxon
signed rank sum tests and Spearman rank correlation coefficient p) were used to describe
and compare data. Linear regression was also carried out using a robust least trimmed
squares estimator (Rousseeuw and Leroy 1987) implemented with the function l q s .
Where direct comparison of histograms was indicated, the Kolmogorov-Smimov test was
used. All statistical analyses were carried out in R version 2.5.0.(R Development Team
2007)
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6.3 Results
6.3.1 Location and validation of monocyte and macrophage gates

Gates for monocytes and lymphocytes were initially set on the basis of forward and side
scatter and validated using immunophenotyping. The pan-leucocyte marker CD45 was
used to screen out non-cellular debris in combination with a lineage-specific marker for
monocytes (CD 14) and the vital staining dye 7-AAD used to screen out non-viable cells.
In the peripheral blood assays, the proportion of cells in the monocyte gate varied from 215%. This gate contained cells that were 99.3% viable by 7-AAD staining. 98.1% of the
cells were CD45-positive and 92.4 % were strongly CD 14-positive. On this evidence,
further assays of transporter expression were carried out using a single rather than threecolour method on the pre-validated gate.

6.3.2 Initial titration of UIC-2

To establish the optimal dilution for the antibody UIC-2 and compare the sensitivity for
lymphocytes and monocytes, an initial titration was done using an incubation period of
30 minutes at 4°C and phosphate-buffered saline (PBS) as the working buffer. The
dilution series ranged from 1:10 (lOpl of neat antibody in lOOpl of cell suspension) to
1:320 and Goat anti-mouse whole IgG2aconjugated to RPE was used as the secondary
antibody. Maximum ratios of 1.55 and 1.23 were observed for lymphocytes and
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monocytes respectively at a dilution of 1:10. The isotype control curve was flat for
lymphocytes but steadily increasing for monocytes, reflecting their greater density of Fc
receptors and hence capacity for non-specific binding (see Figure 6.1).

6.3.3 Evaluation of blocking strategies

In view of the lower ratios achievable for monocytes, different potential methods for
blocking Fc receptors utilising Bovine Serum Albumin, Foetal Calf Serum or Goat
Serum and F(ab)’2 fragments were compared with the complete IgG2a secondary reagent.
Goat serum was added to the working buffer throughout the experiment at varying
concentrations up to 10%. Though it reduced non-specific binding ( ratio of fluorescence
due to isotype control stained cells to unstained cells), it did not improve the sensitivity
(ratio of fluorescence due to specific to isotype control stained cells). A further
comparison compared this strategy with two others: a prior blocking step for 30 minutes
at 4 °C with 10% goat serum before primary incubation and use of 10% goat serum
during the primary incubation only ( to eliminate interference with binding of the
secondary reagent). The last strategy performed best, reducing non-specific binding from
32 to 14% but improved the sensitivity only modestly (Figure 6.2).

The same experiment was performed for concentrations of Foetal Calf Serum of 0.1-10%
in the working buffer. This reduced non-specific binding at low concentrations from
37.1% to <10% but did not appear to have any consistent improved effect with increasing
concentration beyond 1% (Figure 6.2). Finally, goat and calf serum were compared
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Figure 6.1: Titration of the antibody UIC-2 and isotype control in PBS alone incubating for 30 minutes at 4 °C for lymphocytes (left )
and monocytes (right) Red line-MFI UIC-2, green line-MFI isotype control, dashed line - MFI ratio
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Figure 6.2: Effects of blocking with 1-10% goat serum (left) and 0.1-10% foetal calf serum (right) on non-specific binding on
monocytes. Redline MFI UIC-2 ,Green line - MFI isotype control, Black line - MFI cells alone
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directly for use in a prior blocking step with substitution of F(ab)52 fragments as the
secondary reagent as another experimental factor. The blocking effect of goat serum at
10% was no better than that of calf serum at 1% and the use of F(ab)52 fragments
improved the ratio from 1.083 to 1.22. On this basis it was decided to continue using
0.5% FCS in the working buffer and F(ab)’2 fragments as the secondary reagent.

6.3.4 Chequerboard titration of UIC-2 and F(ab)’2 fragments

A two-way titration with UIC-2 as primary ( 1:20 to 1:80) and F(ab) VTricolour
fragments (1:5 to 1:40) as secondary reagents was then performed using an incubation for
30 minutes at 4°C. A maximum ratio of 2.13 was achieved for lymphocytes (data not
shown) and an acceptable range of sensitivity for monocytes with steadily increasing
intensity with concentration of secondary (Figure 6.3). A primary dilution of 1:20 and a
secondary dilution of 1:10 were selected for further experiments.

6.3.5 Time and temperature studies for UIC-2

In order to obtain maximum sensitivity, the staining conditions were further optimised.
Short time series at 4 °C (30 minutes, 1 hour, 2 hours and 8 hours) and at 20 °C (30
minutes, 1 hour and 2 hours) were performed at a primary antibody dilution of 1:20
(Figure 6.4). The maximum ratio of median fluorescence intensities due to specific and
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Figure 6.3: Chequerboard titration using UIC-2 as the primary and F(ab)’2-Tricolour fragments as the secondary reagent (data shown
are for monocytes). Red lines - UIC-2, Green lines - isotype control
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isotype control antibodies obtained after 8 hours at 4 °C was 1.46. This ratio was
surpassed (1.55) after thirty minutes of incubation at 20 °C rising to 1.83 after two hours.
A pragmatic decision was made to use a 1 hour incubation at 20 °C to balance sensitivity,
operational feasibility and stability of the antibody.

6.3.6 Development of MRP-1 assay

For operational reasons, an incubation time and temperature of 1 hour at 20 °C were used
in order to match the conditions of the PGP assay. The cell suspension was permeabilised
for 30 minutes at room temperature at concentrations of 0-0.3% saponin in the working
buffer. Adequate permeabilisation appeared to be achieved at a concentration of 0.050.1% (see Figure 6.5): the former was selected for further work to minimise the effects of
saponin on cell autofluorescence and scatter patterns at high concentrations. The antibody
QCRL-1 was then titrated under the conditions above in dilutions from 1:10 to 1:320.
The maximum ratio was achieved at 1:20 (Figure 6.5).

6.3.7 Further optimisation experiments

Further experiments were conducted relating to the effect of varying the cell
concentration in the suspension, vortexing the tubes and adding l-5mM EDTA to the
working buffer to improve monocyte yield. An assessment was also made of the
necessary sample size for each measurement in the flow cytometer since the clinical
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Figure 6.5: Optimisation steps for the MRP assay left- titration of 0-0.3% saponin used in the working buffer right- titration of the
antibody QCRL-1 after permeabilisation AT 0.05% (data shown are for lymphocytes)
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Figure 6.6: Statistical output from the EPICS-XL flow cytometer according to number of events collected for 4 replicate tubes. Left
panel- median fluorescence intensity, Right panel - standard deviation of histogram. Dotted line shows position of mean of the four
replicates at 10,000 events.
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study would involve making use of relatively few cells. This revealed that the median and
standard deviation of the histograms converged to a stable value at approximately 3,000
events and that further gains in precision up to 10,000 events were small (see Figure 6.6).

6.3.8 Study of monocytes from healthy donors

Peripheral blood mononuclear cells from ten healthy donors were studied on two
occasions two weeks apart. The fresh specimens were processed in batches of two to four
and aliquots of PBMCs were also stored at -70 °C for two months to assess the stability
of assay performance after cryopreservation. The fluorescence ratios observed are
presented in Table 6.1 and summary statistics, in Table 6.2. Representative dotplots and
histograms are shown in Figure 6.7.

Expression of ABC transporters on the two occasions was modestly correlated
(0.057>p>0.026), with the exception of PGP measurements on monocytes (p=0.548). The
dynamic range of the PGP assay appeared to be greater (MFR range 1.22-2.44) than the
MRP1 assay (MFR range 1.10-1.73) and exhibited higher inter-subject variability (
coefficient of variation 14.2 versus 4.3 % ) whereas within-subject variability for the two
assays was similar (coefficient of variation 10.8 versus 8.2 %) (see Figure 6.8).

The frozen specimens were thawed and analysed after two months of storage. The
median MFR of PGP increased by 16.8% on monocytes and decreased by 12.1 % on
lymphocytes (p=0.023 and 0.529 respectively). For MRP1, median MFR increased by
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Table 6.1: Median fluorescence intensity ratios for PGP and MRP1 on monocytes and lymphocytes of ten healthy volunteers on two

oo
00

t/3

■go

co

oo

fl

«
a

-J

r<
l
O

r -

en

H

33

NO

en

NO
Ö

oo
Ö

o

oo
r oo

ON

ON

o

ö

O

(N

en

O
O
^ r

oo

Tt

IO

I

Ö

«
3

00

t" m

m

o

NO
<N
O

r"

«

o

Ö

Ö

ö

<N

■ 'Í

(N

O
O

NO

eu

(N

(N

4»

j s «
a

w

«

ON
O
NO

«

g , i<

O

n

(N
NO
O

O

O

O

o

n

en

en
en

ON

oo

en

(N
O n

u-n

oo

oo
oô
oo

»ri■
o

oo

in
ON

Tf

O

oo
NO

NO

A
U

V
O
vo

s

.s
'S

V
s
#flo
*5«

fl

(N

(N

(N

<N

U

CJ

O

Cu
0
eu

ë
s

eu
Ü

Pu
on

S
B
V

**

W
O

fl
O

«
-w

IO
JS
a

S
►»
J

ë
s

ABC transporter expression

Chapter 6

Figure 6.7: Representative dotplots and histograms from flow cytometric analysis of
ABC transporters on peripheral blood monocytes. Top row - UIC-2 staining for Pglycoprotein , Bottom row - QCRL-1 staining for MRP-1.
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Figure 6.8: Scatterplots of inter-occasion correlation in healthy volunteers (N=10) Top
left - PGP on monocytes, Top Right - PGP on lymphocytes, Bottom left - MRP1 on
monocytes, Bottom Right - MRP1 on lymphocytes
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14.6% on monocytes and decreased by 13.1% on lymphocytes ( p=0.043 and p<0.001
respectively). There was little overall change in the variability of the assays and in no
case did the standard deviation of the measurements increase by more than 11.3%.

6.3.9 Study of monocytes and alveolar macrophages from respiratory
patients

Paired specimens of peripheral blood mononuclear cells and alveolar macrophages were
obtained on a single occasion from ten unselected respiratory patients undergoing
bronchoscopy. Both types of cells were stained under the same conditions using the same
cell suspension concentration and antibody dilutions. The data and results from the study
are presented in Tables 6.3 and 6.4 and Figure 6.9.

For all ten patients, PGP and MRP1 were detectable on both monocytes and AMs. MFR
for PGP was higher on monocytes compared to AMs (1.72 vs 1.35 respectively, p=0.009)
but did not differ significantly for MRP1 (1.42 vs 1.29 respectively, p=0.540). (For
comparison, the mean MFR observed for PGP expression on monocytes was 29.1% of
that obtained simultaneously for lymphocytes in these patients and for MRP1 expression
85.9%). PGP expression on both monocytes and AMs exhibited greater variability than
that of MRP1 ( IQR/Median 19.8 % vs. 9.9% for monocytes, 24.4% vs. 6.2% for
macrophages). Measurements of PGP on the two cell populations were significantly
correlated ( p =0.682 p=0.029) but this was not true for MRP1 ( p =0.391 p=0.263 ) ( see
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Figure 6.9: Scatterplots of PGP (top panel) and MRP-1 (bottom panel) expression in
paired samples of peripheral blood monocytes and alveolar macrophages in respiratory
patients (N=10)
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Table 6.3: Median fluorescence intensity ratios for PGP and MRP1 on peripheral blood monocytes and alveolar macrophages of ten
respiratory patients
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Table 6.4: Summary statistics, correlation and regression coefficients for PGP and MRP1 measurements on 10 respiratory patients
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Figure 6.8 ). Neither cigarette smoking nor sex influenced levels of PGP or MRP1
expression in PBMs or HAMs ( p >0.15 for all comparisons).

6.4. Discussion

Published methods for the measurement of the drug transporters PGP and MRP1 have
generally been developed for applications relating to peripheral blood lymphocytes,
leukaemic blasts and cancer cell lines. The purpose of the work described in this chapter
was to develop assay methods suitable for the study of the effects of PGP and MRP1 on
the therapy of tuberculosis. In order to achieve this, it was necessary to optimise the
preparation steps and immunostaining protocol to reach an acceptable range of sensitivity
appropriate for mononuclear phagocytes (monocytes and macrophages), since these are
the cells in which Mycobacterium tuberculosis resides.

ABCT expression in mononuclear cells has not been extensively studied but is believed
to be lower than that observed in lymphocytes, making well-optimized methods of
detection necessary. Another significant technical problem in microscopy and flow
cytometry of cells of this type is that they exhibit much greater auto-fluorescence than
most of the cells previously studied (Maus, Rosseau et al. 1997), a phenomenon thought
to be due to higher levels of cytochromes and a greater capacity for non-specific binding
of antibodies (Steinbach and Thiele 1994). In addition, the abundance of monocytes in
peripheral blood is usually less than 10% of circulating leukocytes and they are known to
adhere to polystyrene and glass surfaces during purification (Shen and Horbett 2001).
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To ensure a reasonable yield of monocytes, a whole blood technique for the assay
appeared impractical and gradient separation of PBMCs was therefore carried out prior to
staining. Considerable attention was needed to ensure good yields, in particular to the
temperature conditions of centrifugation during separation and washing of cells, use of all
polypropylene labware, exclusion of divalent cations from and addition of a low
concentration of EDTA to the flow cytometry buffer. In order to economise as far as
possible on cell numbers, a statistically reasonable number of events (3000) was
identified for which a suitable number of cells per tube would suffice (5-10 x 104,
approximately 10-fold lower than most routine flow cytometry methods).

It was initially decided to pursue an indirect method of staining to obtain maximum
amplification of the signal with a single-colour in order to avoid any loss of sensitivity
from cross-channel compensation. A range of modifications was attempted, including
blocking with bovine serum albumin and different types of serum before and after
primary incubation and a range of secondary reagents, including newer tandem
fluorochromes such as Tri-colour and Alexa-Fluor 647, was also evaluated. The key steps
in improving the sensitivity of the protocol were the use of modest concentrations of
serum in the buffer (to block Fc receptors), extended incubation at ambient temperature
(to maximise binding of the primary antibody) and the substitution of F(ab)’2 fragments
conjugated to R-phycoerythrin alone as the secondary reagent (to further minimise non
specific binding). For the MRP1 assay, it was necessary to ensure an adequate
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concentration of saponin to achieve full permeabilisation while avoiding the extensive
changes in cell shape and viability observed to occur at high concentrations which might
make gating on scatter characteristics alone difficult.

The performance of the assays as measured by intra-experimental error was satisfactory
with CV% for the replicates invariably less than 10% as is usual with flow cytometric
methods. In the initial evaluation of the methods in peripheral blood mononuclear cells in
healthy volunteers, the dynamic range and inter-subject variability of the assay for PGP
was greater then that for MRP1. Measurements on different occasions within individual
subjects were significantly correlated with an acceptably low within-subject error. In
addition the performance of the assay applied to frozen cells appeared reasonable.
Though some changes in fluorescence intensity were observed during storage these were
not considered to be likely to be a serious problem in clinical studies in view of the
satisfactory signal/noise ratio of the assay.

The intensity of fluorescence from peripheral blood monocytes as reflected in the ratio of
MFI was about two-fold lower than on lymphocytes. This probably represents a lower
abundance of expressed ABCT protein on the surface of the cells, though there are
significant problems in directly relating the results of antibody staining methods to
quantification of binding sites (Junghans 1999) even for calibrated methods which
attempt this (Robins 2000). These findings are in agreement with those of previous
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studies using different and likely less sensitive staining approaches (Drach, Zhao et al.
1992).

When the assays were applied to paired samples of peripheral blood and broncho-alveolar
lavage fluid, both PGP and MRP1 were detected on alveolar macrophages with a
comparable intensity to that on monocytes despite the large difference in size of the cells.
In general MFI ratios on macrophages for both the assays were slightly lower but this is
likely to have been due to the very high auto-fluorescence which AMs exhibit, precluding
any firm conclusions about relative levels of expression. This finding has not been
previously reported and in the case of PGP the measurements on PBMs and AMs were
surprisingly closely correlated. This association is biologically plausible in view of the
origin of AMs from trafficking of circulating monocytes (van Furth and Cohn 1968;
Gonzalez-Juarrero, Shim et al. 2003) but on the strength of the current data it must
remain uncertain whether PBMs could be a useful surrogate for expression in AMs.

The work described in this chapter resulted in the development of assays with an
acceptable range of sensitivity for detection of ABCT on mononuclear phagocytes. Both
PGP and MRP1 are expressed by monocytes circulating in peripheral blood, the cells in
which M tuberculosis are found in the whole blood bactericidal assay system described in
chapter 5. They are also present on the descendants of these cells within the pulmonary
compartment. Alveolar macrophages could be a significant reservoir for persisting M
tuberculosis during natural infection and the role of cellular drug transport processes
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involving ABCT which affect the accumulation of key sterilizing drugs such as
rifampicin clearly require further evaluation.
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Pharmacokinetics and pharmacogenetics
of anti-tuberculosis drugs during shortcourse chemotherapy
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7.1 Introduction

Pharmacological studies of anti-tuberculosis drugs, particularly isoniazid, were
historically of great importance in the recognition of the role that pharmacokinetics and
pharmacogenetics potentially have to play in explaining differences in clinical efficacy
and toxicity (Ellard and Gammon 1976; Kenny and Strates 1981). However, preclinical
development of all the current first-line agents was conducted in the pre-HIV era before
the advent of modem bioanalytical, pharmacokinetic and regulatory procedures and
remains incomplete in some respects. Dose sizes and intervals were often selected on
empirical or arbitrary grounds and not on the basis of either rigorous pharmacokinetic
studies or an understanding of the pharmacokinetic-pharmacodynamic relationship.

Several more recent studies in different patient populations have drawn attention to the
substantial pharmacokinetic variability of these drugs (Choudri, Hawken et al. 1997;
Perlman, Segal et al. 2004; Zhu, Burman et al. 2004; Perlman, Segel et al. 2005; Tappero,
Bradford et al. 2005; Mcllleron, Wash et al. 2006; Wilkins, Langdon et al. 2006). In
particular, there have been many reports of reduced plasma concentrations of anti
tuberculosis dmgs in tuberculosis patients co-infected with HIV (Choudri, Hawken et al.
1997; Sahai, Gallicano et al. 1997; Gurumurthy, Ramachandran et al. 2004) and of drug
interactions, some potentially unmanageable, with concomitant antiretroviral therapy
(Manosuthi, Sungkanuparph et al. 2005; Njiland, Ruslami et al. 2006; Acosta, Kendall et
al. 2007; Manosuthi, Ruxrungtham et al. 2007; Matteelli, Regazzi et al. 2007; Ribera,
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Azuaje et al. 2007). However, less attention has been given to the possible
pharmacogenetic contribution to these observations.

Though for isoniazid, acetylator phenotype has long been identified as the critical
determinant of metabolism and disposition (Hughes, Biehl et al. 1954; Johnson 1954) ,
control of this trait by the NAT2 locus and the full diversity of its constituent alleles have
only recently been described (Cascorbi, Brockmoller et al. 1999; Doll and Hein 2001;
Fretland, Leff et al. 2001).

The phenomenon of autoinduction of metabolism by rifampicin was also recognized
during its early use (Acocella, Pagani et al. 1971; Iwainsky, Winsel et al. 1974) but the
affinity of the drug for different CYP isoenzymes was only recently described (Runge,
Kohler et al. 2000) and the relationship with other pharmacogenetic determinants such as
single nucleotide polymorphisms (SNPs) in, for example, the MDRla (Lamba, Strom et
al. 2006) and OATP1B1 (Niemi, Kivisto et al. 2006) loci has rarely been studied in
humans (Becquemont, Camu et al. 2000; Asghar, Gorski et al. 2002).

Pyrazinamide is believed to be metabolized via the xanthine oxidase pathway to at least
one product (pyrazinoic acid (POA)) which appears to be an active metabolite in vitro
(Weiner and Tinker 1972). Though POA is present at moderate concentrations in plasma
in vivo it has rarely been assayed in clinical studies (Lacroix, Houng et al. 1989).
Similarly to the thiopurine methyltransferase pathway, which has attracted interest due to
its role in the toxicity of azathioprine and 6-mercaptopurine (Wang and Weinshilboum
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2006), xanthine oxidase (XO) shows considerable geographical and inter-individual
variability in phenotype, with “poor metabolizers” representing from 4-20% of
populations studied to date (Satuwari, Nakagawa et al. 2002; Aklillu, Carrillo et al.
2003). Though there is as yet no association described with SNPs in the XO gene locus,
the enzyme is also thought to be highly inducible by dietary factors (Mehmedagic, Verite
et al. 2002).

The implications of this pharmacokinetic variability remain unclear. During the
development of fixed dose formulations for tuberculosis treatment debate focused only
on relative bioavailability (Pillai, Fourie et al. 1999) while therapeutic drug monitoring
for tuberculosis is still an empirical science based on limited data and clinical anecdote
(Peloquin 2002; Ray, Gardiner et al. 2003). Existing pharmacokinetic studies vary in
their size and quality with many field studies based on truncated and very sparse
sampling analysed by non-compartmental methods (van Crevel, Alisjahbana et al. 2003;
Tappero, Bradford et al. 2005). Such designs are likely to underestimate the true Cmax and
AUC and contain very limited or no information about the absorption phase.

Two important areas must now therefore be explored. Firstly, we need a deeper, more
mechanism-based understanding of the causes of pharmacokinetic variability and
secondly we need to better understand its implications by attempting to systematically
relate pharmacokinetics to pharmacodynamics. Without this more detailed understanding
and calibration of pharmacokinetics we will remain ignorant as to how it can best be used
as a tool to optimize therapy for patients.
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With these goals in view, we conducted a pharmacokinetic-pharmacodynamic
observational cohort study of current short-course chemotherapy in Bangkok, Thailand (
Pharmacology Of Sterilization in Tuberculosis (POST)). The pharmacokinetic aspect of
this study aimed to address several related issues :

1) What degree of pharmacokinetic variability exists in a representative South-East Asian
population ?
2) What is the effect of HIV infection and pulmonary tuberculosis on pharmacokinetics
in this population?
3) What are the most important pharmacogenetic determinants of the metabolism of the
drugs, in particular rifampicin ?
4) How do auto-induction of metabolism and accumulation with multiple dosing affect
the pharmacokinetics of rifampicin and pyrazinamide ?

This chapter summarizes the results of the pharmacokinetic analyses relevant to these
research questions.

7.2. Methods
7.2.1 Study Protocol

The study protocol is summarized graphically in Figure 7.1
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Figure 7.1: Summary of the study protocol
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7.2.1.1 Design

The POST study was an observational cohort study with two nested phases :

Phase 1 (Cross-sectional) : 22 factorial study of the effects of HIV infection and TB
disease on single dose pharmacokinetics and ABC transporter expression on day 1 of
therapy. The four groups (N=20 per group) comprising this phase of the study were as
follows;

Group 1 : HIV-positive patients with smear positive pulmonary tuberculosis
Group 2 : HIV-negative patients with smear positive pulmonary tuberculosis
Group 3 : HIV-negative volunteers without evidence of pulmonary tuberculosis
Group 4 : HIV-positive volunteers without evidence of pulmonary tuberculosis

Phase 2 (Longitudinal): 2 arm cohort study of the effect of HIV infection on changes in
pharmacokinetics and ABC transporter expression in tuberculosis patients over the first
15 days of therapy and on elimination of M tuberculosis from sputum as measured by
serial sputum colony counting. Only groups 1 and 2 from Phase 1 were eligible to enter
this second phase ( Total N=44 per group ).
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7.2.1.2 Power of the study

At the selected sample size, with conventional a of 0.05, an assumption of no interaction
between the study factors and relevant estimates of variability of measures from published
literature or Chapter 5, the study was estimated to have 80% power to detect the following
differences in pharmacokinetic parameters and ABCT expression between the arms:

Rifampicin:
Isoniazid:

C m ax

C m ax

1-96 pg/ml, A U C o -o o 13.54 pg.hr/ml.

0.55 pg/ml, A U C o -o o 4.08 pg.hr/ml.

Pyrazinamide: Cmax 2.15 pg/ml, AUC0-«, 33.31 pg.hr/ml.
P-glycoprotein ( cross-sectional phase): 0.122 fluorescence intensity units (7.24%)
P-glycoprotein ( longitudinal phase ): 0.069 fluorescence intensity units (3.95%)

7.2.1.3 Inclusion Criteria
For all participants
•

Age 18-65

•

Consent to or already have results of serology for HIV

•

Provide written, informed consent

For participants with tuberculosis
•

Positive sputum smear for Acid-fast bacilli

•

No treatment for tuberculosis within five years

•

No clinical reason to suspect multi-drug resistant tuberculosis
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7.2.1.4 Exclusions

•

Clinically significant anaemia or Hb <8 g/dL

•

Significant renal dysfunction ( Serum Creatinine >177 pmol/L (2 mg/dL ) )

•

Significant hepatic dysfunction ( Total Bilirubin >51 pmol (3 mg/dL), AST > 200
i.u./l)

•

Ongoing illicit drug misuse or methadone therapy

•

Current or immediate indications for anti-retroviral therapy within two weeks

•

Pregnancy or Lactation

7.2.1.5 Withdrawals

•

Patients request

•

Cultures negative for M. tuberculosis

•

Resistance to rifampicin on initial breakpoint

•

Drug hypersensitivity within the first two weeks requiring interruption of
treatment or symptomatic therapy

•

Complications arising from tuberculosis ( e.g. requiring adjunctive steroids or
surgery)

•

Opportunistic infection requiring systemic treatment
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7.2.1.6 Conduct of the Study

Participants in groups 1 and 2 were recruited at presentation to clinical services at
Bamrasnaradura and Central Chest Hospitals. Participants in arms 3 and 4 were recruited
in advance from the HIV clinic at and hospital staff of Bamrasnaradura Hospital.
Informed written consent was taken by the research team. At baseline all participants
were administered a short questionnaire comprising information on demographic,
biometric and potential confounding variables. Routine haematology and biochemistry
results were obtained and reviewed and pre-test counselling and rapid HIV serology were
performed if not already carried out. Participants were also asked to submit a urine
specimen for isonicotinic acid and metamphetamine testing .

On day 1, a heparin lock intravenous cannula was inserted and baseline samples for
determination of pharmacokinetics, ABCT expression and genotyping were drawn. A
single dose of a fixed-dose combination of Isoniazid / Rifampicin / Pyrazinamide /
Ethambutol ( Rimstar 4-FDC, WHO prequalified ) was then administered orally, adjusted
by weight according to the manufacturer’s instructions and 4 ml blood was drawn at fixed
timepoints of 0 mins, 120 mins, 240 mins and 660 mins post-dose and in addition one
timepoint during the absorption phase chosen randomly from the set (30, 60 or 90
minutes) post-dose ( an optimised strategy designed using data from Peloquin, Jaresko et
al 1997). The plasma samples were centrifuged at 1000 xg for 5 minutes, frozen and
stored at -70°c. Peripheral blood mononuclear cells were separated as described in
Chapter 5 and similarly stored prior to analysis by flow cytometry. This completed the
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participation of the volunteers from the HIV and occupational clinics in the study.
Tuberculosis patients in the remaining two arms of the study continued their tuberculosis
treatment according to National Tuberculosis Program guidelines.

On day 15 the participants were again asked to attend for a day at the Hospital and to
delay taking their dose of treatment until arrival. A heparin lock intravenous cannula was
again inserted, the same dose of Rimstar-4-FDC administered and blood for repeat
determination of pharmacokinetic profile and transporter expression obtained according
to the same schedule.

1.2.1.7 Ethical Considerations

The study protocol was reviewed and approved by the Ethics Committees of the
Liverpool School of Tropical Medicine, Siriraj Hospital and by the Ethics Review boards
of Bamrasnaradura Institute and Central Chest Hospital. A two part consent form
including consent to storage and custody of participant’s DNA consistent with HUGO
guidelines was used.

7.2.2 Flow cytometry

Peripheral blood mononuclear cells were separated on Ficoll-Paque plus gradients
(Amersham Biosciences, UK), centrifuging at 400 x g for 30 minutes followed by a
single wash in Hanks Balanced Salt Solution. The cells were then frozen in foetal calf

213

Chapter 7

Pharmacokinetics and pharmacogenetics

serum with 10% DMSO until analysis. Flow cytometric analysis of expression of Pglycoprotein was carried out using the methods described in Chapter 5. The results were
expressed as the ratio of the median fluorescence intensities of the test versus the isotype
control antibodies.

7.2.3 Extraction of DNA and genotyping by real time PCR

Genomic DNA was extracted from frozen samples of whole blood using a commercial kit
( QIAamp DNA Blood Maxi) as follows. 8 ml of blood were added to 500 pi of protease
in a 50 ml centrifuge tube. 12 ml of lysis buffer were then added, the tube vortexed
thoroughly and incubated in a water bath at 70 °C for 10 minutes. 8 ml of 100% ethanol
were added and the tube again vortexed thoroughly. The lysate was transferred to a
QIAamp spin column in another centrifuge tube and centrifuged at 1850 xg for 3 minutes.
After discarding the filtrate the column was twice washed and centrifuged at 4500 xg for
1 and 15 minutes respectively. 1 ml of elution buffer was then added for 5 minutes prior
to centrifugation at 4500 xg for 2 minutes and collection of DNA eluted from the column.
Extracted DNA was stored at -70 °C prior to further analysis.

DNA samples were quantified as follows. 5 pi of extracted DNA was added to 95 pi of
double distilled water in a clear cuvette and absorbance at 260 nm was read using an
Eppendorf Bio spectrophotometer. Sample purity was assessed using the A260 / A280ratio.
Four samples required additional purification, after which all samples were normalized to
20 ng/ml prior to PCR.
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Real time PCR was performed for the following single nucleotide polymorphisms :
MDR1A C3435T, CYP3A5 A6986G, OATP1B1 C521T , MRP1 promoter SNP and the
*5 (T341C), *6 (G590A) and *7 (G857A) alleles of the NAT2 locus. Primer and probe
sequences for the relevant alleles are presented in Table 7.1. 23 pi of PCR master mix
were placed in each of the central wells of a 96 well white PCR plate (MJ) comprising
the following: 12.5 pi ABgene qPCR mix MM, 8 pi double distilled water (SigmaAldrich), 1.25 pi primer mix and 1.25 pi probe mix . 2 pi of sample genomic DNA at 20
ng/ml were added to each well and the plate sealed with a clear membrane before
spinning for 10 seconds at 1000 x g. PCR amplification was performed in an Opticon 2.0
thermal cycler with an initial cycle of 95 °C for 15 seconds (denaturation/enzyme
activation step) followed by 40-50 cycles of 15s at 95 °C and 60 seconds at 60 °C
(combined annealing/extension step). Genotypes were analysed using MJ Opticon
Monitor analysis software using the C(t) values for the dyes FAM and VIC
corresponding to the different alleles.

7.2.4 Pharmacokinetics assays

7.2.4.1 Isoniazid

Isoniazid and acetylisoniazid were assayed at the Therapeutics and Toxicology
Laboratory, Llandough Hospital, Cardiff using a modification of the HPLC method
described by (Hutchings, Monie et al. 1988). 1 ml of plasma sample was mixed with 100
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(0,1of 50% HPLC-grade methanol containing 100 (og/ml iproniazid (internal standard) in a
5 ml glass tube. 500 pi of 30% (w/v) perchloric acid was then added, the sample vortexed
and allowed to stand for 10 minutes. After centrifugation at 3000 x g for 10 minutes the
supernatant was transferred to a new glass tube and 1500 ml of 3M dipotassium hydrogen
phosphate buffer added. Samples were vortexed and centrifuged at 3000 x g for 10
minutes and the supernatant transferred to a 3ml ISOLUTE solid-phase extraction
column (Kinesis Ltd, Bedfordshire, UK) for 30 minutes. The analytes were then extracted
from the column with 3 x 4 ml of chloroform /butanol (70:30) into a clean 10 ml glass
tube and back-extracted by adding 500 pi of 0.05M phosphoric acid and tumbling for 30
minutes. The tubes were then centrifuged again at 3200 x g and the inorganic layer
transferred to an autosample vial. 20 pi samples were run on a Spherisorb nitrile column
(5p, 250 x 4.5 mm ) (Waters, Hertfordshire, UK) with an isocratic mobile phase
comprising 8 mM citric acid and acetonitrile (80:20 v/v) at a flow rate of 2ml/min. Each
batch of samples was run with a standard curve at concentrations 0.2, 0.4, 0.8, 1.6, 3.2,
6.4, 12.8 mg/ml and low, medium and high quality control samples at 0.3, 1.5 and 10
pg/ml respectively in blank plasma. Peaks were detected using UV at 266 nm. The limit
of detection of the assay was 0.2 pg/ml and the lower and upper limits of quantification
were 0.2 and 12.8 pg/ml respectively.

7.2.4.2 Rifampicin

Rifampicin was assayed using high-performance liquid chromatography (HPLC) as
follows (Hartkoom, PhD thesis). Duplicate samples of 200 pi of plasma were added to
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lml of 100% HPLC-grade methanol containing 1pg/ml of p-hydroxybenzoic acid butyl
ester (internal standard) in 5ml glass tubes. The samples were vortexed, allowed to stand
at 4 °C in the dark for 1 hour (to allow protein precipitation) and centrifuged at 3200 xg
for 10 minutes. The supernatants were transferred to clean 5ml tubes and dried down
completely under gaseous nitrogen. The residue was resuspended in 200 pi HPLC-grade
methanol, vortexed and transferred to an autosample vial. 20 pi samples were run on a
Luna C&reverse phase column (Phenomenex, Macclesfield, Lancashire, UK) using a
gradient mobile phase comprising 50 mM ammonium formate (pH 5) and acetonitrile.
Mobile phase A (65:35 (v/v)) was run isocratically at lml/min for 2 minutes followed by
a linear gradient to 100% mobile phase B (30:70 (v/v)) at 7 minutes followed by a return
to mobile phase A to allow column equilibration. All runs included a standard curve of
concentrations 0.412, 0.823,1.65, 3.29, 6.58, 9.88, 11.52, 16.46 pg/ml and low, medium
and high quality control samples at 1.07, 7.41 and 16.46 pg/ml respectively in blank
plasma. Peaks were read using UV at 254 nm. The limit of detection of the assay was
0.412 pg/ml and the lower and upper limits of quantification were 0.823 and 16.460
pg/ml respectively.

7.2.4.3 Pyrazinamide

Pyrazinamide was assayed using an HPLC method modified from that described in
(Conte, Lin et al. 2000). Duplicate 200 pi samples of plasma were transferred to 1.5 ml
microcentrifuge tubes. 400 pi of acetonitrile containing 5 pg/ml acetazolamide (internal
standard) were added, the tubes were vortexed and allowed to stand to allow for protein
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precipitation. The tubes were then centrifuged at 10000 x g for 10 minutes and the top
layer transferred to a 5 ml glass tube. Samples were then dried down under gaseous
nitrogen, reconstituted in 200 pi of isocratic mobile phase ( 98:2 v/v acetonitrile and 20
mM KH2PO4 (pH 2.6)) and transferred to an autosample vial. 20 pi samples were run on
a HyPURITY Cis column (ThermoElectron, Runcorn, Cheshire, UK) using the same
mobile phase. All samples were run with a standard curve at concentrations 1.25, 2.5, 5.0,
10.0, 20.0, 40.0, 80.0 pg/ml and low, medium and high quality control samples at 3, 15
and 75 pg/ml in blank plasma. Peaks were read using UV detection at 268 nm. The limit
of detection of the assay was 1 pg/ml and the lower and upper limits of quantification 2.5
pg/ml and 80 pg/ml.

7.2.5 Pharmacokinetic data analysis

Initial data inspection and cleaning, computation of summary statistics and noncompartmental analysis were carried out using WinNonLin Professional version 5.0 (
PharSight Corporation, Mountain View, California, USA). Non-compartmental analysis
used the linear trapezoidal method with linear interpolation and manual specification of
the X7 ranges without dose normalization. Analysis of summary statistics derived from
non-compartmental analysis was carried out in R version 2.5.0 (R Development Team
2007). Variables were assessed for normality using histograms, quantile-quantile plots
and the Shapiro-Wilks’ W test. Data were then transformed using the Box-Cox
transformation
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Y=

V -1
A

\

utilizing the function b o x . cox with values of X for the relevant variables
simultaneously estimated using a maximum likelihood method implemented in function
b o x . c o x . p o w ers. Analysis of variance was then performed using the function lm. To
aid interpretation, regression coefficients from the models were backtransformed using
the relationship

Pr= [((A, +A, )x A)+

if-[(Ac XA)+

where Po and pi are the coefficients on the transformed scale and Pt is the
backtransfomed value of Pi on the original scale. Preliminary pharmacokinetic modelling
was carried out using WinNonMix Professional version 2.0.1.( PharSight Corporation,
Mountain View, California, USA) while more advanced analysis relating to incorporation
of covariates and non-standard random effects structures used NONMEM version VI (
ICON Development Solutions, Ellicot City, Massachusetts, USA) installed by NMQual
6.6. (Metrum Institute, Maine,USA) under ActivePerl 5.8.8. (ActiveState Software Inc,
Vancouver, British Columbia, Canada ). Output from NONMEM was imported,
displayed and analysed in R version 2.5.0 using purpose-written functions and the
package N M tools (Metrum Institute, Maine,USA).

For all the drugs, the one-compartment model with first order absorption and a possible
non-zero lag time was used, with the model functions defined by the following algebraic
equations
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c =

J

e-e

- K at I

aJ

V ( K a ~ K e)

C=

KFD

Jg

(t tlag ) _^

K a (t tlag ) |

V{Ka - K e)

where C is the plasma concentration of drug, D is the dose, F the bioavailability (assumed
to be 1 for all the drugs), V is the apparent volume of distribution, Ka and Ke are the
fractional rate constants for absorption and elimination respectively and t]ag is the lag time
before absorption begins. These models were implemented in WinNonMix as Library
models 3 and 4 and in NONMEM using the PREDPP subroutine ADVAN2 TRANS2.
Models incorporating covariates were defined using abbreviated code in NM-TRAN and
a user-supplied subroutine specifying random effects as bivariate normal mixture
distributions. The FOCE (first order conditional estimation with s-r| interaction)
algorithm was used to estimate the parameters.

7.3 Results

7.3.1 Demographics of the study cohort

Due to slow accrual, the study cohort was closed after only 97 participants had been
recruited (75% of the projected intake). 86 of these had pharmacokinetic data available

221

Chapter 7

Pharmacokinetics and pharmacogenetics

for the cross-sectional phase of the study and 40 participants additionally had data
available from Phase 2 giving a total of 126 profiles comprising 633 data points. The
study population is summarised in Figure 7.2 and the characteristics of the cross-sectional
study cohort are summarized in Table 7.2. The mean age of participants was 34.5 years
and 56 % were male. The sex ratio was higher in the HIV+ groups (1 and 4) while HIVtuberculosis patients were on average older than co-infected patients ( 40.4 vs 32.5
years). Tuberculosis patients (groups 1 and 2) weighed less than participants in groups 3
and 4 and had significantly lower serum albumin and glomerular filtration rate ( all
pcO.OOl).

7.3.2 Pharmacogenetics of the study cohort

The gene frequencies of the different alleles at the pharmacogenetic loci examined and
distribution of resulting genotypes are presented in Table 7.3. At the NAT2 locus, the
frequencies of the alleles *5, *6 and *7 were 9.5%, 28.6% and 18.6%, consistent with
previous reports (Kukongviriyapan, Prawan et al. 2003). On the basis of these 3 SNPs,
the predicted frequencies of the fast, intermediate and slow acetylator phenotypes were
19.1 , 59.5 and 21.4 % respectively. The pattern of correlation of the genotypic prediction
with the ratio of plasma concentrations of acetylisoniazid to isoniazid at 2 hours is shown
in figure 7.3. The overall distribution is trimodal but there is considerable overlap
between the “Fast” and “Intermediate” subpopulations and a small number of *6
homozygotes demonstrated a discordant “Fast” phenotype. However, genotype remained
a strong predictor of phenotype ( p=0.0003 for trend across predicted phenotypes).
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Figure 7.2: POST study population hierarchy showing distribution of the four study
groups and assignment to schemes A and B for SSCC sampling (NTM : Non-tuberculous
mycobacteria).
Cross-sectional Phase
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Figure 7.3: Histogram of the ratio of plasma concentrations of acetylisoniazid and
isoniazid with superimposed estimated densities corresponding to genotypic predictions.
Black line -Slow, Blue line - Intermediate, Red line - Fast

226

C h apter

7

P harm acokinetics a n d ph a rm a co g en etics

Neither HIV nor TB had any significant effect on acetylator phenotype ( p=0.200 and
0.167 respectively ).

The polymorphisms MDRla C3435T and CYP3A5 A6893G were common in the study
cohort with a frequency of TT homozygotes ( predicted poor P-glycoprotein expression)
of 20.2% and GG homozygotes ( predicted expression of functional CYP3A5 ) of 40.5
%, while polymorphic alleles in the MRP promoter region and OATP 1B1 gene were
much less common ( allele frequencies of 3.0 and 11.9 % ). Expression of P-glycoprotein
on peripheral blood lymphocytes according to MDRla C3435Tgenotype is summarized
in Figure 7.4. Median expression as measured by the ratio of median fluorescence
intensities (MFI ratio) was 3.35, 3.71 and 4.03 for the CC, CT and TT genotypes
respectively and despite extensive overlap, the appearance of distributions of MFI ratio
for the three genotypes supports this ranking. The predictive power of genotype at the
MDRla locus was statistically much weaker than for NAT2 (P=0.15 for trend across the
genotypes, p=0.055 for TT genotype coefficient).

Though neither HIV nor TB appeared to affect PGP expression in univariate analysis
(p=0.623 and 0.455) in a linear interaction model both significantly decreased PGP
expression as main effects (p=0.001 and <0.001). This unusual result was explained by a
large negative interaction term between HIV and TB (p<0.001) which returned mean
expression towards the value in group 3 (healthy volunteers). It was unfortunately not
possible to explore the effect of CD4 count on this model because it was completely
aliased with the HIV factor (CD4 counts were not measured in groups 2 and 3). There
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7

Figure 7.4: Histogram of the ratio of median fluorescence intensities due to UIC-2 and
isotype control with superimposed density estimates for MDRla C3435T genotype.
Black line CC, Blue line CT, Red line TT.
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was no significant effect of sex on PGP expression (p=0.741). Over the first 15 days of
therapy, the mean change in PGP expression was -0.034 ( 0.9% of baseline value, p=
0.714 ) although the interquartile range was -0.346 to 0.344 , a change of 9.3% in either
direction. In analysis of covariance, both the change in expression and absolute value on
day 15 were strongly associated with baseline PGP expression on day 1 (p<0.001).
Surprisingly, the Cmax and AUC o-n of rifampicin on day 1 were inversely associated with
both measures of change in expression (p=0.032 and 0.049 for change and P=0.009 and
0.015 for value on day 15 respectively) while neither HIV status nor sex had any
significant effect (p values all > 0.25). It was not possible to evaluate the effect of TB
because of the study design (only TB patients continued therapy beyond day 1).

7.3.3 Pharmacokinetics of rifampicin

7.3.3.1 Single dose pharmacokinetics on Day 1

On the basis of the recommendations of the manufacturer, the dose of rifampicin actually
administered ranged from 8.2 mg/kg to 12.9 mg/kg. Summary plots of plasma
concentrations of rifampicin according to HIV and tuberculosis status on day 1 are shown
in the top row of Figure 7.5. While the Cmax of all healthy volunteers exceeded 8 pg/ml,
the presence of either HIV infection or active tuberculosis resulted in a reduction in Cmax,
which was most marked when both of these factors were present. Notably, approximately
1 in 6 HIV+ tuberculosis patients achieved a Cmax< 4 pg/ml. In addition, variability of
the measurements appeared to be greatly increased in this group.
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Non-compartmental analysis of the data confirms these impressions. For the study cohort
as a whole, the median tmax was 2.00 h ( IQR 1.5-4) with a median Cmax of 8.95 pg/ml (
IQR 6.125 - 12.73) and AUC 0-n of 53.85 pg/ml*hr ( IQR 37.00-72.36). The median
elimination half-life (t 1/2) was 4.87 h (IQR 3.14 - 5.28). Pharmacokinetic parameters in
the four study groups are compared in the top row of Figure 7.6. By comparison with
healthy volunteers (group 3) median Cmax and AUC0-11 in HIV+ tuberculosis patients
(group 1) were proportionately reduced by 39.2 % and 34.5 % respectively while the
variability of these parameters as assessed by CV% increased from 33.5 % to 63.2% and
from 33.0% to 70.7% respectively. The effect of the factors HIV and tuberculosis on
basic pharmacokinetic parameters by analysis of variance using the first 19 subjects in
each group only ( to ensure balance ) is presented in Table 7.4. Both factors showed
significant and independent effects on the elimination rate Xz (HIV p=0.029 and TB
p=0.016 ), while only TB significantly affected Cmax ( HIV p=0.077 and TB p=0.004).
For neither of these parameters did the factors demonstrate a convincing interaction ( p=
0.110 and 0.193 respectively). However such a model appeared appropriate for AUC0-11
with statistically significant main effects for both factors and their interaction ( HIV
p=0.020, TB p=0.009, HIV/TB interaction p=0.051).

However, univariate analysis of the available covariates also revealed potentially
significant relationships of both Cmax and AUC 0-11 with weight-adjusted dose in mg/kg (
p=0.059 and 0.020 respectively) and, surprisingly, with sex (p=0.003 and <0.001
respectively). Addition of these variables to the model did not materially alter the effect
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of TB on Cmax but eliminated the apparent TB/HIV interaction with respect to AUC 0-11
resulting in a final model which supported no significant main effect for HIV.
Using data from all the available subjects, none of the pharmacogenetic SNPs in the
MDRla, CYP3A5, OATP1B1 or MRP1 loci were significantly independently associated
with any of the parameters but there was a biologically plausible downward trend in

(

from 0.163 to 0.128 ) with gene dose of the T allele at the MDRla C3435T SNP (F-test
for contrast p=0.185 , p=0.080 for TT coefficient). This was also reflected in a modest
upward trend in AUCo-n (from 58.4 to 69.3) across the genotypes ( F-test p=0.469 ,
p=0.284 for TT coefficient). After adjusting for the effects of HIV and TB however the
effect of TT genotype on elimination (X7) but not overall exposure (AUCo-n) did appear
statistically significant (p=0.050 and 0.252).

The plasma concentration profiles were adequately described by a one compartment
model with first order absorption (Table 7.5). The fit of the model was greatly improved
by addition of a lag time in absorption which was consistently estimated at approximately
0.36 hrs (22 minutes) but there remained considerable variability during the absorption
phase. This was slightly improved by the addition of a combined additive/multiplicative
model for the within-subject errors but not by fitting of a two-component normal mixture
(p=0.1 1), though this model did suggest the presence of separate populations of slow
(85%) and fast (15%) absorbers. The CC genotype at the MDRla locus was found to be
strongly associated with more than two-fold faster absorption (p=0.006) and adjustment
for this variable fully accounted for apparently significant univariate effects of HIV and
TB. Male sex also had no significant effect (p=0.342) after adjustment for the very large
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influence of this variable on apparent volume of distribution (p<0.001), which was
increased 33.5% in males. In the elimination phase sex also influenced clearance
(p<0.001) but there were again no significant effects of HIV or TB. In keeping with the
results of non-compartmental analysis, there was a statistically non-significant
downward trend in clearance (7.09 to 5.60 L/hr) with one or two T alleles at the MDRla
locus (p=0.427) and in addition a weaker upward trend in clearance (5.81 to 6.75) with
one or two G alleles at the CYP3A5 locus (p=0.779).

7.3.3.2 Steady state pharmacokinetics on day 15

Over the first two weeks of therapy, mean fractional rate of elimination as reflected by Xz
increased from 0.117 to 0.215 (an increase of 83% , p<0.001) while mean AUCo-n fell
from 60.68 to 37.08 pg/ml*hr (a decrease of 39%, p<0.001). There was no significant
change in Cmax ( p=0.203). None of the covariates was associated with the magnitude of
these changes but there were again non-significant trends in the change in both A.z and
AUCo-ii for the MDRla locus (p=0.19 and 0.096 respectively for the TT genotype).
Despite the modest level of statistical significance, the change in AUCo-i i varied
dramatically from -22.18 pg/ml*hr (33% of the mean baseline value) for CC
homozygotes to essentially no change (-0.54 pg/ml*hr) in TT homozygotes.
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7.3.4 Pharmacokinetics of pyrazinamide

7.3.4.1 Single dose pharmacokinetics on day 1

The dose of pyrazinamide actually administered varied from 21.8 to 34.3 mg/kg.
Summary plots of plasma concentrations of pyrazinamide according to HIV and
tuberculosis status on day 1 are shown in the middle row of Figure 7.5. For the study
cohort as a whole, the median tmax was 2 h (IQR 1.5-3.5 ) with a median Cmax of 38.15
pg/ml (IQR 32.62-46.55) and AUC0-n of 305.1 pg/ml *hr (IQR 250.5 - 357.1 ). The
median elimination half-life (t 1/2) was 9.14 h ( IQR 7.63 - 12.53 ). Pharmacokinetic
parameters in the four study groups are compared in the middle row of Figure 7.6. A
balanced array of 20 subjects was available for all four groups (Table 7.6). Neither HIV
nor tuberculosis had any significant effect on any of the parameters (p=0.111 and 0.210
respectively). However, both Cmax and AUC0-11 were influenced by weight-adjusted dose
and sex while the latter also significantly reduced 7^. Serum total bilirubin also had a
highly significant effect on X7 independent of sex with a 20.5 % reduction in clearance
for each 1 mg/dL ( p=0.001) rise but was not associated with AUC 0-11 (p=0.963).

The plasma concentration profiles were adequately described by a one compartment
model with first order absorption (Table 7.7). A lag time estimated at 9 minutes and
combined additive/multiplicative model again greatly improved the fit of the model.
There did not appear to be any obvious heterogeneity in absorption and a mixture model
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of absorber phenotype was not supported. Similarly to rifampicin, apparent volume of
distribution was increased by 29.6% in males (p<0.001) but sex did not significantly
affect clearance once this was taken into account.

7.3.4.2 Steady state pharmacokinetics on day 15

Over the first 15 days all the summary pharmacokinetic parameters increased. Cmax
increased from a median of 37.7 to 44.6 pg/ml ( an increase of 18.3% p=0.003), AUCo-n
increased from 300.1 to 339.9 pg/ml*hr ( an increase of 13.3% p=0.059 ) and Xz
simultaneously increased from 0.072 to 0.0972 ( an increase of 27.8% p=0.001).

7.3.3 Pharmacokinetics of isoniazid

7.3.3.1 Single dose pharmacokinetics on day 1

The dose of isoniazid actually administered ranged from 4.1 to 6.4 mg/kg. Summary plots
of plasma concentrations of isoniazid according to HIV and tuberculosis status on day 1
are shown in the bottom row of Figure 7.5. For the study cohort as a whole the median
tmax was 1.50 h (IQR 1-2) with a median Cmaxof 4.57 pg/ml (IQR 3.25 - 5.87) and AUCoii of 16.81 pg/ml*hr (IQR 12.10-28.86) . The median elimination half-life (t 1/2) was 2.95
h (IQR 1.96 - 3.92). Pharmacokinetic parameters in the four study groups are compared
in the bottom row of Figure 7.6. In univariate analysis (Table 7.8), acetylator genotype
and phenotype had a predictably significant effect on both Cmax and AUC 0-11 but not XL
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in the balanced analysis. However, using all the available data, a “Slow” genotype was
associated with lower X,z (p=0.049 ).

Both HIV and TB were associated with statistically significant changes in AUC 0-11 but of
opposite magnitude (p=0.010 and 0.020 respectively) and neither factor appeared to
affect either Cmaxor

This unusual effect appeared to be largely explained by an

interaction between these factors and the relationship between acetylator genotype and
phenotype (Figure 7.7). Specifically, the acetylisoniazid/isoniazid ratio appeared to be
higher in TB patients with the effect becoming more marked from “Slow” (median 0.157
vs 0.177) to “Fast” ( median 1.88 vs 1.08 ) genotype (Kruskal-Wallis test for trend across
differences p=0.086), while it was slightly lower overall in HIV positive (median 0.638)
as against HIV negative (0.920) volunteers (Kruskal-Wallis test for trend across
differences p=0.389). In analysis of variance the reduction in AUC o-n attributable to TB
appeared to be almost completely mediated by these changes in acetylator phenotype
since there was a dramatic change in the significance of the TB coefficient when an
interaction model was fitted (p<0.001) while this mechanism did not appear to explain
the apparent rise in AUC o-n associated with HIV which remained independently
significant ( p<0.001) even when acetylator status was included in the analysis.

A one compartment model adequately described the pharmacokinetics with a lag time of
23 minutes (Table 7.9). None of the covariates improved the fit with regard to the
absorption parameters. A bivariate mixture model with two subpopulations with means of
19.8 and 6.6 L/h in proportions 63:37 described the variability in elimination well and
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Figure 7.7: Relationships between HIV, TB and NAT2 genotype with acetylator
phenotype (plasma acetylisoniazid /isoniazid ratio at 2 hours )
HIV -

HIV +

I
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this model agreed quite closely with that utilizing the full predicted phenotypes from
NAT2 genotyping.

7.3.3.2 Steady state pharmacokinetics on day 15

Over the first 15 days of therapy, median Cmax decreased from 4.65 to 4.12 pg/ml
(p=0.285) and AUC o-n from 17.71 to 14.74 pg/ml*hr (p=0.150) while elimination rate
as reflected by ^ increased from 0.231 to 0.267 (p=0.163). Neither acetylator genotype
nor phenotype explained these apparent changes.

7.4 Discussion

There is still a great deal of uncertainty concerning the causes and possible significance
of the pharmacokinetic variability of anti-tuberculosis drugs. The study described here
adopted a rigorous approach using a balanced factorial cross-sectional design to evaluate
the effects of HIV infection and active tuberculosis disease at the initiation of therapy,
followed by a longitudinal phase to assess their influence on pharmacokinetics at steady
state. The three drugs on which modem short-course chemotherapy relies (isoniazid,
rifampicin and pyrazinamide) were sampled and assayed using a carefully selected semisparse scheme designed to capture information about all pharmacokinetic phases.
Extensive pharmacogenetic characterization, with phenotypic information for selected
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loci, was also carried out in an attempt to better understand the biological mechanisms
which might underlie possible effects of HIV and tuberculosis on drug exposure.

Of the three drugs studied, rifampicin exhibited the greatest overall variability in plasma
concentrations with a CV% of approximately 30% at Cmax . Both HIV and TB appeared
to influence both the location, variability and summary measures of the observed plasma
concentration profiles but interpretation of these effects was complicated by strong
relationships with weight and gender, as previously described in (Mcllleron, Walsh et al.
2005; Mcllleron, Wash et al. 2006) . The composition of the population from which the
study cohort was drawn and logistical considerations meant that males were
disproportionately represented in the two HIV+ arms of the study and after adjustment
for weight-adjusted dosing and male sex, only TB continued to exert an important effect
on the proxy absorption parameters Cmax and AUC o-n- However, both HIV and TB
retained independent and statistically significant effects on the elimination phase.

While female gender strongly reduced the apparent volume of distribution and increased
clearance by mechanisms undefined in this study, compartmental modeling suggested
that known pharmacogenetic determinants may also have a subsidiary role to play. A
common polymorphism at the MDRla locus (C3435T) significantly reduced the rate of
absorption of rifampicin but also appeared to reduce the clearance. Though the latter
effect was statistically marginal, there was a clear gene-dose effect and such a mechanism
may explain why there was little net relationship of MDRla genotype with overall
exposure. These findings are also consistent with those of the only published intervention
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study using concomitant administration of rifampicin with verapamil (a known inhibitor
of p-glycoprotein), in which AUC0-4 increased by 84% (Prakash, Velpandian et al. 2003).
In addition there were marked differences in the mean change in exposure over the first
two weeks of therapy according to genotype, consistent with an almost complete lack of
induction of elimination processes in homozygous TT mutants. However, expression of
the gene product of MDRla, P-glycoprotein, on circulating lymphocytes appeared to
correlate with the mutant T allele and did not undergo any significant change during this
period making interpretation of this trend unclear. That expression levels were reduced in
HIV+ volunteers and HIV- TB patients but relatively preserved in HIV+ TB patients
suggests neither a clear biological explanation for this finding nor that it is likely to have
any causal relationship with the observed effects of HIV or TB. Though there were also
observed opposite trends in clearance in subjects predicted to express the functional
CYP3 A5 isoenzyme, this finding achieved a much lower level of statistical significance.
Steady state exposure was reduced as expected but did not show any relationship with
CYP3A5 polymorphism, suggesting considerable redundancy in affinity for rifampicin
with the CYP3A4 isoenzyme. However the magnitude of the change (39%) is larger than
that described in some previous studies and it is notable that the estimated Cmax
underwent very little change despite such a marked fall in overall exposure, a finding
which suggests that the latter could be unreliable if used as sole indicator of exposure.

While pharmacogenetic explanations for the observed changes in rifampicin
pharmacokinetics must therefore remain speculative, control of the metabolic pathway
for isoniazid is by now well-characterized. Genotyping of the three commonest SNPs at
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the NAT2 locus described in the Thai population (Kukongviriyapan, Lulitanond et al.
1984; Kukongviriyapan, Prawan et al. 2003) resulted in predictions of phenotype highly
concordant with those determined by a common method using the ratio of plasma
concentrations of acetylisoniazid and isoniazid at 2 hours (Seifart, Parkin et al. 2001). As
expected, NAT2 genotype proved to be a dominant covariate in both analysis of summary
statistics and compartmental modeling. Estimation of the proportion of subjects with poor
metabolizer phenotype from a mixture model of the elimination phase agreed quite
closely with that derived from acetylator genotype and phenotype. Clearance however
could be demonstrated to decrease uniformly in step with the number of mutant NAT2
alleles, resulting in substantial increases in AUCo-n- There was also a modest fall in mean
isoniazid exposure over the first two weeks of therapy which did not appear to be
explained by acetylator genotype. Unlike rifampicin however, only AUCo-n appeared to
be significantly affected by HIV status.

By contrast with rifampicin and isoniazid, pyrazimide is the only first-line anti
tuberculosis drug predicted to accumulate with repeated daily dosing and the
pharmacogenetic basis of its metabolism has not been extensively studied. In this study,
pyrazinamide exhibited the least pharmacokinetic variability and most reliable
relationship of exposure to weight-adjusted dose. Furthermore, neither HIV nor TB
showed any significant effect on its pharmacokinetics in this study. Though some older
studies suggested that such effects could occur in HIV co-infected patients (Choudri,
Hawken et al. 1997), more recent work does not support these findings (Perlman, Segal et
al. 2004; Mcllleron, Wash et al. 2006). Gender however did appear to affect disposition
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in a similar way to rifampicin by increasing the apparent volume of distribution, resulting
in lower exposure in males. One recent report derived from modeling of multiple studies
postulated a mixture model of two subpopulations for the absorption phase (Wilkins,
Langdon et al. 2006). However, the data presented here do not support such
heterogenous absorption characteristics for pyrazinamide. Over the first two weeks of
therapy, exposure to pyrazinamide as reflected in AUCo-n increased by 13.3% at steady
state. This finding is consistent with , though slightly lower than, the predictions of the
theory of multiple dosing alone and occurred in the context of an increase in clearance of
almost 30%, suggesting that pyrazinamide metabolism also undergoes significant
induction by undefined mechanisms during the early stages of therapy.

One of the principal aims of this study was to estimate the effects of HIV and TB disease
on pharmacokinetic variability of first-line TB drugs. These appeared to be most marked
for rifampicin but were modest in magnitude and prone to confounding by other factors
among which gender appeared most important. In addition, the pharmacogenetic factors
studied also had readily identifiable effects, though in the case of rifampicin they did not
appear to be part of the mechanism by which HIV or TB might exert their influence.
Reassuringly then, the impact of HIV and TB in themselves on pharmacokinetics
appeared to be limited in this study, by contrast with the findings of some other published
observational data. However, there remained substantial residual variability not readily
explained by any of these factors, for which no explanation can as yet be given and may
indeed not be possible. Whether or not this constitutes a real problem in practice is not a
question that pharmacokinetics alone can answer.
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8.1 Introduction

The breakthrough of short-course chemotherapy for tuberculosis briefly appeared to put
effective control and even eradication of the disease within reach but this historic
opportunity was missed. In the context of the new global epidemic of HIV/TB coinfection even regimens of unprecedented potency by the standards of an earlier
generation appeared inadequate to the task set for them by public health. Furthermore,
promotion of the remote relapse endpoint as final arbiter of efficacy together with
diminishing information from and uncertainty as to the significance of intermediate
bacteriological endpoints made the development of new regimens a daunting prospect.
Recent developments in several related areas, however, promise to redress these
problems and advance our capability to detect the effects of new treatment regimens.

The advent of truly quantitative bacteriological methods in tuberculosis promises to
deliver continuous measures of bacillary load analogous to those used for instance in
virology. Since the pioneering studies of early bactericidal activity (Jindani, Aber et al.
1980), considerable experience has been gained with viable counting techniques on
selective media throughout the first weeks of therapy with both single agents and
combination regimens (Dore and Nunn 2003). However, theoretical suspicions that
natural populations of mycobacteria may be heterogenous in phenotype (Mitchison 1985)
, supported by several independent strands of experimental evidence have led some
workers to question whether serial sputum colony counting techniques can adequately
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represent drug activity against stationary-phase organisms with altered growth
characteristics and drug susceptibility.

Recently-developed automated liquid culture systems for mycobacteria have an
inherently quantitative aspect, are argued to have a lower limit of detection and should in
addition support the growth of bacillary subpopulations not capable of revival on solid
media (Mitchison and Coates 2004) . Such systems have been used to study the
phenomenon of antibiotic tolerance (Wallis, Patil et al. 1999) and though they are
becoming commonplace in clinical laboratories even in the developing world, their use in
treatment trials has so far been quite restricted (Holtz, Sternberg et al. 2006). Very little
data so far exists comparing the use of plate and broth techniques in this context. The
development of other quantitative techniques related to antigen or nucleic acid detection
has also been proposed but is proceeding slowly and there seems no immediate prospect
that culture-based techniques will be replaced. The whole blood bactericidal assay
technique as applied to tuberculosis is another promising biomarker which can be applied
on the same time scale as pharmacokinetic measurements and aims to define total
pharmacological activity of a combination of drugs at different stages of treatment
(Wallis, Palaci et al. 2001). Such a measure which can be obtained on a single day and,
since it is non-cumulative, repeated for different doses and combinations of drugs in a
single individual would be extremely useful in Phase I/II trials.

This transition to more completely quantitative measurement in the laboratory has been
accompanied by significant statistical advances in the handling of repeated measurement
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data, some of which, particularly analysis of covariance and survival techniques are now
quite common in clinical trials, greatly improving their power (Lindsey 1999). Parallel
developments have also taken place in the pharmacological sciences where the study of
pharmacokinetics and pharmacodynamics has been revolutionized by the use of
modelling techniques in both pre- and early clinical development (Sheiner and Steimer
2000). This convergence in methodology is now sufficiently mature that these advanced
statistical techniques can and have been applied to clinical studies with some success. Not
only can they improve the power of empirical comparisons but they may also offer a
more sophisticated interpretation of appropriately collected data which can further
forward scientific understanding of the data-generating mechanism, unlike more
traditional approaches. In particular, a convincing demonstration of pharmacokineticpharmacodynamic relationships can provide important causal underpinning to the
interpretation of empirical endpoints.

In the field of tuberculosis, these advances are only beginning to have an impact. Though
early bactericidal activity has proved to be a useful tool in demonstrating PK-PD
relationships in humans, particularly for the paradigm case of isoniazid, there are serious
doubts as to whether it has any relationship to the so-called “sterilizing activity” observed
in clinical trials. It remains to be established whether an alternative pharmacodynamic
endpoint, more closely related to sterilization, can be found, whether it will exhibit
similar PK-PD relationships as those already observed and what place it would find in the
drug development process.
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We conducted a pharmacodynamic study utilizing three separate pharmacodynamic
endpoints ( serial sputum colony counting, liquid culture and whole blood bactericidal
assay ) in a cohort of tuberculosis patients on short-course chemotherapy. The study
aimed not only to evaluate their characteristics and inter-relationships but in addition
attempted to assess their usefulness in characterizing PK-PD relationships of more
potential relevance to sterilization.

8.2 Methods

8.2.1 Study design

The study used the same two-phase design, entry, exclusion and withdrawal criteria
described in Chapter 7. Specifically, participants in groups 1 and 2 were required to have
at least a single 1+ positive sputum smear and chest radiograph compatible with
pulmonary tuberculosis and a subsequently positive culture for M. tuberculosis. All
participants in these two groups entered the longitudinal phase of the study and were
asked to perform a 12 hour sputum collection in a 100 ml wide-mouthed polypropylene
pot on day 0 prior to starting treatment. They were then assigned by strict alternation to
one of two sputum sampling schemes : A (0,1,3,8,14,42 days ) or B (0,2,7,9,28,56 days)
(derived from Chapter 4, see Table 3.3) . Due to a preponderance of early sputum culture
conversions in the pilot phase of the study (comprising the first 8 participants), this
scheme was modified for the main study, replacing the last sampling points by days 35 in
scheme A and 42 in scheme B. These sputum samples were collected in the same way by
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the patient at home and submitted to the hospital laboratory the following day.
Participants in all groups of the cross-sectional phase of the study were also asked to
provide additional 2 ml samples of heparinised blood for whole blood bactericidal assay
(WBBA) on day 1 harmonized to the times at which pharmacokinetics samples were
collected. This procedure was repeated on day 15 for groups 1 and 2. The samples were
maintained at room temperature for no longer than 4 hours before processing.

8.2.2 Laboratory methods

8.2.2.1 Serial sputum colony counting

Plates of Middlebrook 7H11 medium (Difco 0838) with oleic acid-albumin-catalase
(OADC Difco 0722) were prepared and made selective by the addition of Selectatabs (
MAST MS24 ) to give final concentrations of antibiotics as follows: polymixin B 200
u/ml, carbenicillin 100 mg/L, trimethoprim 10 mg/L and amphotericin B 10 mg/L.
Sputum samples were homogenized by addition of 3-6 glass beads and placing on a
mechanical shaker for 10 minutes. 1ml of the homogenised sputum was then mixed with
1 ml of dithiothreitol in a plastic bijou and vortexed before being returned to the shaker
for a further 30 minutes. Five tenfold serial dilutions were then made in 0.2% serum
bovine albumin solution and 50 pi of each, including the original homogenized sputum,
pipetted onto a third of a selective plate in duplicate. The plates were closed with a gaspermeable safety seal, placed in a CO2 impermeable polythene bag and incubated at 37
°C in darkness. The plates were read at three weeks. The dilution yielding between 10
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and 100 colonies was identified and the colonies on this segment counted using a colony
counter. The results were expressed as Logio CFU/ml sputum = Logio (Mean No of
colonies x 2 x 10 1+idilutionfactorl ).

8.2.2.2 MB/BacT liquid culture

After initial shaking with glass beads as described above, 1 ml of homogenized
sputum was placed in a 15 ml centrifuge tube with 1 ml of NALC-2% Sodium hydroxide
solution, vortexed and allowed to stand for 20 minutes. 9 ml of sterile water were then
added to the tube before centrifuging at 3000 xg for 15 minutes. The supernatant was the
discarded, 1 ml 0.2% Bovine Serum Albumin added and the tube vortexed. 0.5ml of
solution was removed with a tuberculin syringe and inoculated into an MB/BacT MP
bottle with antibiotic supplement. The bottles were then incubated in the MB/BacT
machine until positive and the Days-to-Positivity recorded. All positive bottles were
Ziehl-Neelsen stained to confirm growth of mycobacteria.

8.2.2.3 Whole blood bactericidal assay

WBBA was performed as described in chapter 6. Gram staining was done on any
bottle positive in less than 3 days and also on randomly selected bottles to screen for
contamination.
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8.3. Results

Of the 97 participants in the study, 86 were entered into the cross-sectional phase
and 57 were enrolled into the longitudinal phase, 11 of whom did not also take part in the
cross-sectional phase and hence did not have any pharmacokinetic or whole blood
bactericidal assay data available (see Figure 7.2). 14 subjects’ whole blood assays were
uninterpretable (due to fungal contamination), leaving a total of 72 assays on day 1 and
32 pairs by day 15. Of the 57 participants enrolled for serial sputum colony counting, 13
were excluded ( 2 due to multi-drug resistant tuberculosis, 2 non-tuberculous
mycobacteria, 1 was unable to produce sputum, 3 persistently culture negative and 5 with
a single positive culture at baseline only). This left a final cohort of 44 participants for
this phase of the study. Sputum samples from approximately half of this cohort ( 20
participants ) were processed for liquid culture in addition to plate counting.

8.3.1 Early Bactericidal Activity

Though the study design did not include day 2 as a fixed sampling point in all
subjects, it was possible to compute EBA 0-2 for the other subjects by averaging results
over days 1 and 3. Using this method, estimates were available for 34 participants, the
distribution of which is presented in Figure 8.1. The mean EBA0-2 was 0.57 +/- 0.42 logio
CFU /ml/day ( CV% =73.7% ) and was not affected by HIV status (p=0.251). 31
participants also had pharmacokinetic data available. In this subset, there was linear
relationship between In (AUC0-11) of isoniazid and EBA0-2 the parameters of which
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Figure 8.1: Distribution of EBA 0-2 in 34 evaluable subjects
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bear a striking similarity to previous data (Donald, Sirgel et al 2004) with EBA0-2
increasing by 0.11 logio CFU /ml/day for each log increase in AUC 0-11 albeit over a 2 log
versus an almost 5 log range (see Figure 8.2). However, this model was not statistically
significant (p=0.42) and remained so in analysis of covariance using the SLANC statistic
(p=0.259), probably because of the high variance of the results and relatively low
correlation between baseline count and EBA0-2 (Pearson correlation coefficient=0.32 ,
p=0.057 in SLANC model). There was no relationship of EBA0-2 with any of the
pharmacokinetic characteristics of rifampicin or pyrazinamide.

8.3.2 Whole Blood Bactericidal Assay

Results were available for a total of 520 successfully processed whole blood bactericidal
assays. Baseline values of DTP in the four study groups are presented in Figure 8.3. The
mean DTP value, was lowest for healthy HIV negative volunteers (group 3) at 4.34 days
implying least restriction of mycobacterial growth while in HIV negative TB patients it
rose to 5.04 days (p=0.003). The presence of HIV appeared mainly to increase the
variability of the measurements while TB did not appear to change the location of mean
DTP in groups 1 and 4. This impression of confounding was supported by an interaction
model of the two factors in which the TB coefficient retained its significance (p=0.02)
while the HIV coefficient did not (p=0.29) in the presence of a modestly significant
HIV*TB term (p=0.062). The increased variability in baseline DTP in the HIV positive
groups did not appear to be explained by CD4 count (p=0.297).
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Figure 8.3: WBBA parameters at baseline in the study groups. Top - DTP in control
bottle on day 0. Bottom - AUCo-» on day 1 (n=72)
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Median whole blood bactericidal assay activity on day 1 as measured by AUC 0-24 was
107.9 DTP*hrs ( IQR 89.8 - 129.2 ) . This did not differ by HIV ( p=0.468) or TB status
(p=0.26) and was not associated with baseline DTP at time 0 hrs (Figure 8.3). Over the
first 14 days of therapy WBBA decreased to a median of 74.4 DTP*hrs ( IQR 67.9 90.0), a change of 31.1 % ( p <0.001) (Figure 8.4). In random effects analysis of
variance, the AUC o-®derived from compartmental modelling of both rifampicin (
p=0.016) and isoniazid (p=0.002) but not pyrazinamide (p=0.340) were significantly
associated with WBBA AUC 0 -2 4 -

hi

keeping with the unexpectedly large effect of

isoniazid, there was also a positive association between WBBA AUC 0-24 on day 1 and
EBA 0-2 (p=0.037). Expression of P-glycoprotein on monocytes (p=0.036) but not
lymphocytes (p=0.164) was also independently related to WBBA AUC 0-24 with an
increase of 10.68 DTP*hrs for each fold increase in the MFI ratio.

8.3.3 Serial Sputum Colony Counting

Of a possible 264 samples, 148 (56%) yielded positive results. The profiles of colony
counts for the 44 subjects with evaluable SSCC data are shown in Figure 8.5 together
with a non-parametric summary plot of the data. The median colony count prior to
commencing treatment was 6.03 logio CFU /ml, about 1 logio lower than in the two
previously analysed studies conducted in African tuberculosis patients and only two
subjects produced any positive counts after day 15.
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Figure 8.4: Individual trajectories in WBBA over the first fourteen days of therapy
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Figure 8.5: Serial sputum colony counting data (N=44). Top - Non-parametric summary
plot (Figures above dotted line are percentages of subjects with positive cultures at that
timepoint) Bottom- Spaghetti plot of the data

5
10
Days on Therapy
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The CV% of the observations increased from 25.2 % at baseline to 39.4% by 14 days.
Due to different scheduling of recruitment at the two study sites, strict alternation of
sampling schemes had to be modified, resulting in a lack of balance between them. 25
participants were assigned to the scheme (0,1,3,8,28,42) while only 19 were assigned to
(0,2,7,9,14,35). In addition, due to differences in case-mix between the sites, the
proportion of HIV positive patients on the former scheme was 48.0% but 36.8% on the
latter. This difference was not statistically significant however (% test p=0.665) and the
irregular population profile of the counts seemed more likely to be due to the relatively
small size of the cohort combined with the incomplete design.

The process of building a mixed effect model for the data is summarized in Table 8.1.
Despite the paucity of data beyond two weeks, convergence could be achieved for a
biexponential model which described the population profile of counts significantly better
than a monoexponential one. This result was not altered by refitting of the models to
datasets omitting the two datapoints after two weeks (to account for leverage) or with an
imputation of 0.699 logio CFU/ml (half the LOD) for the first observation in a terminal
string of negative cultures to account for the high degree of censoring. None of the
available demographic and clinical covariates contributed significantly to the the fit of the
model. In particular while HIV status was associated with small changes in the magnitude
of both the intercepts 8i and 63 this effect was not statistically significant (p=0.863 and
0.691). Extent of radiological disease, graded semi-quantitatively, also appeared to affect
the early phase rate constant 62, its magnitude decreasing with worsening radiological
appearance. However, because this effect was of borderline statistical significance
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(p=0.010) and highly sensitive to changes in the error and random effects structures, even
under REML estimation, it was not included in the final model. Neither age nor sex had
any appreciable effect.

A subset of 31 participants also had pharmacokinetic data available. Summary
pharmacokinetic parameters (Cmax and AUC o-®) for isoniazid, rifampicin and
pyrazinamide on days 1 and 15 were fitted as covariates to the early (62 ) or late (64)
phase of bacillary elimination. Plots of the relationship of these variables to the estimated
random effects in the basic model are shown in Figure 8.6. AUC 0-®of isoniazid but not
rifampicin on day 1 had a statistically significant effect on 82 (p=0.010 and 0.553
respectively). Neither rifampicin nor pyrazinamide AUC 0-®in day 15 was associated
with 84 (p=0.635 and 0.826 respectively). WBBA AUC 0-24 showed a strong trend
towards association with 62 (p=0.075) on day 1 but no statistically significant relationship
with

84

(0.589) on day 15 (see Table 8.1).

8.3.4 MB/BacT Culture

Twenty participants provided evaluable paired liquid culture and colony-counting
data. There was a highly significant relationship between plate counts and days-topositivity in MB/BacT (p<0.001) with DTP increasing by 4.2 days for each 1 logio fall in
viable count (Figure 8.7). A slightly higher proportion of samples were culture positive
than on plates (63.3 versus 55.7 %) but the coefficient of variation of the measurements
was 69.9% on day 1 and 40.0% on day 14, higher than that observed for colony counting.
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02 random effect

Figure 8.6: Smoothing spline estimates of the relationship between model random effects
on early and late phase elimination and pharmacokinetic parameters
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Figure 8.7: MB/BacT culture data. Top - Time profile for the study cohort, Bottom Scatter plot of plate viable count versus days-to-positivity
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18 subjects culture converted or showed a steady increase in the value of DTP as therapy
progressed . Two exhibited static or rising DTP at the end of the study period but this
finding was not associated with ultimate failure of treatment (Figure 8.6).
Fitting of mixed effects models shows that decline in DTP during therapy is not linear
with a simple polynomial (quadratic) model proving to be a much better description of
the data (likelihood ratio test P<0.001).

8.4 Discussion

Four different pharmacodynamic measures available during the early stages of therapy
for tuberculosis have been evaluated both as a means to defining pharmacokineticpharmacodynamic relationships in general and for future practical use in clinical trials in
Asia. There is as yet no published experience with extended serial sputum colony
counting or quantitative liquid culture techniques in this context while this study is only
the second field evaluation of the use of whole blood bactericidal assay (Wallis, Vinhas
et al. 2003). The findings are instructive.

That the precision of serial sputum colony-counting measures can vary widely between
studies was recognized almost from the outset of their use and later confirmed in a
carefully conducted multinational study (Sirgel, Donald et al. 2000). The standard
deviation of the EBA0-2 measure in this study ranged from 0.17 to as high as 0.83 logio
CFU/ml/day and the generally poorer results obtained in non-African centres led to a
perception that such studies could only be efficiently performed in African populations.
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The biological reasons for these apparent differences remained unclear, however (Sirgel,
Venter et al. 2001) and little formal work has been done on the influence of patient
selection for studies such as these. In the current study, no entry criterion based on semiquantitative sputum smear grading was set for reasons of patient accrual. Despite this, the
variance of EBA0-2 fell in the middle of the published range suggesting both that the
quality of laboratory work was acceptable and that the influence of patient selection may
be limited. In addition, collection of sputum samples from participants on an outpatient
basis also appears feasible with adequate support from study personnel.

Despite these factors and the limitation of the size of the study intake, a PK-PD
relationship, albeit statistically weak, could be discerned between AUC0-11 of isoniazid
and EBA0-2 which was closely similar in form to that observed in the only other study to
have reported it (Donald, Sirgel et al. 2004). This is all the more remarkable given that
this relationship was described in a collection of monotherapy studies over a very wide
dose range whereas it is described here in the context of combination therapy with highly
standardized dosing. Furthermore, mixed effects modeling was able to demonstrate a
statistically significant relationship between these two variables which argues for the
greater power of the techniques for detecting PK-PD effects as against the summary
statistics approach. These findings further support suggestions that the initial phase of
bacillary elimination is almost completely determined by isoniazid alone (Mitchison
1985).
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Though several EBA studies have been performed in Asian centres (Chan, Yew et al.
1992; Sirgel, Donald et al 2000) this study provides the first experience with extended
serial sputum colony counting techniques outside Africa. Design of the sampling scheme
for the study was based on the limited data available from Africa. After the pilot phase,
this scheme was amended since substantial differences were already obvious but it did
not prove possible to achieve a schedule well-suited to the study population due to slow
accrual of data. In addition an incomplete scheme had been selected to facilitate
outpatient collection of samples while maximizing information for the analysis.
Ultimately, baseline colony counts were lower and time to culture conversion shorter.
The data also proved to be about twice as variable as expected and were very heavily
censored after the first two weeks of therapy, possibly due to poorer quality of sputum
samples in the later stages of follow-up.

Despite these obstacles in study execution, however, the pattern of elimination of bacilli
from sputum in the study cohort appeared broadly similar to that observed in African
studies, with a comparable rate of late-phase elimination. In common with these earlier
studies, the effect of HIV infection on the characteristics of elimination did not appear as
important (generally affecting the intercepts of the biexponential model) as radiological
burden of disease (which generally affected the rate of elimination). These findings
argue that SSCC studies are possible in Asian centres provided that adequate numbers of
suitable patients and high-quality bacteriology are available. The use of more powerful
statistical techniques will also go some way to overcoming the problem of increased
variability for the purposes of clinical trials at least.
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However, evaluation of PK-PD relationships was challenging in the SSCC cohort since
only 31 participants had data suitable for this purpose. Though previously described
associations relating to isoniazid were confirmed, no such relationships were observed for
either of the “sterilizing” drugs rifampicin and pyrazinamide. This is a disappointing
finding with several possible explanations in addition to those already mentioned. The
range of doses was relatively restricted and the sample size quite small. The
pharmacodynamics of both drugs could constantly exceed some threshold in humans
resulting in pharmacokinetic redundancy. However, most available animal and clinical
trials data suggests that at current doses pharmacodynamics of rifampicin should continue
to be responsive to increasing exposure (Jayaram, Gaonkar et al. 2003; Diacon, Patientia
et al. 2007; Gumbo, Louie et al. 2007), though these studies could be misleading because
they measure sterilization only imperfectly. Pyrazinamide has been even more difficult to
study in the laboratory and the identification of a surrogate endpoint of pharmacodynamic
response for this drug given its lack of EBA would be helpful. Though the data
presented in Chapter 2 provisionally support the use of SSCC for this purpose on the
level of regimens or doses, the quality of the data presented here may not have been able
to support analysis of more precise PK-PD relationships on the individual level
considering the relative lack of information about the crucial later phase of elimination.

Liquid culture techniques are being increasingly promoted for use in clinical trials on the
basis of their superior sensitivity. On the basis of the limited evaluation carried out here,
it remains unclear whether this has real practical benefits. Initial optimization in the
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mycobacteriology laboratory led to a relatively harsh decontamination protocol in order
to achieve satisfactory rates of contamination. Consequently, the proportion of extra
cultures recovered in broth as against plates was less than 10%. Though there was a
strong correlation between plate counts and DTP, the profile of response was more
variable than plate counting in our hands and appeared similarly non-linear. The
significance of and most appropriate analytical approach to data of this sort remain to be
determined.

Whole blood bactericidal assay also appears to offer greater precision as a
pharmacodynamic measure than standard bacteriological techniques and, on the basis that
it is a measure of intracellular killing, a possibly stronger relationship to sterilization. Its
coefficient of variation was less than SSCC measures in this study and similar to those in
the two African studies. In addition, it appeared to reliably reflect the effect of rifampicin
though not pyrazinamide under clinical conditions, as was observed during its
development in the laboratory. However, the effect of isoniazid was unexpectedly strong
in regression analysis and crucially the results of the assay appeared to correlate more
closely with the early rather than the late phase of bacillary elimination. The paradoxical
effect of monocyte P-glycoprotein expression and presumably efflux on activity in the
assay system also appears inconsistent with a measure of intracellular activity. However
it is possible that ABC transporter expression more closely reflects the activation state of
the cells rather than exerting its effect through efflux mechanisms. Whether the specific
conditions under which the assay was carried out in this study affected its performance is
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uncertain but these results must inevitably lead to questioning of the usefulness of
WBBA as a sterilization model in clinical trials.

The data presented here suggest that replicating the path-breaking demonstration of the
pharmacokinetic-pharmacodynamic relationship of isoniazid for either of its sterilizing
companion drugs will be a demanding task. Of the techniques for assessment of
pharmacodynamic response currently available, some with good biological support such
as liquid culture may be too variable to be useful for this purpose while others that offer
adequate precision like whole blood bactericidal assay may lack a credible link with
sterilizing activity. Serial sputum colony counting appears to be a robust and portable
measure for clinical trials but whether it also has the power to uncover the real-life PKPD relationships of sterilizing drugs operating in tuberculosis sufferers remains to be
seen.
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A survey of the current level of scientific activity in drug development for tuberculosis
gives considerable grounds for optimism that the goal of ultra-short course
chemotherapy, a challenge deferred for more than three decades, can ultimately be
achieved but debates among those working on different aspects of the problem regularly
return to questions to which there are as yet no simple answers. Among the most central
of these is that of how the “sterilizing” activity of drugs is to be measured. This is a
serious foundational problem affecting all phases of the drug development process from
rational target selection and high-throughput screening through to the beginning of
definitive Phase III trials but at the present time the single most controversial stage is
Phase II development, which currently threatens to become the graveyard of several
recent pre-clinical success stories. It is hoped that the work presented in this thesis will
make a contribution towards resolving this situation.

The concept of sterilizing activity was formulated in the wake of two key observations in
clinical studies. The first was that regimens with apparently adequate rates of culture
conversion during treatment could nonetheless be associated with unacceptably high rates
of relapse (East Affican/BMRC 1978). The second was that certain drugs crucial to the
success of therapy, notably pyrazinamide, exhibited minimal early bactericidal activity
(Jindani, Aber et al. 1980). It was inferred that sputum bacteriological measures during
therapy were failing to measure a critical aspect of response which was only adequately
reflected by the ability of regimens to prevent relapse after their withdrawal. Subsequent
observations that culture status at two and three months was correlated with relapse (Aber
and Nunn 1978) suggested however that at least one potential surrogate endpoint for
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relapse might be available (Mitchison 1996). The basis of this proposal was however
highly empirical. In order to advance beyond it, methods are needed that will not only
more efficiently measure sterilization but at the same time provide better insight into the
relevant mechanisms and basic biology relevant to it.

The analysis presented in Chapter 2 revisits historical data from the first study to evaluate
serial sputum colony counting beyond the first 14 days of treatment (Brindle, Nunn et al.
1993). This study clearly showed that, in an African context, elimination of bacilli from
sputum during treatment is a biphasic process in which the second phase only becomes
capable of reliable estimation after the first week. The first phase can be thought of as
analogous under combination therapy to the object of EBA studies under monotherapy,
while the correlates of the second phase are as yet not well-defined. While the speed of
elimination of bacilli during this latter phase makes it unlikely that these organisms are in
fact the definitive persister population from which relapses subsequently arise, it is
probable that they are qualitatively different in important respects from those typical of
the first.

In the original study, attention was focused on differences in response to treatment
according to HIV status. However, by the application of modem hierarchical regression
techniques it is demonstrated that statistically significant differences exist in the rate of
second-phase elimination between the two regimens (“standard” and “short-course”)
employed in the study. This result has crucial implications. Due to the overwhelming
effect of isoniazid in the first days of therapy, EBA studies have not proved to be a useful
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tool for the evaluation of combinations of drugs (Donald, Sirgel et al. 2003). The finding
that two complete combination regimens may be demonstrated to differ in activity, at a
modest sample size and on a sputum measure whose qualitative significance can
plausibly be argued to be different from EBA, opens the door to a completely new
approach to Phase II clinical trials. Conceptually, it makes possible a view of
bacteriological endpoints based on rates of elimination and not static proportions culture
negative at fixed timepoints which could provide large gains in the power of such studies.

These possibilities are explored further in Chapter 3. While statistical theory predicts that
dichotomization of truly continuous variables generally involves considerable loss of
information, the specific concern here was to estimate the practical range of sample sizes
for Phase II studies which using such a regression approach would entail. A critical and
generally under-appreciated factor in this is the form of the design matrix of the study
determined in this case by the times at which samples are obtained. Using techniques
from optimal design theory, it is shown that substantial gains in precision are available by
doubling the number of sampling points utilized in the study to approximately ten in total
and positioning them appropriately in relation to the function believed to best describe
the putative data. By adopting such expanded sampling schemes it is then demonstrated,
using an approximate sample size method, that effective Phase II studies using a
regression approach could be conducted with as few as fifty participants per arm and
would also be logistically feasible using incomplete designs with fewer sampling points
per patient. While many of the relevant parameters for sample size calculations remain
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uncertain, in particular the magnitude of projected treatment effects, this design exercise
was able to provide broad targets for the planning of such studies.

The results of a prospective clinical trial which was designed using a similar philosophy
to that outlined above and ultimately analysed using these regression techniques are
presented in Chapter 4. Amongst novel anti-tuberculosis agents, currently the most
advanced in clinical development are the 8-methoxyquinolones moxifloxacin and
gatifloxacin . The Oflotub IIB study was a Phase IIB trial evaluating the substitution of
either of these drugs or ofloxacin for ethambutol in the current short-course regimen and
based on serial sputum colony counting. The final results of this study can only be
described as dramatic. Using the nonlinear mixed effects technique both of the 8methoxyquinolone-containing regimens appeared to accelerate late-phase elimination of
bacilli to a highly statistically significant extent, a finding which could be consistent with
a reduction in the length of therapy of up to two months.

Though in agreement with a smaller study recently completed in Brazil (Conde, Efron et
al 2007), these findings stand in contrast to the previously published results of TBTC
Study 27 (Burman, Goldberg et al. 2006) which failed to detect any effect of
moxifloxacin at more than twice the sample size using more conventional techniques.
Phase III evaluation of both moxi- and gatifloxacin is still ongoing and these findings
remain necessarily provisional but the differences between the outcome of these two
parallel studies are striking. In particular Study 27 was a multicentre study comprising
US, European and African patients and laboratory methods were not standardised across
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centres making interpretation of the two month culture conversion results problematic.
There were significant differences between rates of culture conversion in African as
against other participants which were related to baseline extent of radiological disease
(Vernon A, personal communication). Due to these problems in execution and
interpretation it would therefore be premature to conclude that Phase II studies based on
SSCC are in practice superior to those based on conventional endpoints. However, the
Oflotub results appear to confirm the basic form of the model appropriate for data of this
kind, the approximate sample size required for such studies and the magnitude of effects
that can be expected to be reliably detected. They have also served as a useful testbed for
different statistical approaches to the data. Use of summary statistics, hierarchical
regression and Cox regression all appeared capable of detecting the treatment effect while
analysis of proportions culture positive at two months did not. Though this is to date the
only prospective study to whole-heartedly adopt the regression approach , these findings
lend support to the feasibility of factorial serial sputum colony counting studies capable
of evaluating different additions and substitutions and perhaps even doses of agents
within combination regimens.

An alternative view of sterilization makes the tacit assumption that the postulated
persisting subpopulation of bacilli is unlikely to be represented by sputum biomarkers at
all. This could be because such organisms may only be found in very small numbers or
because they are in an inaccessible anatomical location. Since M tuberculosis is highly
adapted to an intracellular lifestyle one logical sanctuary site for this subpopulation
would be inside phagocytic cells. This view leads to the hypothesis of a link between the
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intracellular disposition and sterilizing activity of drugs. Confirming the predictions of
this theory however is by definition extremely difficult in vivo. One promising ex vivo
approach is the whole blood bactericidal assay technique described in Chapter 5. In this
model, M tuberculosis is believed to reside within peripheral blood monocytes suspended
in an environment as close to human plasma as possible (Wallis, Palaci et al. 2001).
During incubation with clinical samples containing antituberculosis drugs it allows for
the effects of protein binding and intracellular penetration and accumulation while
mimicking their action on bacilli in a restricted growth phase. Early experience with this
technique showed that the action of a number of drugs believed to be sterilizing were
represented by the system and that by using clinical strains of M tuberculosis from a
small cohort of tuberculosis patients reasonable correlations could be obtained between
the assay results and the rate of bacillary elimination in sputum (Wallis, Vinhas et al.
2003). However, the assay as originally described relied on the radiometric BACTEC
system which does not allow for continuous monitoring and requires repeated needle
access to the culture bottles. Hence the technique had never been attempted for patients
with HIV co-infection. The work presented here demonstrates that the assay can easily be
adapted to the MB/BacT system which is based on continuously monitored CO2
detection, raising fewer biosafety issues. As expected, the characteristics of the assay
appear similar and because reading the bottles is so much less labour-intensive it was
possible to process more datapoints per subject resulting in a much more reliable estimate
of total assay activity and in addition, to completely synchronise this pharmacodynamic
measure with pharmacokinetic sampling.
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If sterilizing activity is indeed linked to intracellular disposition of anti-tuberculosis
drugs, host factors that influence this process in vivo could be of importance in
understanding the observed variability in whole blood bactericidal assay results.
Rifamycins are amphipathic molecules subject to a wide range of drug transport
processes and are known to accumulate inside cells. In particular, rifampicin has been
shown to be a substrate for two human ATP-binding cassette transporters, P-glycoprotein
and Multidrug-resistance protein 1 and induces their expression strongly in vitro
(Schuetz, Schinkel et al. 1996). These transporters, part of a general defence mechanism
against xenobiotics, have been observed to influence response to therapy in both cancer
and HIV medicine (Fellay, Marzolini et al. 2002; Laupeze, Amiot et al. 2002). There
have also been suggestions that their expression may be upregulated by infection of cells
by HIV and M tuberculosis (Lucia, Rutello et al. 2002). In Chapter 6 methods were
developed to study this phenomenon further in vivo using flow cytometry. Expression of
PGP and MRP1 was demonstrated on circulating peripheral blood monocytes and also on
alveolar macrophages. Since mononuclear phagocytes express high levels of Fc receptors
and other sources of non-specific antibody binding direct comparison of the level of
expression in these different populations of cells are problematic but it seems probable
that expression is less intense on monocytes and macrophages than on lymphocytes.
Nonetheless the presence of ABC transporters on professional phagocytic cells that may
constitute a reservoir of persisting bacilli in vivo could be an important factor influencing
therapy.
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The clinical application of the different approaches to pharmacodynamics described and
their relationship to pharmacokinetics in an observational cohort study are described in
Chapters 7 and 8. This study aimed to re-assess the questions of whether HIV infection
and tuberculosis disease separately or in concert affect the pharmacokinetics of the major
anti-tuberculosis drugs and to what extent HIV may affect their pharmacodynamics as
assessed by serial sputum colony counting and whole blood bactericidal assay. In
addition ABC-transporter expression and pharmacogenetics were performed in an effort
to understand the biological basis of any observed differences.

The pharmacokinetic study used a full-factorial design comprising HIV-positive and
negative volunteers and tuberculosis patients. The sampling scheme employed was more
intense than in some recent field studies, enabling more accurate assessment of
absorption, and in addition was replicated on days 1 and 15 of treatment in order to assess
pharmacokinetic changes during the first two weeks. The results confirmed that both HIV
and tuberculosis can have significant independent but not generally interacting effects on
the pharmacokinetic parameters of rifampicin and isoniazid but not pyrazinamide. These
were most marked for rifampicin with one or other factor affecting the absorption and
elimination phases but gender was in fact a more important covariate in determining
overall exposure. Pharmacogenetic influences also appeared to play a role. In particular
MDRla genotype had a marked effect on the rate of absorption though this did not alter
overall exposure possibly because of the effect of counteracting trends in clearance at the
same locus and for CYP3A5. Induction of rifampicin metabolism was particularly
dramatic in this study causing an almost 40% fall in exposure at steady state but this was
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again influenced by MDRla genotype with very little overall change in hypofunctional
homozygotes.

Surprisingly, isoniazid exposure was also affected by HIV and TB. The mechanism of
this effect appeared to be changes in acetylator phenotype which accelerated metabolism
of the drug in tuberculosis patients with functional genotypes while acetylator activity
was lower in HIV positive volunteers. This may also have been the reason for both dosedependence of clearance and a fall in isoniazid exposure over the first two weeks. For
pyrazinamide, as with rifampicin there were again marked gender effects in distribution
but there was in addition a strong relationship between serum total bilirubin level and
clearance which was not observed for rifampicin. Though this was not associated with
significant differences in exposure it suggests that conjugation mechanisms may play a
more important role in the metabolism of this drug than previously appreciated.

The clinical consequences of pharmacokinetic variation are not well-understood in the
field of tuberculosis. In part this is because appropriate pharmacodynamic measures that
can be applied in small-scale studies have not been extensively studied. The example of
Early Bactericidal Activity shows that such methods are possible but need to be adapted
to the study of sterilization. The work presented in Chapter 8 is an attempt to move in that
direction. Due to limitations on the intake of participants the pharmacodynamic arm of
the study was able to achieve only limited power to detect the pharmacokineticpharmacodynamic relationships of interest. In addition the range of weight-adjusted
dosing and hence exposure posed additional restrictions on the analysis. The results of
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serial sputum counting were more variable than expected but clearly have the same form
as those reported in Chapters 2 and 4 and a similar relationship with important covariates
such as HIV status and radiological severity, a result which argues that such studies are
both robust and portable to different study environments.

Analysis of counts during the first three days produced the values expected from previous
EBA studies and in addition appear to support the pharmacokinetic-pharmacodynamic
relationship of EBA with AUC previously reported for isoniazid (Donald, Sirgel et al.
2004). However, it was not possible to define any such significant relationship between
the pharmacokinetics of rifampicin or pyrazinamide and late-phase bacillary elimination.
It is certain that several factors including the size of the cohort, greater variability of the
counts, heavy censoring of the data at a much earlier stage than expected and a restricted
dose range made this difficult to demonstrate. In addition insufficient information was
available on the MICs of the individual patients strains to further refine the PK-PD
analysis. Though it is implausible that such relationships do not exist at all, it remains
possible either that the pharmacodynamic methods employed do not in fact measure
sterilizing activity or that this response is in fact already optimal at the concentrations
achieved in clinical practice. These conclusions however do not seem to be supported by
the results presented in Chapter 2 or by previously successful dose-ranging EBA studies
of rifampicin (Donald, Sirgel et al. 2003; Diacon, Patientia et al. 2007). Further progress
in this area will require larger, more precise studies and/or, in the case of rifampicin,
escalation of the currently recommended dose.
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Two alternative measures of sterilization were also assessed alongside SSCC. Whole
blood bactericidal assay proved to be operationally feasible in the context of a small
clinical trial including HIV positive participants and it appeared to reflect the
pharmacokinetics of isoniazid and rifampicin and their pharmacodynamic action as
observed during assay development. It did not however reflect the activity of
pyrazinamide and appeared to correlate more strongly with EBA than with late-phase
elimination measures, casting some doubt on its status as a surrogate endpoint for
sterilization. The results of liquid culture of sputum correlated well with those of colony
counting but the need to maintain low rates of contamination with this technique limited
gains from the increased sensitivity of the system in practice. In addition the inter
subject variability of the results was higher than colony-counting which puts in question
assumptions that liquid culture will prove to be a more useful endpoint than colony
counting in Phase II trials.

The body of work collected in this thesis establishes that we have at least one tool ready
to hand that can be used to improve the efficiency of Phase II development of new anti
tuberculosis drugs. The serial sputum colony counting methodology should promote
identification of activity in new agents, facilitate rational selection of companion drugs in
combination regimens and perhaps, by incorporating pharmacokinetic information, even
allow optimization of dosing. It remains to establish the surrogate status of SSCC in
relation to relapse with more certainty while accumulating experience with different
classes of agents in different study populations in future clinical trials. Further work also
needs to focus on the meaning to be attached to the insights from the modelling approach
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and in particular on the biology of the organisms persisting in sputum during the late
phase of elimination. While better biomarkers of sterilization, bacteriological or
otherwise, may ultimately emerge, we should not allow poor deployment of the resources
we already have to be a continued obstacle to the progress of urgently needed new drugs
for tuberculosis.
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Figure 9.1: Comparison of the results of three serial sputum colony counting studies.
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