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ABSTRACT

Pathogenic Mycobacterza tubercu1051s (MTB) exist as a ‘mixed population’,
containing bacilli in different metabolic states as well as within or outside alveolar
macrophages and granuloma. Despite the availability of numerous anti-tuberculosis
drugs, the duration of tuberculosis therapy is still at least 6 months. Current drugs are
highly effective at killing actively growing bacilli in the extracellular space; however
they are less effective at killing semi-dormant and intracellular bacilli (persisting
bacilli). Active drug influx and efflux transporters may play a role in the
accumulation of anti-tuberculosis drugs into macrophages, and thereby contribute to
the decreased bactericidal activity against intracellular bacilli.

Active efflux transporters P-glycoprotein (P-gp) and multidrug resistance
polypeptide 1 (MRP1) were found to be expressed on monocyte derived
macrophages and alveolar macrophages. Using cell line models, rifampicin and
ethambutol were found to be substrates for P-gp but not MRP1. Pyrazinamide and
isoniazid were- not substrates for either transporter. Rifampicin accumulation
remained unaltered by inhibition of basal P-gp on PBMCs and no relationship was
found between rifampicin accumulation and P-gp or MRP1 expression on PBMCs.

Alveolar macrophages were also found to express two of the examined solute carrier
mRNA (SLCO1B3 and 3A1l). As rifampicin is a substrate for OATP1B3 (product of
SLCO1B3), active influx transporters may contribute to the intracellular potency of
anti-tuberculosis drugs '

When using a modified microplate alamar blue assay (MABA) to determine drug
mediated early bactericidal activity (EBA), it was found that H37Rv developed time
dependent phenotypic tolerance against rifampicin and suspected genotypic
resistance against isoniazid. Ethambutol susceptibility remained unchanged over
time. Using a newly developed assay to determine intracellular antibacterial drug
activity it was found that rifampicin, isoniazid and ethambutol showed concentration
dependent activity. Inhibition of P-gp significantly improved the intracellular anti-
tuberculosis activity of rifampicin and ethambutol. :

The development and validation of analytical methods for the quantification of
plasma rifampicin, pyrazinamide and isoniazid allowed for the determination of
pharmacokinetics in patients. Rifampicin receiving patients were found to show no
relationship between in vivo rifampicin accumulation and P-gp expression. However,
patients receiving rifampicin did show marked P-gp induction compared to healthy
volunteers. The quantitative analysis of plasma concentrations of rifampicin,
isoniazid and pyrazinamide is underpinning pharmacokinetic trials in different
groups.

Drug accumulation into alveolar macrophages is a combination between active
influx, efflux and diffusion. Rifampicin and ethambutol are substrates for P-gp,
although basal expression had limited influence on drug accumulation. Further work
needs to be done to establish the role of OATPs for drug accumulation in alveolar
macrophages. Further, this thesis describes novel assays that will be helpful in
determining extracellular and intracellular activity of novel anti-tuberculosis drugs.




PREFACE

Chapter 1: Introduces the pathogenesis of tuberculosis, the pharmacology of current

first line anti-tuberculosis drugs and active drug transporters.

Chapter 2: Demonstrates the expression of P-glycdprotein and MRP1 on alveolar
macrophages and monocyte derived macrophages. Further it investigates whether
first line anti-tuberculosis drugs are substrates for P-glycoprotein and MRP1 using in
vitro cell line models (T-lymphoblastoid cell, MDCKII epithelial cells) and ex vivo
PBMCs, | S

Chapter 3: Details a study investigating the time and concentration dependent

killing of anti-tuberculosis drugs on log-phase extracellular H37Rv.

Chapter 4: Introduces a novel assay for the analysis of anti-mycobacterial activity of
drugs against H37Rv residing within macrophages. It also investigates the impact of

P-glycoprotein inhibition on the efficiency of drug activity.

Chapter 5: Determines the expression of active drug influx transporters (OATPs) on

alveolar macrophages, and their potential influence on rifampicin accumulation.

Chapter 6: Presents a description and validation of novel assays for the

quantification of rifampicin, pyrazinamide and isoniazid.

- -

Chapter 7: Details on /n vivo determination of the impact of P-glycoprotein on the
accumulation of rifampfcin in patients with tuberculosis and staphylococcal

infection.

Chapter 8: Discusses the principle findings and suggests further work.
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Chapter 1 — General Introduction

1.1 Mycobacterium Tuberculosis

Tuberculosis is a major world disease that is responsible for the killing of 2 to 3

million people per year (http://www.who.int). The incidence rate of tuberculosis

infection is greatest in sub-Saharan Africa and Southez;tst Asia (which has the greatest
number of cases) (Fig. 1.1). The natural history of tuBerculosis shows that most
people are able to mount a sufficiently effective immune response against the
bacterium making them resistant. Howevér, of those e#pésed to Mycobacterium
tuberculosis (MTB), around 10% are unable to mount an initial ‘immune defence and
become infected. 90% or more of people that become infected by MTB do not
develop active tuberculosis and their adaptive immune response is able drive MTB
into a non-proliferating latent phase. The remaining 10% of people are unable to
control MTB and develop active tuberculosis (North and Jung, 2004). Failure of the
- immune system, (commonly due to HIV infection) can lead to reactivation of latent
MTB many years after initial contact with the bacilli (Fig. 1.2). Because of this, the
incidence of tuberculosis in HIV patients is far greater, at around 10% per year
compared to 10 % lifetime risk in non—immﬁne compromised patients (Markowitz et
al., 1997). The synergy betWeen HIV and TB infection can also be seen when
considering at thé rise in number of TB cases occurring in sub-Saharan Africa

following the start of the HIV epidemic (Fig. 1.3)

MTB was identified és the bacterium that causes most cases of tuberculosis by
RoBert Koch in 1882. MTB is a slow-growing (generation time aﬁproximately 18
hr), aerobic, facultative intracellular pathogen that can infect and survive inside
mononuclear phagocytes such as macrophages. MTE bacilli are known as "acid-fast

bacilli" because of their lipid-rich cell walls which are relatively impermeable to

3
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various basic dyes (such as gram’s stains with crystal violet) unless the dyes are
combined with phenol. Once stained (using carbol fuchsin stain), the cells resist

decolourisation with acidified organic solvents and are therefore called "acid-fast",

MTB are gram positive bacteria with a highly hydrophobic cell wall which tends to
make them clump together. On top of the peptidoglycan layer, MTB cell walls
contéin arabinogalactan (D-arabinose and D-galactose) that are linked to high-
molecular weight mycolic acids. This arabinogalactan/ mycolic acid layer is further
covered with a layer of polypeptides and mycolic acids consisting of free lipids,
glycolipids, and peptidoglycolipids. The dominant presence of mycolic acids in the
cell wall is unique to mycobacterium, and make up more than 50% of their dry
weight. Further, MTB cell wall consists of other important glycolipids including
mannose  capped  lipoarabinomannans (ManLAM), lipomannan (LM),

phosphatidylinositol mannoside (PIM) (Fig 1.4).

The full genome of the laboratory MTB strain H37Rv has been sequenced and
published (Cole et al., 1998). The genome was shown to contain around 4000 genes,

of which many are involved in lipogeneses and lipolysis. "
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Figure 1.1: Estimated TB incidence rates, 2003 (taken from the WHO
http://www.who.int)
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Figure 1.2: Chronological events following the inhalation of MTB. The majority of
bacilli are killed by alveolar macrophages in the lung. Of those that survive only 10%
are able to cause active tuberculosis while in the other 90% of cases the adaptive
Immune response drives the MTB into latency and prevents active tuberculosis.
Months or years after the inhalation of tuberculosis, latent MTB can reactivate
following the failing of the immune system.
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Figpre 1.3: TB notification rates (per 100,000 people) in selected sub-Saharan
African countries from 1980 to 2000. Largely due to the HIV epidemic, notifications
have doubled or tripled in this period. Figure taken from Raviglione (2003).
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capped .llpoarabmomannans (ManLAM), lipomannan (LM), phosphatidylinositol
mannoside (PIM) and mycolic acids. Modified from (Chatterjee and Khoo, 1998).
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1.1.1 Tuberculosis pathogenesis

Initial studies that determined the growth curve of tuberculosis in rabbits (Lurie ef
al., 1955), and éubsequent tests in guinea pigs (Alsaadi and Smith, 1973) and mice
(Schell et al., 1974) infected with H37Rv (laboratory MTB strain), found that MTB
was able to grow freely in the animal lungs for approximately 3 weeks, after which
the infection was managed at a stationary level (Fig. 1.5). Subsequently, the
mechanism by which the innate and adaptive immune system responds following

infection by MTB has been further elucidated.

The process of infection by MTB can be described in a number of steps. Firstly MTB
inhaled into the lungs encounter alveolar macrophages (first line of defence). In most
cases the alveolar macrophages are bactericidal and able to kill the bacilli by
phagocytosis and phégosome maturation. Simultaneously, antigen recognition of
bacterial cell wall lipids by toll-like receptors (TLRs) leads to immune activation and
amongst other things, chemoattraction of blood monocytes. In a number of cases
MTB is able to survive this initial immune response (as in mice, rabbits and guinea
pigs), which allows it to use the macrophage as a sanctuary site. MTB grows inside
the macrophage, eventually killing it énd re-infecting other macrophages. Because of
the inability of this initial innate immunity to ‘control MTB growth in susceptible
individuals, MTB undergoes around 20 days of logarithmic linear growth. During
this 2-3 week period of MTB growth, adaptive T-cell immunity develops, which
leads to activation of macrophages which in most cases stifles MTB growth. As a

consequence MTB becomes stationary or dormant, allowing it to survive in the host.

Under later failing of the host immune system (up to many years after the primary
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infection), dormant bacilli are able to reactivate and cause a secondary tuberculosis

infection.
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Figu‘re 1.5: The pattern of MTB growth in the lungs of H37Rv infected (A) rabbits
(Lurie et al., 1955) (B) guinea pig (Alsaadi and Smith, 1973) and (C) mice (Schell ez
al., 1974). In all case, inhibition of MTB growth occurs around 3 weeks post-

infection, after which MTB growth is stationary but is not resolved. Diagram taken
~ from North and Jung (2004).
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1.1.2 Phagocytosis and MTB recognition

The first line of defence in multi-cellular organisms to microbial pathogens is the
innate immune system. Macrép;hages play a key role as ‘professional phagocytes’ in
this innate immune defence by engulfing the microbes into sub-cellular vacuoles
named phagosomes by phagocytosis. Phagocytosis of microbes‘ is a receptor
mediated process that requires macrophage recognition of non-opsonic ligands on the
microbial surface or of complement-opsonised microbes (Vieira et al., 2002). In non-
opsonic mediated phagocytosis of MTB, individual and/or multiple macrophage
surface receptors (CR3, CD14, TLR and mannose receptor) are able to recognise
bacterial lipopolysaccharides such as LAM and PIM as well as microbial antigen
- 85C (Ag85C) (Vieira et al, 2002; Velasco-Velazquez et al, 2003). MTB
complement-opsonised mediated phagocytosis involves opsonisation of the bacilli
with C3b and iC3b (Velasco-Velazquez ez al., 2003), ‘which in turn interacts with
complement receptors CRI, CR3 and CR4 on the host macrophége. Work by -
(Schlesinger et al.\, 1990) showed that in tﬁis proc.ess CR3 is the rhain complement
receptor involved, mediating approximately 80% of phagocytosis. Further, MTB
opsonised with IgG antibodies can also be recognised and phagocytosis by
macrophages through the Fcy receptorﬂ I1IB (FcyRIIIB), however, by thisl mechanism,r
the resultant phagosomes undergo phagosome maturatic;n which leads to the killing

of MTB (Malik et al., 2000; Vieira et al., 2002).

1.1.3  Phagosome maturation

Following phagocytosis of microbes other than MTB, the phagosomes fuse with
endocytic organelles (early endosomes, late endosomes and lysosomes) and

organelles from the trans-Golgi network (TGN) to form phagolysosomes in a process
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called phagosome maturation (Chua et al., 2004). The formation of phagolysosomes
leads to increased acidification and accumulation of degrading enzymes that

consequently result in the killing of the microbe.

Pathogenic mycobacteria are however able to prevent the fusion of late endosomes
and lysosomes to the phagosome (Armstrong and Hart, 1971; Armstrong and Haﬁ,
1975; Russell, 2001; Mwandumba et al., 2004). This ability to arrest phagosome
maturation éllows MTB to tolerate and survive within macrophages and use the
' nutrients provided by the host macrophage to grow and multiply. Numerous studies
have been performed in recent years to elucidate the potential mechanisms that MTB

utilises in order to arrest phagosome maturation.

During normal phagosome progression phagosomes accumulate markers from the
different endosomal organelles, however phagosome progression of MTB is arrested
between the phagosome recruitment of carly endosomal markers (GTP-binding
protein Rab5 and Transferrin receptors) and late endosomal markers (CD63,
LAMPI1, LAMP2 and GTP-binding protein Rab7)(Gomes et al., 1999). The speciﬁc‘
processes -occurring between the recruitment of Rab5 and Rab7 that are different
between phagocytosis of MTB and other microbes has been extensively studied so as

to be able to pinpoint the mechanism by which MTB arrests phagosome pfogression.

Following the binding of opsonised microbes (other than mycobacteria) to the 8
subunit of CR3 (CD18), a number of signalling pathways are activated that cause the
activation of tyrosine kinases (Hellberg et al., 1996; Pettit and Hallett, 1996)‘. Protein

tyrosine kinases (PTK) in turn mediate the activation of sphingosine kinase (SK)
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which then translocates from the cytosol onto the phagosome. SK then converts
spingosine to sphingosine-1-phosphate (VSIP) a biovactive lipid which in turn causes
| the‘ release of intracellular stores of Ca2+ from the endoplasmic reticuium
(ER)(SpiegeI and Milstien, 2002; Malik et al, 2003; Kusner, 2005)(Fig. 1.6); This
increase in cytosolic calcium (c[Ca®*]) is thought to trigger the generation of reactive
oxygen species and play a vital role in phagosome ma£uration (Malik et al., 2006;

Malik ez al., 2001; Malik et al., 2003; Kusner, 2005). |

The proposed pathway through which an inérease in. c[Ca2+] regulates the fusion of
phagosomes with endocytic organelies (Fig. 1.7) is by binding to calmodulin (CaM).
The calcium-calmodulin complex (Ca®*-CaM) then activates calcium-calmodulin
(Caz+-‘CaM) dependent protein kinase II (CaMKII) on the phagosome membrane.
The activation of CaMKII leads to the recruitment of the Rab5 effector protein: type
3 phosphatidylinositol 3-kinase (PI3K: »hVPS34 and a pl50 subunit) to the
phagosome membrane causing an incréased production of phosphatidylinositol 3
phosphate (PI3P) from phosphatidylinositol (Christoforidis et al., 1999; Vieira et al.,
2001; Vergne et al., 2003.). PI3P is a membrane trafficking regulatory lipid that is

essential in-the phagosome maturation (Fratti et al., 2001). -

PI3P functions as a ligand for proteins that contain FYVE domains (Itoh and
Takenawa, 2002; Chua and Deretié, 2004). One of the proteins that contain this
FYVE domain and which is recruited and strengthened by PI3P binding is another
Rab5 effector‘protein: EEAI‘ (early endosomal autoantigen 1) (Simonsen et al.,
1998). EEA1 is a membrane tethering molecule that, in combination with Rab$

directly and specifically interacts with syntaxin-6 (Simonsen et al., 1998; Simonsen
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et al., 1999). Syntaxin-6 is a SNARE (Soluble N-ethylmaleimide attachment protein
receptor) that is expressed on the endoso»m_es derived from the TGN that traffic to the
phagosomes. These TGN derived endosomes are responsible for the delivery of
lysosomal combonents (lys’osomal enzymes such as cathepsin D and the
VoH'ATPase proton pump subunit) to the phagosome needed for phagoéome

acidification and microbe degradation (Malik e al., 2000; Malik et al., 2001; Fratti et

~al., 2003b).

Complement opsonised MTB bacilli that are taken up through complement receptors
importantly undergo arrested phagosome maturation between the acquisition ,Of Rab5
and Rab7 leading to incomplete acidification and lack of mature lysosomal hydrolase
(Ullriéh et al., 1999; Malik et al., 2000; Malik et al., 2001). Pivotal studies by (Malik
et al., 2000) demonstrated that phagocytosis of complement opsonised zymosan
(fungal cell wall polysaccharide) induces a 4.6 fold increase in c[Ca2+] while there
was no change in c[Ca’*] with complement opsonised MTB(Malik et al, 2000).
Further it was demonstrated that MTB only prevents a change in ¢[Ca®'] when it is
phagocytosed through CR and is alive as ingestion of killed MTB and antibodyr
opsonised MTB leads to a similar increase in c[Ca®'] as seen with cémplement
opsonise zymosan. Antibody opsonised MTB (increase in c[Ca™]) show a 78%
decreased chance of survival compared to complement opsonised MTB (no change
in c[Ca2+]) (Malik et al., 2000). Phagosomal progression of antibody opsonised MTB
could also be arrested artificially by decreasing c[Caz"f] with a Ca®* chelator (Malik
et al., 2000; Malik et al., 2001). These data suggests that the ability of MTB to

prevent a change in c[Ca®"] is key in its ability to arrest phagosome maturation.
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By preventing the increase in c[Ca’"], MTB is able to terminate the pathway
described in Fig 17 The lack of ¢[Ca’*] leads to decreased formation of Ca**-CaM
complexes and therefore CaMKII on the phagosomal membrane stays inactive. This
leads to decreased recruitment of PI3K, a decreaée in PI3P and a decreased
recruitment and activation of EEA1. Overall this prevents the fusion of organelles
formed in the TGN and therefore stops fhe delivery of lysosomal enzymes and protén
pumps (cathepsin D and the V H'AT Pase protoh pump subunit) needed for
acidification and microbe degradation (Malik et al., 2000; Fratti et al., 2001; Malik et

al., 2001; Fratti et al., 2003b; Vieira et al., 2003; Kelley and Schorey, 2004).

ManLAM is a glycosylated MTB phosphatidylinositol found in the cell wall of
MTB.‘ Recent work has demonstrated that ManLAM is able to arrest phagosome
maturation through the inhibition of PI3P dependent recruitment of EEA1 (Fig. 1.8)
(Fratti et al., 2003b; Vergne et al., 2003). More specifically it was found that
ManLAM coated beads were able to arrest phagosome maturation (Frgtti et al.,
2003b) and that ManLAM from virulent M"l_‘B, but not avirulent MTB was able to
block the increase in c[Ca2+] (Rojas et al., 2000; Vergne et al., 2003).

As mentioned above the increased in c[Ca®"] following phagocytosis of microbes is
thought to be mediated through the activation of sphingosine kinase (SK) by protein
tyrosine kinases (PTK) (Fig. 1.6). Following the phagocytosis of MTB, it has been
demonstrated that sphinosine kinase is inhibited and thereby prevents the release of
intracellular Ca?* stores (Malik et al., 2003). ManLAM has been shown to activate a
host tyrosine phosphzitase; SHP-1 following phagocytosis (Knutson et al., 1998). It

has been hypothesised by (Kusner, 2005) that SHP-1 may be responsible for the
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deposphorylation and therefore inactivation of sphingokinase which in turn prevents

the release of intracellular Ca®* stores.

ManLAM hés also beeﬁ shown fo have a secondary pathway by which it is able to
prevent phagosome progression. As mentioned above, ManLAM causes increased
activity of tyrosine phosphatase 1 (SHP-1), which in turn is able to activate p38
mitogen-activated protein kinase (p38-MAPK) (Knutson et al.; 1998). Activation of
p38-MAPK leads to the phosphorylation and activation ot: .Rab GDP dissociation
inhibitor (GDI), a protein that either removes active Rab5 from the phagosome
membrane (Cavalli et al., 2001) or converts it to its inactive GDP form (Fratti ez al.,
2003a). As a consequence, Rab5 is unable to bind EEA1 and recruit TGN derived
organelles for acidification and lysosomal enzymes (Fratti et al., 2003a; Chua ef al.,

2004; Vergne et al., 2004).

As we know, MTB is able to prevent the fusion of phagosomes with late endosomes
and lysosomes, however this is not the case with early endosomes. Mycobacteria in
phagosomes actually require the fusion of early ehdosomes in order to supply them
with the essential nutrients; iron, transferrin and glycolipids (Clemens and Horwitz,
1996; Russell et al., 1996; Schaible et al., 2002; Kelley and Schorey, 2003; Vergne
et al., 2004). However, as described above, ManLAM inhibits fusion of early
endosomes, a mechanism whereby MTB limits its own supply of iron. Recently
however, it has been found that another phosphatidylinositol found in the cell wall of
MTB; PIM.vsp'eciﬁvcally' stimulates the fusion of early endosomes to phagosomes,
thel'éby restoring the supply of iron to the mycobacterium (Vergne et al., 2004). PIM

stimulated early endosome fusion is ATP-, cytosol- and NSF (N-ethylmaleimide-

14



Chapter | — General Introduction

sensitive factor)-dependent (Vergne ef al., 2004) and requires Rabs in a neo-pathway
independent of PI3P (Vergne et al, 2003). PIM therefore provides MTB with a

method of compensation for the LAM mediated inhibition of early endosome fusion.

PKnG is a MTB soluble protein kinase that closely resembles mammalian protein
kinase C (PKCoy). Interestingly PKnG is secreted by MTB into both the phagosorﬁe
lumen as well as the macrophage cytosol. The importance of PKnG in phagosome
maturation was identiﬁed when mycobacteria lacking the protein were unable to
arrest phagosome maturation (Walburger et al.,' 2004). However, the extent to which

PKnG regulates and arrests phagosome maturation still needs to be elucidated.

Mycobacteria are very susceptible to nitric oxide (NO), which in macrophages is
produced by inducible nitric oxide synthase (iNOS). Mice that lack functional iNOS
“die rapidly from mycpbacterial infection (MacMicking et al., 1997). However, MTB
decreases NO production by preventing the proper localisation of iNOS to the

phagosome, possibly by modifyihg the actin filament network (Guerin and de

Chastellier, 2000; Miller ét al., 2004).
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JCa?] 4

Figure 1.6: Dlagrammatlc representation of the pathway leading to increased
cytosolic Ca*" following phagocytosis of microbes other than pathogenic MTB. The
bmdlpg of the microbe to complement receptor 3 (CR3) stimulates the activation of
protein tyrosine kinases (PTK), which in turn activates sphingosine kinase (SK). SK
then binds to the phagosome membrane and phosporylates sphingosine (S) to

sphingosine-1-phosphate (S1P), which in turn causes the release of intracellular Ca*
stores from the endoplasmic reticulum.
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Figure 1.7: Diagrammatic representation of the proposed mechanism by which an
increase in cytosolic [Ca**] modulates phagosome acidification and accumulation of
lysosomal enzymes. An increase in c¢[Ca’’] as a consequence of microbe
phagocytosis (1) leads to an increase in Ca’"CaM complex (2), which in turn results
in the activation of CaMKII on the phagosome membrane (3). Ca’’CaM recruits
phosphatidylinositol ~ 3-kinase (4) causing an increased production  of
phosphatidylinositol 3-phosphate (PI3P) from phosphatidylinositol (PI) (5). PI3P
binds to EEA1 (6) which in turn binds to the active GTP form of Rab5 (7). The PI3P,
EEA1 and Rab$5 complex attracts TGN derived organelles (8) containing a specific
SNARE (syntaxin6) to the phagosomal membrane (9). The fusion of the TGN
organelle with the phagosome allows for release of V,H ATPase, cathepsin D and

Manose 6 protein receptor (M6PR) for the eventual acidification and lysosomal
enzyme accumulation in the phagosome (10).

17



Chapter 1 — General Introduction

ManLAM

¢

SHP-1

\ ASIT>

v

A

v

¥ P3P

Figure 1.8: ManLAM is able to cause an arrest in phagosome maturation through
two proposed pathways. The first pathway (left) involves the activation of SHP1 (a
tyrosine phosphatase) by ManLLAM, which in turn dephosphorylates protein tyrosine
kinase (PTK) to its inactive form. This prevents the activation of spingosine kinase
(SK) needed for the release of cytosolic Ca®", and thereby prevents the eventual
production of IP3P needed to stimulate and recruit EEAl. The second pathway
(right) involves SHP1 dephosphorylation and activation of P38-MAPK which
phhosphorylates and activates Rab GTP dissociation inhibitor (GDI). Activation of
GDI leads to the inactivation of Rab5-GTP to it inactive Rab5-GDP form. Both arms

lead to decreased formation of the EEal-Rab5 complex needed to recruit TGN
derived organelles.
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1.1.4 Innate immune response to MTB

Toll like receptors (TLRs) are conserved mediators of innate immunity essential for
microbial recognition by macrophages and dendritic cells (Visintin et al., 2001). A
’numbef of soluble heat-stable MTB cell wall associated lipoproteins have been
shown to interact with TLR2 (on its own or as a heterodimer with TLR1/TLRG).
These lipoproteins include LAM (Means et al., 1999), 19-kDa MTB lipoprotein
(secreted antigen) (Brightbill et al., 1999), lipomanan (LM) (Quesniaux et al,
2004b) and soluble tuberculosis factor (STF) (Jones et al., 2001a), which has been
found to contain phosphotidylinositol mannan (PIM). TLR4 (as a homodimer) has
_also been shown to have a role in recognition of as yet undeﬁﬁed heat labile cell
associated factors (Means et al., 1999) (Fig. 1.9). The importance of TLR mediated
pathways in the development of an innate immune response to MTB is supported by
the fact that inhibition of this pathway in myeloid differentiation protein 88 (MyD88)
knock out mice renders them highly susceptible to MTB infeétion, despite the

development of an adaptive immune response (Fremond et al., 2004).

Activation of the innate immune system is initially mediated through recognition of
the wholeﬁMTB'bacilli rather than i‘solated and purified lipoproteiﬂns. Following
infection of Chinese hamster ovary cells (CHO) transfeéted with thé TLR2 or TLR4
(Means et al., 1999), it was found that both virulent and attenuated bacilli use both

TLRs. Work also showed that, even though some of the TLR interactions were

mediated through MTB cell associated lipoproteins, with regard to whole MTB, they

were independent of LAM.
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Engagement of TLR2 or TLR4 by MTB, leads to activation of the ’cytoplasmic
domain of TLRs that is homologou§ With the signalling donﬁain of interleukin-1
receptors (IL-1R). IL-1R activation in turn leads to sequential activation of adaptor‘
proteins: myeloid differentiation protein 88 (MyD&8) ahd IL-iR‘associated kinase
(IRAK) (Oddo et al., 1998). IRAK is a serine kinase that activates TRAF6 (tumour

necrosis factor [TNF] receptor associated factor) which in turn activates transcription

factors such as NFxB (Oddo et al., 1998; Heldwein and Fenton, 2002; van Crevel et
al., 2002; Krutzik and Modlin, 2004; North and Jung, 2004; Quesniaux et al., 2004a)

(Fig. 1.9).

The bverall result of TLR2 engagément is to induce a predominantly pro-
inﬂanﬁmatory response through the production of TNF and IL-12. Work using
macrophages derived from TLR2 and TLR4 deﬁcient mice showed . that both
receptors are responsible for the production of TNF and IL12 following contact with
mycobacteria (Fremond et al.; 2003). Further, inhibition of the MyDS88 which

connects all TLR with IRAK (Fig 1.9) was able to inhibit TNF production

(Quesniaux et al., 2004a).‘

TNF has been shown to have a key role in macrophage activation and the formation
of granulomas. TNF-a.has been shown to be present at the site of infection in
, Patients suffering from tuberculosis (Barnes ef al., 1993). Further, knock out mice
lacking the ability to produce TNFa, showed increased susceptibility to MTB (Beaﬁ
et al., 1999). Overproductioﬁ qf TNF-a during tuberculosis infection cén however
also be» detrimental» as it has been shown to be associated with fever and wasting

(Cooper et al., 1997). Further, IL-12 (pro-inflammatory cytokine) is critical in innate
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immune protection as IL-12 knock out mice are highly susceptible to MTB infection

(Cooper et al., 1997).

Recently it has been shown that TLR2 engagement can also lead to the production of
anti-inflammatory cytokines (Drennan et al., 2004; Jang et al., 2004). The main anti-
inflammatory cytokine involved is IL-10 which is capable of alltagdnising tlﬁe
production of TNF-a, interferon-y (INFy) and IL-12 (Gong et al., 1996; Fulton et al.,
1998; Hirsch et al., 1999). The prodﬁction of IL-10 has been ;shown to interfere with
. the protective immune response caused by pro-inflammatory cytokines. Indeed, IL-
10 overexpressing transgenic mice show an increased bacterial burden, whilst IL-10
dléﬁcient mice have a decreased burden. It therefore seems that IL-10 production is
detrimental to the innate immune system; however it may act to limit collateral

damage caused by pro-inflammatory cytokines (Salgame, 2005).

TLRs have also been linked with induction of apoptosis through TLR2. Macrophages
infected with MTB have been shown to have an increased rate of apoptosis, largely
mediated by membrane bound or secreted 19'kDa lipoprotein through TLR2s (Lopez
et al., 2003). Apoptosis of macrophages has been shown to reduce..myéobacterial

viability and may be an important step in controlling MTB infection (Lopez et al.,

2003).

As well as TLR there are a host of other pattern recognition receptors (PRR) that
play a role in the activation of immune cells through the recognition of myciobacterial

components (Quesniaux et al., 2004a). It is most likely that a combination of the
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numerous TLRs and PRRs are responsible for signal transduction following MTB

binding.

In-the case of pathogenic MTB, activatjon of the innate immuﬁe response. is
insufficient to kill the intracellular pathogen. (Reed et al., 2004) demonstrated that
the degree of MTB virulence is also relafed to the cellular wall composition bf
specific MTB strains. Hypervirulent strains Qf MTB: HN878, and W-Beijing‘strains’
210 and W4 were found to express a highly biologically active lipid species,‘ a
polyketide éynthase- derived phenolic glycolipid (PGL). The presence of PGL led to
a decrease in both the innate immune response (decrease in pro-inflammatory
cytokines) and the adaptive immune response (decreased Th-1 T-cell response; see
section 1.1.5). Loss or lack of PGL increased production of pro-inflammatory
cytokine productjon and decreased the virulence of the MTB strain (Reed ef al,

2004). Expression of PGL may therefore contribute to the ability of MTB to evade

the immune response.
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Figure 1.9: Taken and modified from (Quesniaux et al., 2004a). Binding of MTB
ligands to TLR2 (alone or in combination with TLR1/6) can lead to the induction of
both pro- and anti-inflammatory cytokines that mediate the activation of
macrophages during the innate immune response. TLR signalling is mediated
'Fhrough adaptators such as MyD88, IRAK, TRAF and transcription factor NFkB. It
is thought that in the case of MTB, ligand binding to TLR4 leads to signal mediation
through TIRAP (Tir domain containing adaptor protein) instead of MyD88. The

balance between the induction of pro- and anti-inflammatory cytokines may
influence the pathogenesis of MTB.
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1.1.5  Adaptive immune response to MTB |

Development of an adaptive immune response to tuberculosis infection is critical in
its control, A number of wééks following the infection adaptive immune response
leads to an influx of T-lymphocytes which suppresses the bacterial growth. Cell
recruitment also leads to the formation of granulomas, within which bacilli are

contained.

The ability of MTB to arrest phagosome maturation and protect itself from lysosomal
degradation reduces the chance of antigen processing through MHC class I
molecules. This in itself reduces CD8+ mediated activation of macrophages and

thereb‘y protects intracellular bacilli.

Alveolar macrophages and dendritic cells are both antigen presenting cells, however
following the ingestion of MTB bacilli, it was found that only dendritic cells wefe
able to stimulate the necessary Thl adaptive immune response (Hickman et al,
2002). This has been postﬁlated to be due to the production of the anti-inflammatory
cytokine; IL10, by infected macrophages but not dendritic cells (Hickman et al,
2002). IL10, which is also secreted into the pleural ﬂuid and alveolar lavage fluid
(Barnes er al., 1993; Gerosa et al., 1999), results in dampening of the adaptive
immune response in the lung, and thereby prevents antigen presenting cells from
maturing. The ability of dendritic cells to leave the site of infection and travel to
lymphoid tissue allows them té mature and release cytokines that stron gly.polarise T-

cells towards a Thl phenotype (Hickman ef al., 2002).
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In mice, 1 week post MTB infection the number of CD4+ and CD8+ T-cells
dramatically increases in the lymph nodeS (Feng et al., 1999). 2 to 4 weeks following
- the initial infection the CD4+ and CD8+ T-cells migrate into the lungs and interact
with ‘antigen presenting cells. This results in the prdduction of pro-inﬂammato;'y
- cytokines (IFNy and TNFo) that activate the macrophages. This leads to the
induction of NOS2 (nitric oxide synthase) and the production of reactive nitrogeﬁ
intermediates (Denis, 1991; Chan ef al., 1992; Roach et al., 1993). Reactive nitrogen
intermediates such as nitric oxide are able to kill intracellulér MTB or control its
growth both in vivo (Chan ef al., 1995; MacMicking et al., 1997) and in vitro (Chan

etal., 1992; Roach et al., 1993).

IFNy release by T cells and natural killer cells during infection was found to be very
important in MTB control in mice and humans. Mice without the IFNy receptor were
found to be very susceptible to mycobacterium infections (Huang et al., 1993). This

was also seen in children with a complete deficiency of IFNy receptor (Jouanguy et

al., 1997).

CD4+ T-cells are critical in controlling MTB infection, as has been showﬁ in mice
with depleted or disrupted CD4+ T-cells (Muller et al., 1987; Caruso et al., 1999).
The role of CD4+ T-cells is further demonstrated in paﬁents with HIV in’fection,
where the depletion of CD4+ T-cells is linked with increased susceptibility to acute
and reactivated tuberculosis infection (Selwyn et al., 1989). The function of CD4+ T-
cells in controlling MTB infection is further demonstrated by CD4 knockout mice
and MHC class II knockout mice that have greatly decreased IFNy production

following infection (Caruso et al., 1999). Further, CD4 knockout mice show a
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marked delay in the produ.ction of NOS2, needed for the production of bactericidal

nitric oxide (Caruso et al., 1999).

TLR have béeh found to play a part in the adaptive as well as the innate imrﬁune
response to MTB infection. The role of TLR occupation in the adaptive immune
response was proposed as MyD88 knock out mice (MyD88 is central to TLR
mediated NF-kB activation, Fig. 1.9) are.unable to stimulate a Th1 response against
MTB infection (Schnare et al., 2001). Further work sho@s th;t stimulation of TLR2
By 19 kDa lipoprotein reduces synthesis of MHC class 1I moleculés and thereby

limits antigen presentation by infected macrbphages (Noss et al., 2000; Noss et al.,

2001; Gehring et al., 2003).

As well as activating infected macrophages to kill or control intracellular MTB
bacilli, the adaptive immune response is responsible for preventing the spread of
MTB and localising the inflammation and damage to the lungs by the formation of
granulomas. Human tuberculosis granulomas are formed by the chemoattraction of
epitheloid macrophages, dendritic cells, T-célls, B-cells and fibroblasts (Co et al.,
2004) around infected macrophages. By surrounding the MTB .infeétion with
leukocytes, the granuloma prevents the spread of MTB to other macrophages. The
chemokines thought to be involved include IL—8? MCP-1 (monocyte chemoattractant

protein) and RANTES (Lu et al,, 1998; van Crevel et al., 2002; Raja, 2004).

Despite the elaborate adaptive immune response to MTB, activation of infected

macrophages and formation of granulomas are unable to fully eradicate infection.
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Instead a number of bacilli are able to adapt by switching to an asymptomatic latent

state, which can reactivate if and when the host becomes immuno-compromised.

People who fail to contrblb MTB and go on to have active tuberculosis have been
linked with T-cell under-responsiveness (Hirsch et al., 1999). Further, granuloma
wall components in patients with active tuberculosis present a diffuse pattern of
proliferating cells suggesting inadequate cell communication (Ulrichs et al., 2005).
An insufficient number of CD4+ T-cells in HIV infected 'patients prevents.the
adaptive immune system frofn effectively controlling MTB bacilli within

granulomas, and thereby allows the reactivation of TB.

1.1.6 MTB gene expression in phagosomes and in dormancy

As an innate mechanism of survival, MTB is able to adapt its gene expression profile
in reaction to changes in its environment. The ability of MTB to react to and
compensate for host rﬁediated chal]e.nges has been a hot topic in recent years.
Numerous studies have tried to determine the changes in gene expression that allow
MTB to survive both the innate and adaptive immune response. |

In response to phagocytosis of MTB by na'i‘ve and INFy activated macrophages, the
" expression of approximately 15 % of the MTB open reading frames were found to be
altered (454 genes induced, 147 genes repressed). 68 of these genes were identified
to be differentially expressed in the IFNy actlvated compared to the naive
macrophages (suggesting that ~11 of the genes were controlled through IFNy) -
(Schnappinger et al., 2003). Thése changes were found to compen.sate for the hostile

environment of the phagosome.

27



Chaptér 1 — General Introduction

Due to the decrease in oxygen tensioﬁ and availability of carbqhydrates inside
phagosomes, MTB undergoes metabolic adaptations from aerobic to anaerobic
respiration. Changés in MTB respiration were first noted when it was observed that
an enzyme needed for the metabolism of citrate (isocitrate lyase) was induced in
persistently MTB infected mice (McKinney et al., 2000). This induction was also
found to be necessary for MTB survival in IFNy activated macrophages, but not
necessarily in nafve macrophages (McKinney et al., 2000). Later it was found that
the expreséion of all genes necessary for B-oxidation of fatty acids by MTB were also
induced by MT.B inside _activéted macrophages (Schnappinger‘ et al, 2003)
(Fig.1.10). By being able to utilise fatty acids (also abundant in the necrotic centre of
granulomas) as a source of energy, MTB is able to survive the phagosomal

environment (Honer Zu Bentrup ef al., 1999; McKinney et al., 2000; Schnappinger

et al., 2003),

The reduced concentrations of iron (essential MTB nutrient) in phagosomes lead to
increased production and secretion of iron s’cavenging sideophores by MTB. This
increase is seen in MTB inside naive macrophages, and even more prominéntly in
activated macrophages where IFNy causes strong induction of low iron response

genes (Schnappinger et al., 2003).

The main bactericidal molecules produced by macrophages are reactive oxygen and
nitrogen intermediates such as nitric oxide. Macrophage production of nitric oxide is
greatly increased following the macrophage activation by IFNy (adaptive immune

response). As a ;eaction, MTB induces the expression of the alkyl hydroperoxide
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reductase antioxidant genes; ahpC and ahpD (Schnappinger et al., 2003) and noxR1
(Ehrt et al., 1997) to protect itself from reactive oxygen and nitrogen intermediates.
High nitric oxide concentrations also induce expression of genes for the stabilisation

and repair of the MTB cell wall and chromosomes (Schnappinger et al., 2003).

MTB inside naive macrophages are still proliferating but have increased fatty acid
and decreased carbohydrate metabolism compared to extracellular bacilli. Further,
genes for iron scavenging, antioxidant proteins and those for the reparation of the
cell wall and DNA are induced. Following the activation of macrophages through
[FNy and nitric oxide, MTB often becomes non-replicating (dormant) and increases
its iron scavenging and dependency on fatty acid metabolism (McKinney and

Gomez, 2003; Schnappinger et al., 2003) (Fig. 1.11).
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Figure 1.10: Phagocytosis of MTB by activated macrophages leads to the induction
of all the MTB genes needed for the B-oxidation of fatty acids (induction indicated
by red a?rows). Further, phagocytosis also leads to the induction of isocitrate lyase
(ic) which allows MTB to metabolise isocitrate in the glycolate cycle. These
changes allow MTB to survive within the low carbohydrate, low oxygen

<2?r(1)\(f)i3r;)nment of phagosomes and granumulomas. Taken from (Schnappinger et al.,
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Figure 1.11: Phagocytosis of MTB by naive and activated macrophages leads to
changes in the expression of approximately 601 genes. In naive macrophages this
leads to MTB mediated fatty acid metabolism, reparation of cell wall and DNA
damage and iron scavenging. In IFNy mediated activation of macrophages, MTB
reacts by altering expression of a further 68 genes that turn the mycobacteria into

non-rejplicating dormant bacilli with increased iron scavenging. Taken from
(McKinney and Gomez, 2003).
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1.2 “Anti-tuberculosis therapy

Médem tuberculosis chemotherapy started in 1944 with the discovery of
streptomycin (SM), followed by para-amino-salicylate (PAS) in 1946. This was then
followed by the introduction of the current front-line anti-tuberculosis drugs;
isoniazid (1952) (Bernstein et al., 1952; Fox, 1952), pyrazinamide (1952)
(Solotorovsky er al., 1952; Yeager et al., 1952), ethambutol (1961) (Thomas et al.,
1961) and rifampicin (1967) (Clark and Wailace, 1967; Grumbach and Rist, 1967,
Nitti et al., 1967; Pallanza et al., 1967) (Fig. 1.12). Various other second line drugs
such as kanamycin, amikacin, capreomycin, cycloserine, ethionamide and
thiacetazone were introduced at later dates (Zhang and Amzel, 2002). Current ‘short-
course’ tuberculosis therapy consists of 2 months of isoniazid, rifampicin,

pyrazinamide and often ethambutol, followed by 4 months of isoniazid and

rifampicin.
) .
O N OH
NH, 0 \i H
N H,C N
- ~
N N : OH
Isoniazid Pyrazinamide Ethambutol

Rifampicin

Figure 1.12: Structures of the first line anti-tuberculosis drugs.
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1.2.1 Isoniazid

Isoniazid is highly bactericidal drug against actively growing bacilli and
bacteriostaﬁc for non-dividing MTB. Isoniazid (a struétural analogue of
I{icotinamide) is a small hydrophilic compoundvthat is thought to enter MTB through
porins in the mycobacterial cell wall (Lambert, 2002). Recent work has also implied
the role of an active efflux protein in the accumulation of isoniazid (Choudhuri et al..,
1999; Viveiros et al, 2002; De Rossi et al, 2006). Progrgss has been made in
elucidating the mechanism by which isoniazid is bactericidal; however the exact

mechanism is as yet unknown.

Isoniazid is a pro-drug, activated to its active metabolite through the mycobacterial
enzyme KatG, a hemoprotein possessing catalase-peroxidase, Mn>* dependent
peroxidise, cytochrome P450-like oxygenase and peroxygenitritase activity (Zhang et
al., 1992; Wengenack et al., 2000). Mutations in KatG have been shown to be
responsible for the bulk (approximately 50%) of isoniazid resistant MTB strains
(Zhang et al., 1992; Ramaswamy and Musser, 1998). By purifiying KatG from MTB,
a number of stable KatG mediated isoniazid metabolites have béen identified which
include isonicotinic acid, isonicotinamide and pyridine-4-carboxyaldehyde (J ohnsson
and Schultz, 1994). However, none of these stable metabolites themselves are
bactericidal, and it is likely that reactive intermediate épecies such as isonicotinic

acyl radicals and anions generate the bacteriocidal activity (Shoeb et al., 1985;

Rozwarski et al., 1998) (Fig. 1.13).

In vitro, isoniazid is particularly effective at inhibiting the synthesis of mycolic acid

needed for the MTB cell wall (Takayama et al., 1972) (Fig. 1.4). Mycolic acid

"
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synthesis in MTB is mediated through a number of proteins including an enoyl-acyl
carrier protein reductase (InhA),. an acyl carrier protein (AcpM) énd a B-ketoacyl-
ACP synthase (KasA) (Slayden and Barry, 2000; Slayden ez dl., 20005 Somoskovi et
al., 2001). Mutations in these proteins‘(InhA, AcpM and KasA) have been shown to
-mediate low level isoniazid resistance and are therefore hypothesised as target

proteins for the isoniazid active metabolites (Zhang and Amzel, 2002).

One of the proposed mechanisms by which isoniazid is able to inhibit InhA and
therefore mycolic acid synthesis is by covalently binding to the nicotinamide ring of
NAD(H) (beta-nicotinamide adenine dinucleotide) (Rozwarski et al., 1998; Nguyen
et al., 2001). Heré it is proposed that isonicotinic acyl radicals (reactive intermediate
of isoniazid metabolism by KatG) covalently bind to NAD- radicals to form
isonicotinic acyl NADH (Fig 1.13). InhA is a vital protein that cavtalyses the
reduction of 2-frans-enoyl-acyl carrier protein which is vital in fatty acid
biosynthesis and is NADH dependent. Isonicotinic acyl NADH is thought to inhibit

InhA activity and thereby inhibit mycolic acid synthesis.

An altemative theory on isoniazid activity is the isonicotinic acid hypothesis
(Thiemer-Kruger, 1958). In this theory, isoniazid is metabolised to it stable
metabolite; isonicotinic acid, which at physiological pH remains in its ionic form.
This leads to ion trapping and accumulation of isonicotinic acid in MTB. When the
concentrations are high enough, isonicotinic acid competes with, and displaces
nicotinic acid (NA) during the bacterial synthesis of NADH. This leads to the

formation of the meta-isomer of NADH which inhibits InhA mediated fatty acid

synthesis (Scior et al., 2002)
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Isoniazid taken on an empty stomach is well absorbed with peak plasma
concentrations achieved 1-2 hours post dose. Protein binding is negligible and the
volume of distribution is approximately equal to Body weight. THE rate of elimination
of isoniazid is largely dependent on acetylator status (slow acelylator half life: 2-6.5
hrand fast acelylator half life: 0.5-2 hr). 95% of ingested isoniazid is excreted in the
urine within 24hr mainly in the form of actylisoniazid and isonicotinic acid (Dollery,

1998). A summary of the pharmacokinetic parameters of isoniazid are given in Table

1.1 (Peloquin et al., 1997).

Isoniazid metabolism is largely dependent on the interplay between N-
acetyltransferase and aminohydrolase/amidase although CYP1A2 and CYP2E1 may
also be invollved (Sarich et al., 1999). N-acetyltransferase converts isoniazid to
acetylisoniazid, which in turn undergoes hydrolysis to isonicotinic acid -and
acetylhydrazine. Alternatively isoniazid can be directly hydrolysed to isonicotinic
acid and hydrazine by amidohydrolase (Fig. 1.14). Further processing of hydrazine to
acetylhydrazine by N-acetyltransferase (and v’z'sa versa by amidohydrolase), followed
by the formation of diacetylhyrazine by N-acetyltransferase are also, dvep(endent on

acetylator status (Fig. 1.14) (Sarich ez al., 1999).

The two main types of isoniazid related severe toxicity are péripheral neuropathy
(which is the mbst‘common) and hepatdtoxicity (which is the most dangerous).
Peri'pheral neuropathy occurs most frequently in slow acetylators and is dependent on
isoni_azid exposure. It was found that isoniazid was able to react with and deplete

pyridoxine (vitamin Bg), by forming a pyridoxyl-isoniazid schiff base. Pyridoxine
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(vitamin By) is essential for.the synthesis of the amino acid neurotransmitter y-amino
butyric acid (GABA) from glutamate, and depletion therefore results in peripheral
- neuropathy. To prevent this toxicity, isoniazid administration now requires co-

administration with vitamin B (Dollery, 1998).

The mechanism by which isoniazid‘ mediated hepétotoxicity occurs is as yet
unknown. 10 to 20 % of isoniazid receiving patients show a mild increase in liver
enzymes (Mitchell et al., 1975; Yu et al., 2005), of which 1 to 2 % show severe liver
toxicity. One of the possible mechanisms of toxicity is through the formation of
hydrazine, a known hebatotoxin (Sarich et al., 1996) (see Fig. 1.14) while others

believe acetylhydrazine is responsible (Mitchell et al., 1976).

Table 1.1: Previously published pharmacokinetic parameters of isoniazid in both fast

(FA) and slow aceytlators (SA). Data from (Peloquin et al., 1997) given as mean
(range).

FA: 2.44(1.04-2.96)

C
max (ug/mL) SA:  3.64(2.17-5.11)
e (i) CFA: 1.0(0.5-1.0)
SA:  1.0(0.5-3.0)
FA:  5.8(3.0-7.0
AUC. (pg.hr/mL) 80 )

SA:  17.3(13.1-26.4)
FA: 1.30(1.10-1.78)
SA:  2.81(2.81-4.43)
FA: 1.10(0.98-1.77)
SA:  0.90(0.78-1.25)
FA:  42.7(36.0-84.5)
SA:  14.4(9.5-19.1)

Half life (t1) (hr)
Volume of distribution (L/kg)

Clearance (L/hr)
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Isonicotinic acyl-NADH

Figure 1.13: Proposed mechanism for the formation of isonicotinic acyl radicals and
isonicotinic acyl-NADH as modified from (Scior et al., 2002) and (Rozwarski ef al.,
}998). MTB KatG catalyses the conversion of isoniazid into a hydrazil radical of
1soniazid which in turn converts this to isonicotinic acyl radicals that are able to

covalently bind to NAD radicals to form isonicotinic acyl-NADH, an inhibitor of
InhA needed for fatty acid synthesis. .
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Figure 1.14: Hepatic isoniazid metabolism through (1) N-acetyltransferase and (2)
amidohydrolase/amidase. The formation of hydrazine is thought to be linked with
hepatotoxicity. Modified from (Sarich et al., 1999).
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1.2.2 Pyrazinamide

Pyrazinamide is mainly effective against ‘slow and intermittently metabolisiné semi-
dormant MTB (persistent bacilli). As with isoniazid, pyrazinamide is a stmctural
analogue. of nicotinamide that requires conversion to its active metabolite (pyrazinoic
acqid) by the mycobacterial eﬁzyme pyrazinamidase (PZase). A mutation in the gene
that encodes for PZase (pncA) is the major mechanism by which mycobacteria
become resistant to pyrazinamide (Raynaud et al, 1999). Mycobacterial
accumulation of both pyrazinamide and nicotinamide, but not isoniazid has been
shown to be partially dependent on an uptake process. This uptake process may be an

active transport or facilitated transport with subsequent ATP dependent metabolism

(Raynaud e al., 1999),

Pyrazinamide is a paradoxical drug that shows good in vivo activity against
tuberculosis (its introduction allowed TB therapy to shorten from 1 year to 6
months), however it shows no actiyity against MTB grown in standard culture
conditions in vitro (Tarshis and Weed, 1953), unless acidic conditions are introduced
(McDermott and Tompsett, 1954). The role of the acidic pH is most probably to
facilitate fl-qe accumulation of pyrazinbic acid inside the bacilli (Zhaﬁg et al., 1999;
Zhang and Mitchison, 2003). It has been put forward by Zhang and ccolleagues
(Zhang et al., 1999; Zhang and Mitchison, 2003) that, pyrazinamide enters MTB
through porins and is converted to pyrazinoic acid. Pyrazinoic acid in turn leaves the
bacteria by passive diffusion or via a weak efflux pufnp. When the bacteria are in an
acidic envifbnment the pyrazinoic acid is uncharged and protonated which allows it
- to enter the bacteria. As the rate of influx of pyrazinoic acid in acidic conditions is

greater than the rate of efflux, pyrazinoic acid accumulates within the bacilli (Fig.
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1.15). Accumulation of pyrazinoic acid is thought to be vital in mediating the

antimicrobial activity of pyrazinamide.

There are a number of postulated mechanisms of action of pyrazinoic acid. Firstly,
the accumulation of protonated pyrazinoic acid brings protons into the bacilli which
caﬂ eventually cause acidification of the cytosol. It has been hypothesised that this
acidification leads to disruption of MTB membrane energetics by collapsing the
memBrane potential and affecting membraﬁe transport (Zhahg et al.,, 2003). The
ability to maintain a membrane potential is reduced when MTB become semi-

dormant explaining why pyrazinamide is more effective against this population

(Zhang et al., 2003).

A second prbbosed hypothesis,ig that pyraZinoic ac‘id inhibit:sr fatty acid synthase I
(FASI) of MTB (Zimhony et al., 2000). FASI generates C), from acetyl-CoA
primers and can also elongate them to C,4/Cys fatty acids. It has been demonstrated
that both pyrazinamide and pyrazinoic acid inhibit fatty acid synfhesis of MTB in

acidic conditions (pH 6) but not at pH 6.8, and that this occurs through the inhibition

of FASI (Zimhony et al., 2000).

In vivo the decrease in pH needed for pyrazinamide activity is thought to be created
by either of two methods. Firstly, even though MTB inhibits phagosome maturatioﬁ,
a émall decrease in phagosome pH still occurs due to binding of the early endosbmes,
which may be sufficient for pyrazinamide to function. Secondly, the acidic
environment generated by early inflammation following MTB infection may allow

pyrazinamide to function (Heifets et al., 2000).
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Following an oral dose of pyrazinamide, the drug is completely absorbed reaching
peak concentrations 1 to 2 hours post dose. Pyrazinamide undergoes around 50 %
protein binding and has a long plasma half-life (10-24 hr) (Dollery, 1998)f 3t04 %
" of pyrazinamide iS excreted unchanged in the urine, whilst 30 to 40 is metabolised to‘
pyrazinoic acid by liver deaminase. Pyrazinoic acid is further metabolised to 5-
hydroxypyrazinoic acid by xanthine oxidase (Yamamoto et al., 1987) (Fig. 1.16). A
summary of the pharmacokinetic parameters of pyrazinamide are given in Table 1.2

(Peloquin er al., 1997).

Pyrazinamide is relatively non-toxic in terms of tuberculosis treatment. Pyrazinamide
toxicity is dose dependent, and high doses (3 g daily) lead to hepatic disease in up to

15 % of patients, of whom 2 to 3 % develop jaundice and die because of hepatic

necrosis.

Table 1.2: Previously published pharmacokinetic parameters of pyrazinamide. Data
from (Peloquin et al., 1997) given as mean (range).

v Cmax (ng/mL) 28.8 (21.7-42.6)
. Tmax (hr) - 1.0 (0.5-2.0)
AUCq. (ng.hr/mL) 396 (304-541)
Half life (t1,2) (hr) 10.1 (8.1-12.9)
Volume of distribution (L/’kg)  0.67 (0.60-0.93)
Clearance (L/hr) 3.78 (2.77-4.94)
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Figure 1.15: Pyrazinamide enters MTB bacilli through porins or possible active
influx proteins (1). Deaminisation of pyrazinamide by pyrazinamindase (PZase)
generates pyrazinoic acid, which with a pKa of 2.9 is mainly in its ionised form (2).
Pyrazinoic acid leaves the bacteria by diffusion and a weak efflux pump to the
extracellular environment. If the extracellular environment is acidic, pyrazinoic acid
becomes protonated and therefore deionised (4) allowing it to enter back into the
bacteria by diffusion (5). Once inside the bacteria, pyrazinoic acid ionises again,
releasing protons into the MTB cytosol that are postulated to disrupt the membrane
potential and trafficking. Further, because the rate of accumulation of pyrazinoic acid
1s greater than its efflux, its concentration builds up inside the bacteria which is
postulated to inhibit FASI. Modified from (Zhang and Mitchison, 2003).
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Figure 1.16: Hepatic pyrazinamide metabolism to pyrazinoic acid by deaminase,
followed by oxidation by xanthine oxidase (Dollery, 1998).

41



Chapter 1 - General Introduction

1.2.3 Rifampicin

Rifampicin is a large lipophilic semi-synthetic derivative of the natural product

rifaniycin, obtained from culture filtrates of .Streptom.yces mediterrand At.
physiological pH, only 25% of the drug is ionised, allowing the rest of the drug to be

readily absérbed. It is thought to enter MTB by diffusion though the cell wall, in a

process that is influenced by the cell wall arabinogalactan content (Lambert, 2002).

There is also evidence that active efflux proteins on the bacterial cell wall are able to

limit rifampicin accumulation and may be associated with resistance (Piddock et al.,

2000, Siddigqi et al., 2004; De Rossi et al., 2006).

Rifampicin is one of the essential drugs in modern chemotherapy, with resistance to
- itbeing a main reason fo_r_treatment failur¢ and fatality (Mitchison and Nunn, 1986).
Rifampicin is active against both actively growing and semi-dormant susceptible
MTB bacilli. At low concentrations rifampicin acts as an inhibitor of bacterial DNA
dependent‘RNA polymerase (encoded by the rpoB gene) by térgetihg an 81 base pair
(27 codons) central region of the B-subunit (Levin and Hatfull, 1993; Telenti et al.,
1993; Somoskovi et al., 2001). This inhibits the transition between short
oligonucle;Jtides and full-length traﬁscripts (Dollery, 1999). The Hr'nost common.

mutations associated with rifampicin resistance (approximately 96 %) are those that

occur in this 81 bp region of rpoB.

Following an oral dose of rifampicin on an empty stomach, peak drug concentrations
are achieved 2 to 4 hours post dose. Rifampicin protein binding is approximately 80
% and the volume of diétribution is 1.1 L/kg. Around 85% of rifampicin is_
metabolised by the liver microsomal enzymes to its main and active metabolite,
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desacetylrifampicin (Fig 1.17). Both rifampicin and desacetylrifampicin are partially
‘excreted into bile, although only rifampicin can be reabsorbed by entero-hepatic
recycling. Approximately 40 to 60% of aﬁ oral dose is excreted in the faeces
" (Dollery, 1998). A summary of tﬁe pharmacokinetic parémeters of rifampicin are -

_given in Table 1.3 (Peloquin ef al., 1997).

Rifampicin is not highly toxic on its own, howe{/er its ability to induce hepatic
enzymes including CYP3A4 mediates a lafge potential for toxicity due to drug
interactions (Girling, 197?). Otherwise rifampicin toxicity has been linked with
rifampicin hypersensitivity which leads to symptoms including fever, rash, flu-like
syndrome, acute renal failure, hemolytic anemia, thrombocytopenia, and

anaphylactic events (Martinez et al., 1999).

Table 1.3: Previously pubhshed pharmacokinetic parameters of rifampicin. Data
from (Peloquin ef al., 1997) given as mean (range).

Cmax (ug/mL) 11.8 (9.7-25.0)
- Tmax (hr) 1.5(1.0-3.0)
AUCj. (ng.hr/mL) 70.6 (47.4-142.7)
- Half life (t)/) (hr) 3.33(2.27-5.55)
Volume of distribution (L/kg)  0.49 (0.33-0.74)
Clearance (L/hr) 8.5(4.2-12.7)
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Figure 1..17: H‘e}.)atic rifampicin metabolism. Rifampicin is metabolised to 25-O-
desacetylrifampicin by liver microsmal enzymes. In urine rifampicin can also
spontaneously form formylrifampicin (Dollery, 1998).
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1.2.4 Ethambutol

Ethambutol is a small hydrophilic compound that, similarly to isoniazid is thought to
enter MTB through porins, although‘some evidence of active uptake exists (Lambert,
2002). It is the active S,S enantiomer of ethambutol that is bacteristatic to virtually

| ‘all strains of actively growing mycobacteria including MTB.

Although the mechanism of action is not fully ﬁnderstood, ethambutol was shown to
| ‘1nh1b1t the synthems of arabmogalactan (Takayama and Kllburn 1989)  with
| secondary effects on hpoarabmgalactan (Deng et al., 1995) and mycolic acids
(Mikusova et al., 1995), essential lipids in the MTB cell wall (Fig. 1.4). Later work
’ showls_ that treatment of mycobacteria (M. smegmatis) with ethambutol leads to the
~build up of deca-prenyl-P-arabinose (Wolucka et al, 1994) suggesting that
ethambuto] targets an arabinosyl transferase. By analysing the mutations associated
w’ith resistance to ethambutol, changes in embB (translates into a putative arabindsyl-

transferase) were associated with 70 % of resistant strains (Sreevatsan et al., 1997,

Telenti et al., 1997).

Following oral dosing of ethambutol, épproximately 80 % 1is absofBed, with the
rerﬁaining 20 % excreted in the faeces. Ethambutol concentrations peak 2 to 4 hr post
dose and the elimination half life is 10 to 15 hr. Plasma brotein binding is 10 to 40 %
with a volume of distribution of around 3.9 L/kg (Dollery, 1998). Ethambutol has
been found to gccumulate in lung tissue (alveolar cells) (Conte et al., 2001). Most of
the ethambutol dose absorbed is excreted unchanged in. the urine, while a small
amoqnt (approximately 15%) is metabolised by alcohol and aldehyde dehydrogenése
to0 2,2’ (ethylenediamino)-dibutyric acid (EDBA) (Fig. 1.18) (Dollery, 1998).
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The main toxicity observed witﬁ ethambutol is ocular toxicity (optic neuropathy)
which occurs in <5% of patients taking the recommended daily dose (Leibold, 1966;
Hadjikoutis et al., 2005). Both ethambutol and EDBA are zinc chelators and it has
been suggested that a decrease in intracellular or extracellular zinc levels plays a role
in. ocular toxicity (Campbeli and Elmes, 1975). Further, allergic rashes and

gastrointestinal disturbances have been reported in around 0.5% of patients (Dollery,

1998).

\/\ L/CH Ethambutol
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Figure 1.18: Ethambutol hepatic metabolism. Around 15% of ethambutol is

metabolised to 2,2’ (ethylenediamino)-dibutyric acid (EDBA) by alcohol and
aldehyde dehydrogenase (Dollery, 1998)
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1.2.5 Anti-microbial activity of the anti-tuberculosis drugs ir vivo

Tuberculosis bacilli résiding in susceptible patients exist in >d7ifferent distinct
populations (‘mixed population’) that are differentially ‘s.us'ééptible to the diverse
anti-tuberculosis drugs vused. Further, MTB bacilli are known to be present in

extracellular space, inside macrophages and inside granulomas or cavities.

When looking at the rate of mycobacterial kill (drop in cfu/mL) over time in
tuberculosis patients receiving rifampicin, isoniazid, pyrazinamide and ethambutol, it
caﬁ be seen fhat there are two distinct bhafmacodynamic phases. The first phase;
known as early bactericidal activity (EBA), consists of a rapid decline in bacterial
load over a period of 2 days. Following the first few days of therapy, mycobacteria
killing declines at a slower rate duriﬁg what is termed the ‘sterilising phase’. The
origin of the two phases is thought to be different drugs acting on different bacteria

of the mixed population present in man (Mitchison, 2000; Jindani et al., 2003).

Data suggests that the main drug responsible for bactericidal activity in the EBA
phase is isoﬁiazid (INH > EMB > RIF > PYR) (Mitchison, 2000; Jindani et al,
2003). Interestingly, when given " in combination, rifampicin, ethambutol,
pyrazinamide and isoniazid did not enhance the EBA compared to isoniazid on its

own (Fig. 1.19) (Jindani ez al., 1980).

In the second, sterilising phase, the overall rate of killing of tuberculosis decreases.
This change in bactericidal activity is largely due to the decrease in bactericidal
activity mediated through isoniazid (Mitchison, 2000; Jindani ef al., 2003). Isoniazid

is thought to mainly target and kill rapidly growing extracellular bacilli during EBA.
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The subsequent decrease of | this .MTB population therefore decrease isoniazid
mediated killing. The other anti-bacterial drugs are thought to have a more general
activity against both extracellular and intracellular bacteria. This is observed in the
sterili'sing phase, where rifampicin (which has the greatest bactericidal activity in the
sterilising phase) ethambutol and pyraZinarﬁide determine the overall bactericidal
activity. The differential rate of MTB killing by isoniazid over time was well
demonstrated by (Jindani et al., 2003) (Fig. 1.20). These data also show the constant

activity of rifampicin and other drugs over the first 2 weeks of treatment.
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Figure 1.19: The early bactericidal (EBA) activity of various anti—tubercu?osis drugs
given alone or in combination, over the first two days of treatment in patients. Data
from (Jindani et al., 1980). S = streptomycin, H = isoniazid, R = rifampicin, Z =
Pyrazinamide, M = ethambutol.
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Figure 1.20: The rate at which bacterial load decreases in patients on isoniazid (=),
rifampicin (=), isoniazid and rifampicin (==) and other drugs (=—). Data taken from

(Jindani et al., 2003).

49



Chapter 1 — General Introduction

1.3 Active drug transporters

Membrane drug tranéporters are critical in the modulation of ‘drug absorption,
‘distribﬁtion, accumulation and éxeretion. An éver growing number of both active
(ATP- energy dependent) énd facilitated (ion gradient dependent) transporters are
a;sociated with translocation of therapeutic drugs into (influx transport‘ers) and out of
cells (efflux transporters). Drug transporters have recently been classified into active
efflux proteins; which belong to the ABC (ATP- Binding Cassette) family, and influx

transporters; which belong to the SLC (Solute Carrier) family (Owen et al., 2005).

The ABC superfamily of drug efflux transporters contains seven subgroups (ABCA-
ABCQG) representing at least 50 differ¢nt efflux proteins. All ABC transporters have
»a 90-110 amino acid ATPf binding motif, which includes two walker motifs and a
linker region (Gottesman and Ambudkar, 2001). Two of the most extensively studied
drug efflux transporters are P-glycoprotein (P-gp or MDR1 belonging to ABCB
subgroup, encoded by ABCBI) and multi-drug resistant associated protein (MRPS

belonging to ABCC subgroup, encoded by ABCC).

The SLC silperfamily of transporters consists of 43 subgroups (SLCO—SlLC43) which
include at least 298 different proteins (Hediger ef al., 2004). The SLC series includes
genes that encode for active influx transporters, passive transporters; ion coupled
| transporters and exchanger transporters. Orgamc anion transport protein (OATP)
belongmg to the SLCO (or SLC21) subfamily have recently been shown to be

involved in broad spectrum active mflux of xenobiotics,
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1.3.1 P-glycoprotein (P-gp)
The most intensely studied of the drug transporters is P-glycoprotein (P-gp), which
- was ﬁrs’; diséovered for altering the efficacy of ahti—cancer therapy By_décreasing
cellﬁlar accumulation (Juliano and Ling, 1976). P-gp is a 170 kDa membrane
associated active efflux protein encoded by ABCB! (a.k.é. MDRI). 1t is 1280 amino
acids long, comprising of two homologous halveé linked by a 60 amino acid long
linker protein (Chen e al., 1986). Each half consists of 6 trans-membrane domains
and a hydrophilic domain between them and at the carboxyl end, responsible for

ATP binding (nucleotide binding domain; NBD) (See Fig 1.21).

In the presence of ATP, P-gp is able to translocate a broad speétrum of compounds to
the extracellular fluid (amongst these are anticancer, immunosuppressive, antibiotic
and antiretroQiral drugs) (Borst et al, 1993; Gottesman and Pastan, 1993). The
method of translocation is uncertain, but it has been hypothesized that either drug is
removed frorﬁ the cytosol to the extracellular fluid through a pore in the transporter,
or the transporter acts as a ‘flipase’, moving the drug from the inner leaflet of the
membrane to the outer leaflet (Johnstone et al., 2000).

As well as mediating the transport of anti-cancer drugs, P-gp has béen found to
translocate a wide diversity of compounds including: calcium channel blockers,
peptides, steroids, anti-histamines, and anti-retrovirals (Endicott and Ling, 1989;
Gottesman and Pastan, 1993; Jones et al., 2001c¢). Most molecules found to be
substrates for P-gp are large, amphiphathic and aromatic compounds, though this is

not always the case. With respect to anti-tuberculosis drﬁgs there is some evidence
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from work in mice, that rifémpicin may be a substrate for P-gp (Schuetz et al., 1996).

No data are however available on the other first choice anti-tuberculosis drugs.

P-gp has a wide tissue diétribﬁtion inéluding bothiepithclial (liver, lung, intestine,
brain etc.) (Johnstone et al., 2000; Tan et al., 2000) and non-epithelial cells such as
lymphocytes (Lucia et al., 1997). On epithelial cells, P-gp is always polarised to thé
apical membrane, so that it pumps drugs back into the intestine (decreasing
abéorption), into the bile (increasing biliary e*cretion) and baci( into the blood in the

"~ blood brain barrier (decreasing brain distribution) (See Fig. 1.22). |

The potential impact of P-gp on drug pharmacokinetics is nicely demonstrated in
mice where mdrla (-/-) mice showed both a increase in drug (anti-HIV protease
inhibitors) bibavéilability and brain penetratibn compared to the wild-type mdria
(+/+) mice (Kim et al., 1998). Furthermore, cytochrome P450 3A4 (a major drug
metabolising enzyme) and active efflux pumps show overlapping substrate
specificity and may even work synergistically (to optimise the detoxification of drugs
in cells whilst avoiding the saturation of the enzyme) (Benet et al., 1999).

P-gp expression has been associated with a genetic polymorphism in exon 26 of
MDRI (C3435T), correlating to an altered expre’ssio‘n and function of P-gp levels in
the intestine (Hoffmeyer et al., 2000). The frequency of this mutation appears to
show inter-ethnic variability, wifh a greater proﬁortion of Caucasians carrying the
mutant T allgle compared to African populations where this mutation is relativély

rare (Ameyaw et al., 2001; Schaeffeler et al, 2001). This may be relevant to
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pharmacotharapy, due to widespread infection of MTB in Africa. Many other

polymorphisms have been identified, although there impact is as yet unclear.

1.3.2  Multidrug resistance associated protein (MRP)

Multi-drﬁg resistance associated proteins 1 (MRP1 encoded by ABCC1) is an active
’efﬂux protein that was first identified in doxofubicin sélected multi-drug resistant
ceils that did not express P-gp (Cole et al., 1992). MRP1 is a 190 kDa membrane
protein consisting of 1531 amino acids and sharing 15% homology with P-gp (Huai-
Yun et al 1998). Now, at least 12 MRP transporters (ABCC family) have been

identified of which the most extensively studied are MRP1 to MRP5.

"MRPs transport organic anions and neutral drug conjugated to acidic ligands such as
glutathione and glucuronate (Borst et al., 2000). MRP1-3 can also cause resistance to
non-conjugated neutral organic drugs. MRP1-3 contains 17 trans-membrané '
domains, whilst MRP4 and 5 contain 12 trans-membrane domains (Fig. 1.21). As
with P-gp, MRP transporters distribution is widespread with expression in both
epithelial membranes and non-epithelial cells. On epithelial cells MRPs are
polarized, eitfxer being expressed on‘the apical side like P-gp (MRP2, 4 and 5) or on
the basolateral side (MRPI and 3) (Fig. 1.22). MRP1 has been found to be expressed

in the lung, kidney, intestine, liver as well as lymphocytes (Jones et al., 2001b).
Rifampicin is an inducer of MRP2, 3 and 5, but not MRP1 (Fromm et al., 2000;

Schrenk et al., 2001) There are however no data available on whether rlfampxcm or

any of the other anti-tuberculosis drugs are substrates for any of the MRPs.
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1.3.3 Organic anion transport protein (OATP)

Organic anion transport polypeptides (OATP) are active influx transporters that
belong to the SLCO (old gene symbol SLC21) subfamily. The first member of the
OATP family was identified in Rat (OQatpl) (Jacquemin et al., 1994) and the SLCO

subgroup now constitutes at least 11 members (Hediger et al., 2004) in humans

(Table 1.4).

OATPs are polarized to the basolateral membrane (Fig. 1.22) 'and have been shown
to contain 12 transmembrane domaiﬁs (Fig. 1.21). Originally OATPs were thought to
only transport organic anions howevef, as witﬁ efflux transporters, OATPs are now
known to tran\sp.ort a large number of endogenous and xenobiotic compounds
inc]uding cationic, neutral, zwitterionic as well as anionic compounds (Kim, 2003).
" The fact that fnany OATPs share substrates with apical efflux transporters, suggests

that they act synergistically to transport drugs across a membrane.

OATPs have a wide tissue distribution and are expressed in similar tissues to the
ABC transporters; intestine, liver, kidney, lung and blood brain barrier. A
comprehensive study of the distributiQn of some OATPs also shows the eXpression
of OATP4A1 on lymphocytes (Tamai et al., 2000), however the expression on other

non-epithelial cell such as macrophages has as yét not been studied.
With respect to anti-tuberculosis drugs, rifampicin has been shown to be a substrate

for both OATPIBl and 1B3 (Vavricka et al., 2002). It is however not known

whether the other anti-tuberculosis drugs are substrates.
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Table 1.4: Summary of nomenclature of the organic anion transporter polypeptide
family (Su et al., 2004)

‘New Gene Symbol New Protein Symbol Old Gene Symbol Old Protein Symbol
SLCO1A2 OATPIA2 SLC21A3 OATP-A, OATP
SLCO1BI OATPIBI SLC21A6 OATP-C, LST-1, OATP-2
SLCO1B3 OATP 1B3 SLC21A8 OATP-8
SLCOICI OATPICI SLC21A14 OATP-F, OATP-RPS
SLCO2A1 OATP2AI SLC21A2 | hPGT
SLCO2B1 OATP2BI SLC21A9 OATP-B, OATP-RP2
SLCO3A1 OATP3A1 SLC21A11 . OATP-D, OATP-RP3
SLCO4AI OATP4A1 SLC21A12 OATP-E, OATP-RPI
SLCO4Cl OATP4CI SLC21A20 OATP-H
SLCOSAT OATP5A1 SLC21A15 OATP-J, OATP-RP4
SLCO6A1 OATP6AL 'SLC21A19 OATP-I, GST
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1.4 Aims of thesis

The aim of this thesis is to investigate the role of active drug efflux transporters on
the first line anti-tuberculosis drﬁgs (rifampicin, isoniazibd, pyrazinamide and
ethambutol). The presence of drug transportefs on cells involved in tuberculosis
pathogenesis (alveolar macrophages) needs to be verified. /n vitro, cell line models
aré used to establish whether the drugs are substrates for P-gp and MRP1, and the
impact of this result is determined ex vivo and in vivo. The cellular distribution of
OATP inﬂux.transporters is investigated in cell lines and ex vivo cells, and their
impact on rifampicin accﬁmulation verified. Further, novel in vitro models of drug

mediated early bactericidal activity (EBA) and intracellular killing of H37Rv are

examined.
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CHAPTER 2

Effect of P-glycoprotein and MRP1 on the cellular

accumulation of anti-tuberculosis drugs
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2.1 Introduction

Rifampicin? isoniazid, pyrazinamide and ethambutol remain first-line drugs for the
freatment of Mycobacterium tubercuiosis (MTB). Short course combination therapy
for tuberéulosis (TB) requires the drugs to be administered for at least 6 months in
’order to fully sterilise bacilli persisting in a non-replicating state within sanctuary
sites. One of the sanctuary sites that MTB utilises to evade the human immune
response is within phagosomes of alveolar macrophages (Fenhalls et al, 2002;
Mwandumba et al., 2004). The accumulation of anti-tuberculosis drugs within

alveolar macrophages may therefore be an important determinant of the effectiveness

of therapy.

The two main groups of active drug efflux proteins; P-glycoprotein (P-gp) and Multi- :
drug resistance proteins (MRPs) have been widely associated with the drug
disposition of a plethora of drugs in the liver and gut (Endicott and Ling, 1989; Kerb
et al., 2001). The impact of P-gp and MRPs on the cellular acéumulation of drugs in
non-epithelial cells has however been studied to a lesser extent. In HIV, numerous in
vitro and ex vivo studies have demonstrated that active drug transporters canmimpact
upon intraééllular accumulation and activity of several anti-HIV proteése inhibitors
in CD4+ T-lymphocytes (Lee et al., 1998; Jones et al., 2001a; Owen et al., 2064;
Janneh et al., 2005). Further, the expressic;n of active drug transporters on mouse
macrophage cell lines (J744) have been shown to modulate the accumulation of

macrolide and quinolone antibiotics (Seral ez al., 2003; Michot et al., 2004).

With the exception of rifampicin, no data are available on the impact of drug

transporters on isoniazid, pyrazinamide or ethambutol, or vice versa. Rifampicin has
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been shown to induce both intestinal (Greiner et al., 1999) and lymphocyte (Asghar
ot al., 2002) P-gp expression in vivo. Induction of MRP2, MRP3 and MRPS by
.rifémpicin In enterocytes has also been -docurﬁented (Fromm et al., 2000; Sghrenk et
al., 2001). Furt—hel;more,‘ rifampicin modulates fche cellular accumulation of
~ vinblastine through P-gp inhibition (Fardel et al., 1994) and the accumulation of
calcein and vincristine through MRP inhibition (Courtois et al., 1999). The only
study that gives an indication that rifampicin is a substrate for active drug
transporters is that the bioavailability of rifampicin in P-gﬁ knockout mice was
greater than that of wild-type mice (Schuetz et al., 1996). However, cytochrome
P450 (CYP) >isoforms responsible for rifampicin metabolism are differentially
expressed in the knockout and wildtype mouse (Schuetz et al., 2000). It has thus not
been catego‘rically shown that rifampicin is a substrate for active drug transporters.
Thereforve,‘ in this study the primary object was to determine in vitro whether
rifampicin, isonigzid, pyrazinamide and ethambutol are substrates forAP-gp and
MRP1. In addition we examined alveolar macrophages for expression of both P-gp
and MRP1 and, using in vitro cell models and ex vivo PBMCs screened the anti-TB

drugs for their substrate affinity for both P-gp and MRP1 to determine the potential

impact of the drug transporters on TB therapy.
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2.2 Methods

2.2.1 Materials

[*H]-rifampicin, ['*CJ-isoniazid, [’H]-saquinavir, ['*C]-diclofenac  and [*H]-
_ methotrexate were purchased from Moravek Biochemiéals (Brea, California, USA).
Radiolabelled pyraiinamide and ‘ethambutol were not commercially available.
Tariquidar was kindly donated by Xenova Group Plc (Berkshire, UK) MK571" was
kindly donated by Merck Frosst Canada Ltd (Kirkland, Quebec, Canada). Ultima-
Gold scintillation fluid was purchased from Packard (Meriden, Connecticut, USA).
~ All other chemicals were purchased from Sigma Chemicals Co (Poole, UK). MRPmS5
was obtained from Kamiya Biomedical Company (Seattle, WA, USA), M2I-4 was
obtained from Abcam Ltd (Cambridge, UK), perox‘idase-conjugated secondary
antibody from Amersham PLC (Buckinghamshire, UK), UIC2 and UIC2-rPE from
Immunotech (Marseille, France), QCRL-1 from Merck Biosciences Ltd.
(Nottingham, UK), 1gG2a, IgG24-rPE and IgG; isotype control from Serotec (Oxford, |

UK).

MDCKIICTL, MDCKIlIvpr; (P-gp over-expressing) and MDCKlIlygrp) (MRP1 over-
expressing) cells were a generous gift from Prof. P. Borst [Netherlands Cancer
Institute (NKI), Amsterdam, the Netherlands]. CEM (parental), CEMypr100 (P-gp
over-expressing), CEMEgjo00 (MRP1 over-expressing) cells were gifts from Dr R,
Davey, University of Queensland, Australia. All other materials were purchased from

Sigma-Aldrich (Poole, UK). ~
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2.2.2  Celllines and culture

‘Parental Madin-Darby Canine Kidney cell lines (MDCKIlcr), those transduced with

P-gp (MDCKllmpr;) and MRP1 (MDCKIlvwgrp1) were routinely culturéd in |
Dul;Jecco’s modified eagle’s medium (DMEM) supplemented with 10% foetal calf
serum (FCS). CEM (human T-lymphoblastoid cell line), CEMygri100 (P-gp over- ',
expressing) and CEMEg 00 (MRP1 over-expressing). were routinely cultured in RPMI

medium 1640 (RPMI) supplemented with 10 % FCS.

2.2.3 Isolation of PBMC

Peripheral blood mononuclear cells (PBMC) were isolated from blood vsamples
obtained from healthy volunteer and buffy coats (obtained from the regional blood
transfusion centré) by density gradient centrifugation on Ficoll-Hypaque (800 x g, 30
min) (ethics committee approval for bvlood sampling obtained).The central band
containing the PBMCs was removed and diluted 3 fold in sterile phosphate buffered
saline (PBS). PBMCs were then pelleted (800 x g, 6 min), counted using a
NucleoCounter (Chemometric), and resuspended to the required concentration in the

media of choice.

2.2.4 Generation of MDM for confocal microscopy

Monocyte derived macrophages (MDM) were generated by isolating PBMCs from
whole blood and washing the cell pellet 3 times (800 x g, 6 min) in order to remove
all the Ficoll-Hypaque. Cells were then resuspended in RPMI 1640 (without FCS, 2
‘X 10° cells/ml), transfel;réd onto 35 mm glass based dishes (500 uL) (IWAKI, Asahi

Technoglass, Japan). Mo_noc‘ytes were allowed to adhere to the glass (1 hr, 37°C and

5% CO,) before all the remaining non-adherent cells were washed off with sterile
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PBS. The remaining monocytes that adhered were matured into macrophages by

culturing them in RPMI 1640 and 1% human serum (7 days, 37°C, 5%CO,).

 2.2.5 Isolation of macrophz;ges from BAL

Al\;eolar macréphages were obtained from bronchoalveolar lavagé (BAL) at the
North West Lung“Re‘search Centre (South Manchester University Hospitals Trust,
Manchester, UK) Briefly, a bronchoscope was wedged in an appropriate tértiary
bronchus (usually the right middle lobe) and a BAL was carried out using normal
pre-warmed saline (37°C, 50ml). Recovered BAL fluid (stored at 4°C) was then
passed through a filter nylon cell strainer (100pum, BD Falcon) and centrifuged (300
X g, 10 min, 4°C). Alveolar macrophages were purified from the BAL using

magnetic cell sorting (MACS technology) according to the manufacturer’s

instructions. Briefly, 2 x 107 cells were resuspended in 160 pL of MACS buffer
(PBS, 0.5% BSA, 2mM EDTA, pH 7.2, 4°C) and mixed with 40 pL of CD14
microbeads (Miltényi Biotec, Bergisch Gladbach, Germany). Cells were incubated
(15 min, 4°C) and washed with MACS buffer (ImL, 300 x g, 10 min). The pellet was
then resuspended in 500 pL of MACS buffer and }added to an equilibrated LS
separation column (Miltenyi Biotec, Bergisch Gladbach, Gérmany). Unlabelled cells
were then eluted with buffer (3 x 3 ml). Labelled cells were subsequently eluted
following removal of the LS separation column from the magnet, and pelleted (300 x

2, 10 min)

2.2.6 Immunohistochemical analysis of P-glycoprotein expression on BAL

BAL cells were cytospun to glass slides and fixed (100% methanol, 10 min, 4°C) and
incubated in hydrogen peroxide (10min) in order to remove any endogenous oxygen

- radicals. The slides were then probed with either isotype control antibody (IgGa,
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200uL of 250 ng/mL, 1hr) or an anti-P-gp antibody (UIC2; 200uL of 250 ng/mL,
lhr). Biotinylated goat anti-mouse IgG secondafy antibody (Sigma: B7264, 200uL,
1:500 v/v, 1hr) was applied followed by peréxidase-éohjugated streptavidin (200ul,
10 min). Detection was achieved using di-amino benzidene (DAB, 0.7 mg/mL,
supplemented with 6 pL/mL H,0,) for 5min. Light nuclear staining was carried out

using haematoxylin and cells visualised by lighf microscopy.

2.2.7 Confocal microscopic analysis of P-glycoprotein expression on MDM

MDM grown on a 35 mm glass base disk (see 2.2.4) were fixed (100% methanol, 10
min, 4°C). The‘ MDMs Awere then probed with either r-phycoerythrin ((rPE.)
conjugated isotype control antibody (IgG,a-1PE, 2OOHL of 2.5 pg/mL, 1hr) or an rPE
conjugated anti-P-gp antibody (UIC2-rPE; ZQO;,LL of 2.5 pg/mL, 1hr). MDM ’were

washed with PBS and visualised by confocal microscopy set up to detect rPE

(excitation 565, emission 575).

2.2.8 Extraction of total RNA

Total RNA was extracted from alveolar macrophages isolated from BAL using
TRIzo! according to manufacturer’s instructions with minor modifications. Briefly,
cell pellets‘ (1 x 10 cells) were mixed thoroughly in TRIiol (ImL) and frozen ((-
80°C). Chloroform (200 uL) was then added to the thawed TRI;ol'nlixtures; safhples
were thoroughly mixed, incubated (20°C, 3 min) and centrifﬁged (12000 x g, 15
\ fnjns). The aqueous phase was then removed and mixed with isopropanol (500 pL),
incubated (20°C, 10 min) and centrifuged (12000 x g, 10mins). The supernatant was
discarded and the RNA pellet washed in 75% ethanol (I mL, 7500 x g, 5 min) and

allowed to air dry before being resuspended in RNase free water (20 pL).
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Concentration . and purity of RNA obtained was determined wusing a

spectrophotometer.

-2.2.9 Reverse franscriptioh

Reverse transcription of the extracted total RNA to cDNA was performed using
TaqMén Reverse Transcrip_tion Reagents (Appiied Biosystems, New Jersey, USA)
by mixing 10x Tagman RT Buffer (10 pl, final conc. 1x), 25 mM MgCl, (22 pL final
conc. 5.5mM), 2.5 mM dNTP mix (20 pL, final conc. 500 uM of each), 50 uM
random hexamer primers (5 pL, final conc. 2.5uM), 20 U/uL RNase inhibitor (2pl,
0.4 U/uL), SO U/uL Multiscribe reverse transcriptase (2.5 pL, total conc. 1.25 U/ul)
and 50 ng/mL total RNA (20 uL final conc. 0.01 pg/pL) and RNase free water (18.5
HL). Reverse transcription thermal cycling (25°C, 10 min; 48 °C, 30 min; 95°C, §
min; 4°C, 00)‘ was performed using a GeneAinp PCR System (Appblied Biosystems,

Warrington, UK). The resulting cDNA was frozen at -20°C until use.

2.2.10 Real time RT-PCR P-gp and MRP1 expression on Alveolar Macrophages

Quantification of mRNA transcripts for MDRl. and MRP1 was achieved by real-time
polymerase chain reaction using an Opticon2 sequence detection system as described
previously (Owe_n et al., 2005). Glyceraldehyde-3-phosphate dehydrogénasg
(GAPDH) was used as the house-keeping geﬁe. cDNA (40 ng) was combiﬁe_d with
Universal master mix, sense and antisense primers (0.4 puM each), and
oligonucleotide probe (0.2 1M) in a final volume of 25 pl. Amplification was carried
out for 40 cyc”les with a combined annealing/extending temperature of 60°C. Primers

and probes were obtained via the Assays-on-Demand Gene Expression products

available through the Applied Biosystems (Foster City, CA) Web site

' (http://home.appliedbiosystems.com).
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© 2.2.11 Validation of cell P-gp and MRP1 expression by flow cytometry

As_sessment of P-gp expression: Cells were gr'o.wn until confluent and counted by
, NucleoCounter (Chemometric). An appropriéte number of cells were pelleted (800 x
g. 6 min) and fixed (1 x 10° cells/mL in 1:10 CellFIX, 25min). 100 uL aliquots (2 x
10° cells) were then transferred to a 96 well plate (U bottom) and washed (200 pL
PBS, 800 x g, 10 min). The cell pellet was then stained for P-gp using r-
phycoerythrin conjugated mouse-anti-human P-gp antibody (UICZ-fPE: 50 uL of 2.5
pg/ml, 2 hr). Non’-speciﬁc antibody binding was determined by staining cells with r-
phycoerythrin conjugated mouse-anti-human IgGa isotype control (IgGZA-rPE: 50
HL of 2.5 pg/ml, 2 hr). Cells were washed three times (200 uL PBS, 800 x g, 10

min), resuspended (300 uL of 1:10 CellFix) and transferred into 5 ml FACS tubes.

Ffow cytometry was conducted on a Coulter epics XL-MCL. Forward scatter (FS:
indicating gell size) and side scatter (SS: indicating cell granularity) were detected on
a linear scale. The live cell populaﬁon Was electr011i¢ally- gated to exclude débris.
Median fluorescence intensity values of the gated cells were obtained in FL2 (mean
peak emission wavelenth 570 nm) and registered on a logarithmic scale against the

number of events. P-gp expression was determined by the relative fluorescence units

as shown below:

P-gp expression (RFU): Specific antibody FL2 fluorescence - isotype control FL-2 fluorescence

Assessment of MRP-1 expression: Following the counting and fixing of cells as
described above, éells were permeabilised with saponin (100 pL, 0.1 mg.ml”, 30
min). The cell pellet was stained for MRP1 using primary mouse-anti-human MRP1

antibody (QCRLI: 50 pL of 2.5 pg/ml, 1 hr). Non-specific anﬁbody binding was
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determined by stgining cells with mouse-anti-human IgG, isotype control (IgG,: 50
va of 2.5 pg/ml, 1 hr). Following 3 washes (200 pL, 0.1 mg.ml" saponin in PBS,
800 x g,‘ 10 min) cell pellets (both speciﬁ;: and isotype control stained cells) were
stained with secondary goat-anti-mouse IgG conjugéted to FITC (50 pl, 5 pg/ml, 1
hr). Following 3 washes (200 pL, 0.1 mg.m!™ saponin in PBS, 800 x g, 10 min) cell

pellets were resuspended (300 pL of 1:10 CellFix) and transferred into 5 ml FACS

tubes

The median fluorescence intensity values of the gated cells were obtained in FL1
(mean peak emission wavelength 530 nm) and registered on a logarithmic scale

against the number of events. MRP1 expression was determined by the relative

fluorescence units as shown below:

MRP1 expression (RFU): specific antibody FL1 fluorescence - isotype control FL-1 fluorescence

2.2.12 Validation of cellular P-gp and MRP1 expression by Western blot

Preparing cell homogenate: Western blot was used in order to determine P-gp,
MRP1 and MRI?Z expression on CEM, CEMysgLi00, CEMEg1g00, MDCKII'-MRPI
(positive control for MRP1 expression) and MDCKII-MRP2 (positive control for
MRP2 expression). 1 x 107 cells were pelleted (800 x g, 6 rmn) and resuspended in
200 pL of Western lysis buffer (50mM NaCl, 10mM HEPES [pH 8], 0.5M sucrose,
lmM EDTA, 0.5mM spermidine, 0.15mM spefmine, 0.2% triton X-100, containing
0.5ul m!™

B-merc{aptoethanol, 3ug ml' aprotinine, 2ug ml’ leupeptin, 3pg ml™

- pepstain and 0.2mM PMSF). Following lysis for 20 min on ice, samples were frozen

at -80°C in aliquots of 20 pl..
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Protein Assay: The nuclei were removed from the cell homogenates by
centrifugation (1100 x'g for 5 min). Total protein concentration of the supernatant
fraction ‘was deteﬁnined by the bicinchoninic acid prqtein assay as described by
(Smith et al., 1985). Briefly, 100 pL of bovine serum albumin (BSA) solution (100 ~
1000 pg/ml in distilled water), and 100 pL of an appropriate cell homogenate
dilution was added to a 96 well plate (flat bottom). Subsequently, 100 pL of working
solution (2 % [v/v] reagent B: 4% copper sulphate pentahydrate (CuSO4.5H,0), 98%
reagent A: 1% sodium bicinchominate, 2% sodium carbonate, 0.16% sodium tartate,
0.4% NaOH, 0.95% Sodium bicarbonate, pH 11.25) was added to each well.
Following incubation (60°C for 30 min) the plate was left to cool at room

temperature and read at 570 nm on a spectrophotometer (Dynex. 2.0).

Electrophoresis: 50ug total protein was combined with an equal volume of
NuPAGE LDS loading buffer (containing 10 % NuPAGE reducing agent). To
linearise the proteins, the sample was heated (70 °C, 10 min) and‘ cooled to 40 °C.
The entire sample (50 ug protein) was then loaded on 3 - 12% tris-acetate gels
(Invitrogen) and electrophoresed (160 V, 1 hr) (Invitrogen tris-acetate running buffer
outside gasket;- Invitrogen tris-acetate ruhning buffer plus 2.5% v/v NuPAGE

reducing agent inside gasket). 10puL pre-stained molecular weight markers were also

loaded onto two wells per gel.

Transfer: Following electrophoresis, all apparatus for protein transfer [3-12% Tris-
acetate gel, sponges, filter paper and nitrocellulose membrane (0.45 pm pore size)]

was soaked in NUPAGE transfer buffer with 10% methanol for 30 min. Proteins were
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then transferred electrophoretically to a nitrocellulose membrane (100 V, 1 hr:

cooled with an ice block).

Staining: To block hydrophobic or non-specific site; the nitrocellulose membrane
waé. jncubated overnight at 4°C in blocking buffer (10% non-fat dried milk in tris-
buffered saline (50 mM Tris and 150 mM NaCl) coﬁtaining Tween 20 (TBS-T).
Tween 20 conceﬂtration throughout the procedure was 0.3, 0.1 and 0.05% for the P-

gp, MRP1 and MRP2 detection respectively.

The nitrocellulose membrane was briefly washed 4 times with TBS-T followed by 4
longer washes in TBS-T (5 min). The membranes were then incubated with mouse-
anti-human monoclonal antibodies F4; MRPmS5 and M2I-4 against P-gp, MRPI and
MRP?2 respectively (1:2000 in TBS-T containing 2% non-fat dried milk, 2 hr). The
membrane was washed as previously described and incubated with goat-anti-moﬁse
IgG horseradish | peroxidase-conjugated secondary antibody (1:10000 in TBS-T
containing 2% non-fat dried milk, 1hr). The membrane was then washed as
previously and visualisation of the protein-antibody conjugates was carried out using
enhanced chemiluminescence reagent (ECL). Briefly, excess washing buffer was
gently removed with tissue and 2 ml of 50 % (v/v) enhanced luminol ree;gent in
oxidizing agent (PerkinElmer Life Sciences) was added to the membrane for 1 min.

The membrane was subsequently exposed to ECL hyperfilm for between 10 sec and

4 min.

2.2.13 Evaluatimj of the toxicity of anti-TB drugs on the CEM cell lines
To determine the viability of the CEM, CEMygr100 and CEMgigoo the MTT
cytotoxicity assay was used. This assay uses mitochondrial viability as a marker for
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cell viability and is based on the conversion of MTT (yellow coloured; 3-[4,5-
dimethyl-thiazole-2-yl]-2,5-diphenyl tetrazolium bromide) into its reduced formazan
form (which is blue) by viabie mitochondria (Mosmann, 1983). Briefly, confluent
CEM, CEMVBUOO and CEMg o9 were pelleted (800 x g, 6 min), and resuspended in
RPMI—164O (without phenol red, supplemented with 10% FCS). 100 pL of cells (2 x
10° cells/mL) were plated in a 96 well plate in the presence or absence of rifampicin
(0 - 450 uM), isoniazid (0 — 100 mM), pyrazinamide (0 - 40 mM) and ethambutol (0
MM — 50 mM). For each drug concentration a cell free control was used to correct for
background absorbance by the drug. Following incubation (37°C, 5% CO,, 3 days),
20 pL of 5 mg/mL MTT was added to each well and cells were incubated (2 hr, |
37°C, 5% CO,). The MTT reaction was terminated by adding‘ 100 pL of MTT lysis

buffer (50% v/v N,N-dimethylformamide, 20% w/v sodium dodecyl sulphate) and

incubation for’ a further 24 hr (37°C, 5% COQ. The formation of the blue MTT»
formazan ‘was determined spectrophotometricaly (absorbance at 570 nm).

Cytotoxicity was expressed as the concentration of drug giving 50% cell death

(EC50) as determined using Graphpad Prism v3.

For the drugs that showed significant differential toxicityt in CEMvyagL100 or CEME 1000
compared to parental CEM cells, experimeﬁts were repeated in the presence of the

potent P-gp inhibitor tariquidar (1 uM) and the MRP1 inhibitor MK571 (100 pM).

22.14 Rifampicin accumulation in heat killed cells

Cellular accumulation ratios of *H-rifampicin were determined in CEM, CEMvayi00
and CEMEg; g0 ceils' as well as in 'buffy coat PBMCs (n = 4). Brifly, cells were
pelleted (800 x g, 6 min) and re-suspended in RPMI 1640 without FCS (3 x 10°
cells/mL). Following pre-incubation (10 min, 37°C in 5% COz) of 1 mL of the cell
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suspension (3 x 10 cells) in a 1.5 mL microfuge tube, 10 puL of [*H]-rifampicin (100
UM solution: 5 uCi/ml) was added (final concentration of 1pM). Following
incubation (30 min, 37°C in 5% CO,), cells were pe‘lleted‘ (2000 x g, 1 min, 4°C) and
100 uL of incuba:tiori media removed for radioactivity counting (extracellular count).
Cell pellets were washed 3 times in phosphate buffered saline (PBS) (2000 x g, 1
min, 4°C) and lysed with tissue solubilising solution (hydrogen peroxide: glacial
‘acetic acid: tissue solubiliser at 2.5:5:5 (v:v:v)) and counted for radioactivity (cell
associated count). Cellular drug accumulation was expressed as the cellular |
- accumulation ratio (CAR), being the ratio of cell associated drug, to media
associated drug (based on a cell voiume of 1 pL, (Jones et al., 2001b)). The

experiments were repeated with heat killed cells (Heat kill by: 30 min, 60°C,

incubation at 37°C, 30 min).

2.2.15 Accumulafion assays in CEM céll lin‘es for rifampicin and isoniazid

The basal accumulation of ['*CJ-isoniazid (1 pM, 0.05 uCi /ml) and [*H]-rifampicin
(1 uM, 0.05 uCi /ml) as well as [*H]-saquinavir (positive control for P-gp, (Srinivas
et al., 1998; Jones et al., 2001a; Dallas et al., 2004), [3H]-methotrexate (positive
control for MRP1, (Hooijberg et al., 1999; Zeng et al., 2001) and ['*C]-diclofenac (a
negative control.for both transporters, unpublished observation) were assessed in
CEM, CEMVBUO(; and CEME; g cell lines. Cells were pelleted (800 x g, 6 min) and
re-suspended in RPMI 1640 without FCS (3 x 10° cells)mL). Following .pre-
incubation (10 min, 37°C in 5% CO? of 1 mL of the cell suspension (3 x 10° cells)
inal5mL microfuge tube, either 10 pL of [3H]—rifampicin (100 uM solution: 5
uCi/ml), 10 pL of [“C]-isoniazid (100 pM solution: 5 uCi/ml), 10 pL of [*H]-
saquinavir (100 uM solution: 5 uCi/ml), 10 pL of [*H]-methotrexate (lOO uM
solution: 5 uCi/ml) or 10 L of ["*C]-diclofenac (100 uM solution: 5 pCi/ml) was
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added to the CEM, CEMygy100 and CEMEigoo cell lines (final concentration of 1puM).

Following 30 min incubation (37°C in 5% CO?), CAR was determined as described

in2.2.14.

To dgtennine optimal inhibitory concentrations of P-gp and MRP1 by tariquidar and -
MK571 respectively, concentration dependent effects were determined on saqﬁinavir
accumulation in CEM, CEMVBUOQ and CEMgig00 cell lines. [*H]-saquinavir
accumulation studies were performed as described above with the exception that cell |

lines were pre-i‘ncubated with either tariquidar (0, 3, 10, 30, 100, 300 or 1000 nM) or

MKS71 (0, 1, 3, 10, 30 or 100 uM).

To evaluate differential rifampicin accumulation in CEM, CEMygy100 and CEME;g00
cell lines, ["H]-rifampicin accumulation was assessed in the absence and presence of

tariquidar (0, 10, 100 and 1000 nM) émd MKS571 (1, 10 and 100 uM)

2.2.16 MDCKII Transwell for rifampicin

The MDCKII tranéport assays were performed as previously described (Huiéman et
al., 2001). Briefly, bolycarbonate filters (3.0 pm membrane pore size, 4.7 cm’
growth area, 24_.mm ins_ert diameter; Transwell 3414; Costar) were pre-incubéted
with DMEM supplemented with 10% FCS (1 hr, 37°C, 5% CO,). Following media
aspiration, 2 mL of MDCKIICTﬁ, MDCKIIMDR1 and MDCKIIMRH cell suspensions
(1x 108 cells/mL) were added to the apical (AP) compartment and fresh media to the
basolateral (BL) compartment. Cells were grown for 3 days with media replaced
- daily. 1 hr before the start of the experiment, media was aspirated from both
compartments and replaced with DMEM (without FCS). Trans-epithelial resistance

(TER) was then measured to confirm conﬂﬁency (TER accepted above 150 Q).
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In order to perform transwell experiments, the rate of apicaliy directed (basolateral to
~ apical drug movement) and basolaterally directed (apical to basolateral drug
movemeht) ﬂux was assessed. Media was aspirated and replaced with 2 mL DMEM
(without FCS) in one compartmentA and with 2 mL of DMEM (without FCS)
containing 1uM [3H]-rifampicin (0.5 uCi) with ['*C]-mannitol (0.2 Ci) in the other
compartment. Mannitol does not cross intact MDCKII monolayers, therefore
transport 6f [‘4C];mannitol across the monolayer is an indicator of leakage, and was
tolerated up to 1 %/hr per well. Cells were incubated (37°C in 5% COz) and 100 pl
aliquots of incubation media were taken from each compartment at hourly intervals,
for 4 h and couhted for radioactivity. Trans-epithelialitransport wés measured as the

percentage of radioactivity appearing in the receiver compartment compared to

provider compartment, per hour.

Transwell experiments were repeated in the presence of 1000 nM tariquidar (in
MDCKHMDR]) and 100 }lM MKS571 (m MDCKHMRN) to asses if differential
transport was specific to P-gp and MRP1 respectively. Transwell studies were also

performed with 1 pM [*H]-saquinavir (in MDCKIler, MDCKIIypg)) and 1 uM [*H]-

methotrexate (in MDCKIler, MDCK Iye1).

2.2.17 Determining the impact of P-gp and MRP1 in PBMés

To determine the influence of P-gp and MRP! expressed on PBIMCS on ’[H]-
| rifampicin accumulation, rifampicin CAR was determined in buffy coat derived
PBMCs in abser}be' and presence of tariquidar (1uM), MK571 (50 pM) and a
- combination of both. Further it was determined whether there was a significant drug

mteractiovn between rifampicin and other anti-TB drugs (100 uM isoniazid,
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pyrazinamide and ethambutol), anti-HIV drugs (100 pM saquinavir, ritonavir and

nélﬁnavirb)‘and anti-malarial drugs (100 pM mefloquine and chloroquine).

©2.2.18 PBMC P-gp and MRPI1 expression vs rifampicin accumulation

PBMCs were isolated from 60 mL of blood taken from 12 healthy volunteers (2.2.3).
Rifampicin CAR was determined in quadruplicate samples, and remaining cells were
frozen down (-80°C) in FCS (10% DMSO), to be analysed for P-gp and MRP1

expression at a later date. Rifampicin CAR was then correlated with transporter

. expression.

2.2.19 Data handling and statistical analysis

Data are presentea as mean + SD. Data were checked for normality using a Shapiro-
Wilk test. If data were found to be normally distributed a paired or unpaired T-test
was used. if data were found to be non-normally distributed a Mann-Whitney test
was used. For correlation analysis, data were tested for normality and a simple linear

regression performed. P<0.05 was taken as indicative of signiﬁcénce. EC50s were

calculated using GraphPad Prism 3.
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2.3 Results

2.3.1 . Macrophage Transporter expression

Both immnohistochemistry and confocal microscopy of BAL and MDM respectively
showed greater P-gp specific UIC2 binding than isotype control binding (Fig. 2.1 and
2.2). Real time PCR for the detection of P-gp and MRP1 mRNA showed that all four
alveolar macrophage mRNA extracts expressed both transpdrters, and that the

| products were of the correct amplicon size (P-gp: 79 bp, MRP-1: 107 bp) (Fig. 2.3).

2.3.2 _CE.M cell line P-gp and MRP1 expression

Using flow cytometry, a significant difference in P-gp expression was observed
between CEMyaLioo (difference in FL2 ﬂuorescence + SD: 34.70 £ 4.32, P < 0.05)
~and CEM (0.29 £ 0.04). No difference was observed between the P-gp expression of
CEM (0.29 # 0.04) and CEMg;qq0 (0.33 + 0.07) (Fig. 2.4 and 2.5). Both CEMg 000
(difference in FL1 fluorescence + SD: 5.22 + 0.87, P <0.05) and CEMvsLi00 (1.Q6 +

0.26, P < 0.05) showed a significant increase in MRP1 expression >compared to that

of the parental CEM (0.22 + 0.06) (Fig. 2.4 and 2.5).

Western blot analysis of the CEM cell lines (Fig. 2.6) showed basal P-gp exbression
in CEM and CEME; 00 and a much greater P—gp expression in the CEMyp00. MRP1 |
could only be detected in the CEMEi1000 cells and the positive control MDCKyrp:

cells. MRP2 was not detected in any of the CEM cell lines and was only seen in the

MDCKIIMsz positive control.
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2.3.3 Rifampicin accumulation in denatured cells

Rifampicin cellular accumulation was found to be significantly increased in CEM,
CEMyvaL100 CEMEloooic.ells and buffy coat PBMCs when the cells were denatured by

heat kill compared to controls (Fig 2.7, Table 2.1)

2.3.4 Differential drug toxicity in CEM cells

The cellular toxicity of rifampicin, isoniazid, pyrazinamide and ethambutol was
determined in CEM, CEMypy 00 and CEMgig00 cell lines (Fig. 2.8 and 2.9, Table -
2.2). No differential toxicity was observed for isoniazid and pyrazinamide in the
three cell lines. Ethambutol toxicity was the same in CEM (Mean EC50 + SD: 5.6 +
0.7 mM) and CEMgo00 (4.3 £ 0.7 mM) cells Eut was significantly reduced in
CEMVBUOO. (15.0 £ 1.4 mM, P<0.05, n=4). Tariquidar was able to significantly

increase CEMypLiq0 toxicity (9.5 + 1.0 mM) without affecting CEM toxicity (5.1 %

0.7 mM) (Table 2.2).

Rifampicin toxicity was significantly decreased in CEMygLioo (152 £ 4.1 uM,
P<0.05, n¥8) and CEMEigg (115 + 6.7 pM, P<0.05, n=8) compared to the parental
CEM (104 + 2.3 uM, n=8). Tariquidar (1 pM) reversed the EC50 of rifampicin in
CEMyarigo (103 £ 5.1 HM, P>0.01, n=4) to that of the parental CEM, but also cau;sed
a slight decrease in the EC50 measured in CEM cells (91.1 £ 6.7 uM, P<0.05, n=4).
MKS571 (100 uM) signiﬁcantly decreased the rifampicin EC50 in CEME000 (72;4 +
3.7, P>0.01, n—4) but also had a dramatic effect in CEM cells (61.0 + 5.8, P>O 01,

n=4) (Table 2.2). Both tariquidar (1 uM) and MKS571 (100 pM) were not found to be

toxic on their own,
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2.3.5 Differential drug accumulation in CEM cells

The CAR 6f the control dmgs; saquinavir, methotrexate and diclofenac, confirmed
that CEMQBUOO effluxed ,saquinavir (a known P-gpl substrate), CEMEIOOO efﬂu'xed
methotrexate (a known MRP1 substrate) and that diclofenac was not effluxed by

either transporter (Table 2.3).

To determine optimal inhibitory concentrations of tariquidar and MK571, the effect
was determined on [*H]-saquinavir accumulation (Fi.g. 2.10 and 2.11). Saquinavir
CAR in CEMyspL 100 (mean + SD; 12.3 i 5.9) was signiﬂcan‘;ly increased af tafiquidar
concentrations above 30 nM (69.8 + 5.1, P>0.05) and was optimal above 100 nM
(96.8 + '3.8, P>0.05) (Fig. 2‘.10). Tariquidar showed no effect on saquinavir
| accumulation in the CEM or CEME000 cells. Saquinavir accumulatiqn in CEMEg000
| (78.9 % 3.4) was significantly increased in the presence of 3 1M MK571 (1013 +
2.9, P>0.05) and was optimally inhibited at MK751 concentrations above 30 uM
(1355 + 10.0, P>0.05) (Fig. 2.11). MK571 however also caused a significant

increase in saquinavir accumulation in CEM cells above 3 uM.

The basal CAR of isoniazid in CEM, CEMyvaLigo and CEME g0 cell lines were
similar (Fig. 2.12, Table 2.3). The CAR of [*H]-rifampicin was significantly
decreased in CEMyay 00 (mean + SD: 3.19 = 0.24, P<0.05) and CEMEgjg00 (3.77 %

0.38, P<0.05) compared to the parental CEM cell line (5.19 £ 0.38) (Fig 12, Table
2.3).

1 uM Tariquidar caused a significant increase in rifampicin CAR in CEMysgLigo (4.06

* 0.13, P<0.05) compared to the drug alone (3.19 £ 0.24). Tariquidar showed no .

7
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effect on rifampicin accumulation in CEM or CEME g0 cells (Fig. 2.13, Table 2.3).
100 pM MK571 caused a significant increase in rifampicin CAR in CEMg g0 (4.71
+ 0.41, P<0.05) compared to controls (3.77 £ 0.38). Héwever, 100 uM MKS71 also
caused a signiﬁcaﬁt increase in the accumulation of rifampicin in CEMypgy 00 cells

(from 3.19 + 0.24 t0 3.95 % 0.21, P<0.05) (Fig. 2.13, Table 2.3).

2.3.6 Rifampicin transport in MDCKII transwell assays

To confirm substrate affinity of rifampicin, MDCKlIlct, MDCKllvpr; and
MDCKIlugp; transwell studies were performed to evaluate the rate of basolaterally
and apically directed translocation across the monolayer. In all cases the rate of
apical or basal translocation of [14C]-mannitol ;Vas‘ less than 1 %/lﬁr, indicating
:m’onolaye‘r intégrity. P-gp_in MDCKIImpr, clones is located on the apical membrane
-whereas MRP1 in MDCKIIygp; is located on the basolateral membrane. Parenta14

MDCKII cells express endogenous transporters that govern the basal translocation of

rifampicin.

Apically directed rifampicin transport was increased in the MDCKIIypr; (12.1 £0.4
%/hr, P<0.05) (Fig, 2.14, Table 2.4) compared to the MDCKllcrp cells (8.9 # O.S
%/hr). MDCKIIvpr; apically directed transport was reverted back to that of the
MDCKller. by ‘tariquidar (1pM) (8.1 + 0.6 %fhr, P<0.0$). The basolateral
translocation of rifampicin was similar in the MDCKILygp; (1.5 £ 0.1 %fhr)
compared to the MDCKIlery (1.1 + 0.1 %/hr) and was also not influenced in the

presence of 100 uM MK571 (Fig, 2.14, Table 2.4).
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The positive control for P-gp, saquinavir showed significantly increased apical
translocation in MDCKlImpg; (25.2 = 1.78 %/hr, P<0.05) compared to MDCKIlctL
(13.6 = 2.14 %/hr). However, basolateral translocation of the MRP1 substrate

methotrexate was not significantly different between the MDCKlIcr (0.50 + 0.1

%/hr) and the MDCKIlygp; (0.42 £ 0.13 %/hr).

2.3.7 Modulation of rifampicin CAR in PBMCs by other drugs

Rifampicin CAR in buffy coat derived PBMCs (n=6) was not affected by P-gp
and/or MRP1 inhibition, or by the co-incubation with anti-TB drugs (100 uM
isoniazid, pyrazinamide and ethambutol), anti-HIV drugs (100 pM saquinavir,

ritonavir and nelfinavir) or anti-malarial drugs (100 pM mefloquine and chloroquine)

(Fig. 2.15).

2.3.8 Rifampicin accumulation vs transporter expression
Rifampicin CAR in PBMCs derived from 12 healthy volunteers did not correlate

with the P-gp or MRPl expression of those PBMCs (Fig. 2.16). There was however a

significant positive linear correlation between the PBMC P-gp and MRP1 expression

(2 = 0.37, P<0.05) (Fig. 2.16).

82



Chapter 2 - In vitro Drug Transporters and Anti-tuberculosis Drugs

2.3.9 Results Tables

Table 2.1; Rifampicin CAR in CEM, CEMysgL100, CEME1000 and buffy coat PBMCs
- alone, and in heat killed denatured cells. Data mean £ SD (n > 4), * P<0 05

compared to control conditions.

Rifampicin Cellular Accumulation Ratio (CAR) mean £ SD
Control Denatured cells
CEM 5.54+0.21 7.58 £ 1.28%
CEMysgLi00 © 34020.14 6.66 + 0.86*
- CEMg1000 4.63+0.34 7.44 £ 1.56*
PBMC 5.96 + 0.80 841+ 121
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Table 27.‘2: EC50 values of rifampicin (RIF), isoniazid (INH), pyrazinamide (PZA) and ethambutol (EMB) in CEM, CEMyagy 190 and
CEMEj1q00. For rifampicin and ethambutol, experiments were conducted alone and in the presence of tariquidar (1 pM) or MK571 (100

uM). Data are mean + SD (n=4). ™" P <0.001 (compared to CEM), * P <0.05, ** = P < 0.01 (compared to drug alone).

¥

EC50 values
Cell Line Isoniazid Pyrazinamide Ethaﬁbutol Rifampicin
(mM) (mM) (mM) (uM)
Drug Alone Drug Alone Drug Alone + Tariquidar Dfug Alone + Tariquidar + MK571
CEM 16.6+4.2 126+1.3 56+0.7 5.1 +0.7 104 +2.3 91.1+6.7 61.0:&5.8**.‘
CEMvsuoo 13.4+1.9 11.4+£27 150+ 1.4™ | 95+1.0* 152 4.1 103i5.1‘** N/A
CEMEg 000 13.3+£32 B 9905 43+0.7 N/A 115677 N/A 724+ 3.7%*
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Table 2.3:. The CAR of 1 uM [BH]-rifampicin and 1 uM [14C]-isoniazid in CEM, CEMysL 100 and CEME)ggo cells. The accumulation
of 1 pM [*H]-saquinavir (P-gp substrate control), [*H]-methotrexate (MRP1 substrate control) and ['*C]-diclofenac (negative control
for both transporters) is also given. Data are mean + SD (n = 4). ™ P < 0.001 (compared to CEM), * P < 0.05, ** = P < 0.01
(compared to drug alone). ' '

c8

Cellular Acgu;ﬁulation Ratio (CAR)
Cell Line Rifampicin Isoniazid Saquinavir Methotrexate I‘)‘iclofenac
Drug Alone + Tax;iquidar + MK571 vDrug Alone Drug Alone Drug Alone Drug Alone
CEM 5.19+£0.38 5.08+0.29 5.34+0.42 1 0.27£0.08 1237+ 19.9 1.19+0.23 9.25+ 1.51
CEMysgL100 3.19+0.24™ 4118 :t 0.13** 395+£021% .k.0.23 +0.05 7.76 £ 1.9%* N/A 8.17+048
CEMegi000 3.77+£038™ 3.69+0.53 4.71 +0.41* - 0.25 £ 0.04 N/A 0.81 +0.10* 922+ 1.18
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Table 2.4: Rate of apically and basolaterally directed transport of rifampicin, saquinavir and methotrexate in MDCKIICT'L, ‘
MDCKlIImpri and MDCKIlIuvrp;. Rifampicin transport is also repeated in the presence of the P-gp inhibitor tariquidar (1 pM) and the
MRP1 inhibitor MK571 (100 uM). Data are mean + SD (n = 4). * P < 0.05 (compared to MDCKllcry), * P < 0.05 (compared to drug
alone). _ ’

Rate of directional transport (%/hr)
Cell Line Trﬁnsport Direction Rifampicin (uM) Saquinavir Methotrexate
Drug Alone + Tariquidar + MK571 Drug Alone Drug Alone
Apical — Basal 1.1+0.1 "1.1£0.1 N/A 0.21+0.09 0.50+0.11
MDCKI _ ' _
Basal — Apical 89+0.5 8.6+0.3 N/A 13.6£2.14 065+0.12
Apical — Basal 0.6+0.1 1.3£0.0 N/A 0.77+0.34 N/A
MDCKypri B ,
Basal — Apical 12.1£04 % 8.1+0.6" N/A 252+ 1.78 * - N/A
Apical — Basal 1.5+0.1 N/A 2.8+0.5 N/A. 0.42+0.13
MDCKInmgp
Basal — Apical 24+0.2 N/A 3.0£0.1 - N/A 0.57+0.16
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Figure 2.1: Immunohistochemical detection of P-glycoprotein in BAL cells stained with (A) isotype control antibody (IgG,4) and (B) P-gp
specific UIC2 antibody.
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Figure 2.2: Confocal microscopy detection of P-glycoprotein in MDM cells stained with (A) rPE conjugated isotype control antibody
(IgG,a-rPE) and (B) rPE conjugated P-gp specific antibody. (UIC2-rPE)
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Figure 2.3: Real-time RT-PCR for the detection of (A) P-gp and (B) MRPI in
human liver ¢cDNA (positive control) and alveolar macrophage ¢cDNAs (mol-4)
purified from 4 BAL samples. Top left of each trace shows the PCR products of the
appropriate size on a 3% agarose gel.
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Figure 2.4: Representative flow cytometric histograms depicting the expression of P-
gp (A, B, C) and MRP1 (D, E, F) in CEM (A, D), CEMygyi00 (B, E) and CEME;000
(C, F) cell lines. Black lines (====) represent isotype control antibody binding and
red lines ( ) represent specific antibody binding. The difference in the mean

fluorescence of the specific vs non-specific binding is used as a measure of antibody
expression.

90



Chapter 2 — In vitro Drug Transporters and Anti-tuberculosis Drugs

ns

>

(98]
i

o [§S) (O8]
o (9] (o

ESN
<>
DN et e e WP B GRS TP BN, [N o) TR T |
—

o=y
wn

P-gp expression (RFU)

—_—
(e]

CEM CEM,y 5  CEM

E1000

MRP1 expression (RFU)

0 [

CEM CEMVBLIOO CEMEI()UO

Figure 2.5: Expression of (A) P-gp and (B) MRP1 in CEM cell lines as measured by
flow cytometry. Data are expressed as a mean difference in median fluorescence of
the specific antibody binding to that of the non-specific antibody and are the mean of
4 independent replicates + SD. *P < (.05, Mann Whitney)

o1



Chapter 2 — In vitro Drug Transporters and Anti-tuberculosis Drugs

19ppe]

YN IIDAN
CRIN IRIDAN
NFD

OOI’]EIAWHD

()OOIHWEI:)

001T8A 1
19ppe]

[N ITIDAN
CAIN ITIDAN

INED
00018\ ey

0()['18/\]/\13:)
19ppe]

[N IIOAN
TN IIDAN
D

()OOIEIWHD

92

-gp (A) MRP1 (B) and MRP2 (C) expression in CEM, CEMyg; 100. CEM;:1000, MDCKIIpmgrpi

Figure 2.6: Representative western blots of P

and MDCKHMRPQ.
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Figure 2.7 Rif.al'npicin CAR in CEM, CEMygL100, CEMg;009 and buffy coat PBMCs
in control condltlgllS (30 min, 370C), and following the denaturing of the cells (heat
kill at 60°C, 30 min). Data are mean + SD (n=4), *P < 0.05, Mann Whitney.
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Figure 2.14: Trans-epithelial transport of 1 uM [3H]-rifampicin in MDCKlIc1 (A,
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Figure 2.15: Rifampicin CAR in buffy coat PBMCs under control conditions (30
min, 37°C), and following pre-incubation of cells with tariquidar (XR), MK571
(MK), isoniazid (INH), pyrazinamide (PZA), ethambutol (ETH), saquinavir (SQV),

ritonavir (RTV), nelfinavir (NFV), mefloquine (MQ) and chloroquine (CQ). Data are
mean + SD (n=6).
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2.4 Discussion

Confocal, immunohistochemical aﬁd rea] time RT-PCR identified the presence of P-
| gp and MRP1 protein and mRNA transcripts in alveolar macrophages and MDMs.
The presence of these active drug transporters may impact on the treatment of any
pathogens surviving within macrophages, such as tuberculosis and HIV. A large
number of studies have looked at the impact of these drﬁg transporters on' HIV drugs,

however assessment of their impact on anti-tuberculosis drug accumulation has been

limited.

Currently no human macrophage cell line is readily available to test the hypothesis
that transporters may modulate the ce}llular accumulation of anti-TB drugs, thereby
impacting upon their activity against intracellular MTB. Instead two wel‘l established
methods used to determine the substrate specificity of protease .inhibitors (Jones et
al., 2001b; Huisman et al., 2002), have been utilised to determine whether the anti-
TB drugs are sﬁbstrates for P-gp and/or MRPI. These include using> human T-
Iymphoblastoid cell lines (CEM) that overexpress P-gp (CEMygri00) and MRP1 |
(CEME1g00) as well | E;S Madin-Darby Caniné Kidney cell 1ines’ (MDCKII) thét |

overexpress P-gp (MDCKIlypz;) and MRP1 (MDCKIlygpy).

Initial screening -of rifampicin, isoniazid, pyrazinamide and ethambutol substrate
specificity for P-gf) and MRP1 was performed by determining their differential
to-kicity in the CEM cell lines. Screening of the CEM cell lines by flow cytometfy
and western blot éonﬁrmed the expected P-gp and MRP1 eﬁpression profiles. bData

demonstrated that CEMypy, 0o are protected against the toxicity of rifampicin and
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ethambutol compared to the parental CEM cells. Furthermore, inhibition of P-gp by
tariqﬁidar is able to fully reverse, or partially reverse .the EC50 of rifampicin and
~ ethambutol respectively to that of CEMs. The decrease in rifampicin EC50 in CEMs
by tariquidar may be due fo inhibition of basal P-gp mediated rifampicin transport,
whilst the partial reversal of the ethambutol EC50 in CEMyg190 by tariquidar
* suggests the influence of other transporters expressed on CEMyat 100 that can mediate
ethambutol accumulation. This data suggests that both rifampicin and ethambutol are

substrates for the P-gp, and are able to be modulated sufficiently to alter toxicity

profiles.

Data showed that CEMgi000 Were also protected against rifampicin toxicity compared
to parental CEMs. However, inhibition of MRPI by MKS571 did not specifically
reverse this but instead dramatically influenced rifampicin toxicity in both CEM and
CEMEiooo cells. These data therefore suggest that the reason for the differential
toxicity may be, partly caused by MRP1 overexpression. CEMg 00 cells were
generated from CEM cells by the grzidual selection in the MRP1 substrate;
epirubicin. This gelection process may have also altered the expression profile of

other influx or efflux transporters that may influence rifampicin accumulation.

The lack of differential toxicity for isoniazid and pyrazinamide on these cells
suggests that the overexpression of P-gp and MRP1 does not influence the
intracellular concentrations of these drugs. However, it must be noted that both
isoniazid and pyrazinamide are iny toxic at very high concentrations at which the |

transporters might be saturated and therefore are unable to affect intracellular

concentrations.
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At pr’esent there is no readily available radiolabelled ethambutol and pyrazinamide,
hence, we could not study their accumulation profiles »in the CEM cell lines. The
CAR. of the coﬁtrol drugs saquinavir, methotreiate and diclofenac, agree with
previous observations that saquinavir is a P-gp substrate (Srinivas et al., 1998; Jones
et al.,‘?.OOla;’ Dallas et al., 2004), methotrexate is a MRP1 substrate, (Hooijberg et

al., 1999; Zeng et al., 2001) and diclofenac is not a substrate for these transporters.

Inhibition of P-gp and MRP1 by tariquidar and MK571 respectively was optimised
using saquinavir accumulation as a reference. Tariquidar mediated inhibition of P-gp
was found to be optimal above 100 nM and specific for P-gp (in agreement with
(Mistry et al., 2001). On the other hand, MKS?I was able to optimally affect
saquinavir accumulation in CEMEgigoo above 30 uM, but at these conéentrations also

affected the accumﬁlation in the parental CEM cells, suggesting a lack in specificity.

No differential accumulation was observed for isoniazid, which is in agreement with
the isoniazid toxicity data, suggest'mg‘that isoniazid is not a substrate for P-gp or
MRP1. Also in agreement with the toxicity data discussed above, P-gp and MRPI
are able to redupe the cellular accumulation of rifampicin in CEMysLigee and
CEMEg 909 compared to the CEM. Tariquidar at 100 and 1000 nM was able to largely
reverse this accumulation without altering the accumulation in CEM or CEMg/gqo
cells. MK571 was able to modulate rifampicin accumulation in CEMg, 400, however
inhibition of rifampicin accumulation in CEMVBL)QO by MKS71 put into questioﬁ
Wwhether rifampicin is 2 MRP1 substrate. Increased accumulation of rifé.mpicin in

CEMyaii00 may be due to the inhibition of basal MRP1 in CEMuyaLioo (which is
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higher than in CEMs, Fig. 2.5). However, as with the toxicity data, changes seen may
indicate the inhibition of, as yet unknown transporters that influence rifampicin
accumulation by MK571. No differential accumulation was observed for isoniazid,

- which again suggests that it is not a substrate for P-gp or MRP1.

In order to investigate if the observations generated in the CEM cell lines could be
replicated in other cell types, we studied trans-epithelial transport of rifampicin and
control drugs ih MDCKI cell lines. As with the positive control P-gp substrate;
saquinavir (Huisman et al, 2002), the overexpression of P-gp in MDCKllvpgr;
(expressed apically) caused an increase in apically directed drug transport compared
‘to the parental MDCKlIcry, cell line. In the case of rifampicin, tariquidar was also
able to completel'y revert transport back to thaf of the parental MDCKIlecrp, by

tariquidar. These ﬁnding's supports the data generated in the CEM cells showing that

rifampicin is a P-gp substrate.

Although routine characterisation of the MDCKII éell lines by Western blot for
human P-gp and MRP1 established that there was no loss of the transfected
transporters (Owen et al., 2003), no difference was observed in the basolater-él
translocation of the MRP1 positive control substrate methotrexate (Hooijberg et al.,
1999; Zeng et al; 2001) in MDCKllyrp; cells compared to MDCKlIl¢r. The
unchanggd basolaterally directed transport of rifampicin between MDCKIIygrp; and |
MDCKIlI¢r; cells therefore is unable to clarify whether or not rifampicin is an MRP1
substrate. - Previous studies with MDCKHMRPX cell lines havé also produced
| Conﬂictiﬁg results, indicating that the antiretroviral, saquinavir, was not an MRP1

substrate (Huisman ef al., 2002), whilst saquinavir has been shown to be a substrate
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for MRP1 by other MRP1 systems (Srinivas et al., 1998; Jones et al., 2001a; Dallas

et al., 2004).

. As cell line models with high transporter expression have been utilised to deteﬁnine
drug substrates affinities for P-gp and MRP1, one cannot draw direct conclusions on
the role of drug transporters on the modulatioﬁ of anti-TB drugs in alveolar
macrophages. Data looking at the modulation of rifampicin accumulation in buffy
coat derived PBMCs (Fig. 2.15) however, show that basal expression of drug
trvansporters has little effect on the rifampicin accumulation. Further, other drugs that
are likely to be co-administered with rifampicin; other anti-fuberculosis drugs, anti-
retrovirals and anﬁ-malarials, had no impact on cellular rifampicin accumulation. No
co.rrelation was also found between‘the expressioﬁ of basal P-gp and MRP1 and the
rifampicin CAR. Even though transporter expression is not directly a marker of
transporter activity, data does suggest that the modulation of rifampicin by basal
levels of P-gp and MRP1 is limited. It must be remembered that rifampicin itself is

an inducer of P-gp and may therefore be able to modulate its own efﬂux when P-gp

expression increases.
Further studies on the role of drug transporters on rifampicin and ethambutol

accumulation in alveolar macrophages are required to understand their in vivo role.

In summary, using these cell systems, conclusive evidence has been provided to
show that rifampicin‘ is a P-gp substrate. This adds to the original observations by
(Schuetz er al, 1996), that P-gp knockout mice have increased rifampicin

bioavailabilty compared to the wild-type. Further, it has beén demonstrated that
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ethambutol is a P-gp substrate but isoniazid and pyrazinamide are not substrates for
"P-gp or MRP1. To understand the full contribution of the active drug transporter on
the drug accumulation and anti-bacterial activity of rifampicin and ethambutol,

similar studies need to be performed in alveolar macrophages of tuberculosis patients

with induced P-gp.
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. CHAPTER 3

‘Characterisation of the time and concentration
dependent bacteriostatic activity of anti-tuberculosis

drugs on extracellular H37Rv
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’3.1 “Introduction

With the need for long term drug therapy tb fully eradicate TB from a patient’s body,
. it is important to ﬁnderstand the pharmacology of the anti-TB drugs on
Mycobacterium tuberculosis (MTB). over time. Targeting extracellular bacilli is an
important componént at the beginning of TB therapy (early bactericidal activity:
EBA). Numerous assays have previously been employed to examine a ‘snap-shot’
determination of the drug concentration depeﬁdent steﬁlisation activity of
extracellular MTB. Limited data are however available on the effect of both drug

concentration and exposure time on the sterilisation of extracellular bacilli.

Traditional culture methods for extracellulaf MTB drug susceptibility testing is by
the proportion méthod, pérformed on solid media (middlebrook 7H10/7H11 agar or
Lowenstein-Jensen slopes). However, solid media culture experiments are Very time
consuming (at least 3 weeks) because MTB grows more slowly on solid media than
in liquid culture (Cheng et al., 1994). Inr the search for high throughput methods to
assess multi-drug resistant tuberculosis, many new screening methods have beeﬁ
developed involving liguid culture. In addition to assessing bacterial strai;1

resistance, these novel methods can also be utilised to increase the understanding of

‘ th¢ anti tuberculosis activity of current drugs.

The two main colourimetric methods developed for quantifying MTRB drug
. susceptibility are the micrdplate based MTT assay (MMA) and the microplate based
Alamar blue assay (MABA). MTT and Alamar blue are the two respective indicator
dyes used by these methods to determine MTB viability in the presence of drugs.

. Both the MMA an@ the MABA assay have been routinely used in determining drug
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sensitivity and susceptibility (Collins and Franzblau, 1997; Abate et al, 1998,
Franzblau ef al., 1998; Mshana er al., 1998; De Logu et al., 2001; Caviedes et al.,
2002, Fodngladda etal., }2002; Luna-Herrera et al., 2003; Abate et al., 2004; Reis et

al., 2004).

More sophisticated liquid culture drug susceptlblhty assays such as the BACTEC
system can also be used which rehes on the determination of the rate of 'C- Iabeled
CO, as an indicator of MTB viability (Col 1ms and Franzblau, 1997; Jayaram et al.,
2003; Jayaram et al., 2004). Further, the Green Fluorescent Protein microplakte)asbsay
(GFPMA) can.be'used to measure drug snséeptibility By utilising an H37Rv MTB
strain containing a transfected green fluorescent protein reporter gene (H37Rv gfp)

(Changsen et al., 2003).

In this study the MABA assay has been developed to characterise the time and
concentration dependent bacteriostatic activity of rifampicin, isoniazid, ethambutol
and pyrazinamide on H37Rv grown in liquid culture. Further, we examined the

emergence of drug resistance and tolerance by MTB over time in the MABA.
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3.2 Methods

321 Materials

Middlebrook 7H9, Middlebrook 7H11, and the oleic acid, albumin, dextrose mix
(OADC) were purchased from Becton Dickinson, Oxford, UK. Alamar blue was
obtained from Serotec, Oxford, UK. The Mycobacterium tuberculosis reference
strain (H37Rv) was obtained from the American Type culture Collection (ATCC,
Rpckville, MD). All other materials were purchased from Sigma-Aldrich (Poole,

UK).

3.2.2 Preparation of H37Rv suspensions

‘To obtain log-phase bacterial suspensions, H37Rv was grown on Lowenstein Jensen
sllopesy (37°C, 2 weeks). Individual colonies were then transferred to a 28 ml
‘McCartney bottle containing around 20 borosilicété: sélid glass beads (2 mm
diameter) and 5 ml of Middlebrook TH9 broth (Becton Dickinson, Oxford, UK)
- supplemented with 0.2 % (v/v) Glycerol, 0.05 % (v/v) Tween 80 and 10 % (v/v)
OADC (oieic acid, albumin, dextrose, catalase; Becton Dickinson, Oxford,
UK)(7HOGT). The suspension-was vort'cxed to break up ciumps and allowed to grow

(1 week, 37°C). : L

'3.2.3 Quantification of bacterial concentrations in liquid suspensions

McFarland standards were used to standardise the approximate number of bacteria in
a liqﬁid suspension by comparir'lg‘their turbidity at 600 nm (Ab600) to tﬁat of the
McFarland standards (McFarland, 1907). McFarland standards  were prepared by
thoyoughlvy mixing 1% (w/v) BaCl, and 1% (w/v) H,SO, asv shown in Table 3.1. A

standard curve was generated by measuring the Ab600 (Biowave CO8000 cell
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density meter, Jencons-PLS, Bedfordshire, UK) of sach standard (500 pL) and
plotting it against their representative bacterial concentrations (McFarland No 1 1;s
approximately 3 x 10® cfu/ml). frior to each,experimen‘t, H37Rv suspensions were
vortexed thoroughly and clumps left to settle (10 min). The turbidity was then
1ﬁeasured (Ab600) and bacterial concentration estimated of the standard_ curve.

Table 3.1: Representative bacterial concentrations for the different McFarland
standards, and the proportion of 1% BaCl, and 1% H,SO4 needed to produce them.

Bacterial concentration 1% BaCl, 1% H,S0,
McFarland Standard No. (CFU/ml) Volume (uL) | Volume (uL)

0 0 0 | 10000
05 1.5x10° 50 9950
1 3x10° 100 9900
1.5 | 4.5x% 10° 150 9850
2 6x 10° 200 9800

2. - 75x10° 250 9750
3 S 9x10? ? 300 9700

3.2.4 Determination of H37Rv sterilisation method

To allow for the analysis of experimental procedures outside the category 3 facility it
was essenﬁél to determine a suitable method to sterilise H37Rv suspensions. H37Rv
suspeﬁsions were diluted to l‘x 10’ CFU/ml in 7HOGT b;oth and aliquoted into a 96
well plate (100 uL). To respective wells, either Alamar blue working soiution 30
ul, 2:1 (v/v) Alamar blue, 10 % Tween 80), MTT working solution (20 uL, 5 mg/mli
MTT) or 7H9GT.(3O pL) was added. Following incubation (37°C, 24 hr), 100 uL of
the following potential stesilising solutions was added to the wells with and without
the added dyes: 7H9GT (Cont;ol), 20% SDS SQ% dimethylformamide (MTT lysis
bﬁffer), 0.1 N HCl in isopropanol, 1 % paraformalydehyde, 2 % paraformalydehyde, |

4 % paraformalydehyde and 8 % paraformalydehyde.
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Following incubation (24 hr, 37°C), samples weré transferred to screwcap tubes and
washed 3 times (1 ml sterile PBS, 2000 x g, 10 mi.n). The H37Rv pellets were then i
>re§uspendAed (100 pL 7H9GT5 and transferred onto Middlelbrook, 7H11 plates
(‘supplement.e‘d with 0.2 % (v/v) Glycerol, 0.05 % (v/v) Tween 80 and 10 %A(V/V‘)
OADC). Plates were then incubated (8 weeks, 37 °C) before being scored for H37Rv

colony growth (culture positive or negative).

3.2.5 Determination of the lower limit of sensitivity of MTT and Alamar blue

Stock H37Rv suspensions were quantiﬁed (n=4) and serially diluted (1 in 3) in
THOGT (1‘ x 107 to 1 x 10° cfu/ml). 100 pL of each H37’Rv concentration was added‘
to a 96 well plate (8 wellé per plate, in dupﬁcate) as well as 100 pL of media
(negative control). 20 pL éf MTT (5mg/mL) or 30 pL of Aiamar blue (2:1 (v/v)
Alamar blue: 10% Tween 80) was added to all the wells of paired plates. Following
incubation (24 hr, 37°C) 100 uL of MTT lysis buffer (100uL, 20% SDS 50%
dimethylformamide) was added to the MTT plates and 8 % paraformaldhyde to the
Alamar blue plafes. Following further incubation (24 hr, 37 °C), H37Rv MTT
formazan (MTT metabolite) fo@ation was measured at an absorbance of 570 nm, ‘
while the Alamar blue reduction was measured by a ﬂuofe‘sce;ﬁce spectrophotometer
(excitatién 530 nm, emission 590 nm).rData were expressed as percentage increased

fluorescence or absorbance compared to the H37Rv free control.

3.2.6 Determination of thé upper limit of sensitivity of Alamar blue

The experiment was performed as described above but with a H37Rv concentration
ranging from 1 x 10® to 1 x 10° cf/ml. Alamar blue was used to measure H37Rv

viability.
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3.2.7 Microplate Alamar Blue Assay (MABA)

This assay was set up as described by (Collins and Franzblau, 1997) with certain
modifications. Briefly, 96 well microplates were set up as in Fig 3.1. Sterile PBS
(200 pl) was added to the outside two wells of a 96 well plate to reduce later
evaporation from the inner wells. Serial drug dilutions were made up in 7H9GT (at
two times the desired concentration) and added to the columns (50 pL) of a 96 well
plate (leaving one column as a drug free control: 7HOGT only). 50 pL of 7TH9GT was
then added to the top row (H37Rv free, drug only control). Stock H37Rv suspension
concentrations were determined, diluted (2 x 10’ ¢fu/ml in 7H9GT) and added to the
bottom 3 rows (50 pL). The plate was then returned to the incubator (37 °C) for the
desired amount of time.

Figure 3.1: Representation of the layout of the MABA microplate. Blue wells
represent PBS to reduce sample evaporation.
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Following the incubation, 30 puL of Alamar blue (2:1 (v:v) Alamar blue: Tween 80)

was added to the test wells to determine H37Rv viability. Following incubation (24
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hr, 37 °C) the plate was sterilised by the addition of 8 % paraformaldhyde (100 pL)
and the Alamaf' blue plates were read by a fluorescence spectrophotometer

(excitation 530 nm, emission 590 nm). Data was preseﬁted as backg;ound (H37Rv

free) corrected fluorescence or absorbance units.

~ 3.2.8 Paraformaldehyde mediated H37Rv kill by MABA-

To investigate the paraformaldehyde concentration dependent sterilisation of H37Rv,
MABA was used. Serial 2 fold dilutions of paraformaldehyde (10%) were performed
and 50 pL added to each column of a 96 well plate (n=4). Stock H37Rv suspensions
were quantified, ;iiluted‘to 3 x 108 cfu/ﬁll (McFarland stémdard No 1), and 50 pL
added to each well (n=4). Following incubation (24hr, 37°C), 30 uL of Alamar blue
working solution (2:1 (v/v) Alamar blue: 10% Tween 80) was added to each well
(24hr,. 737°C). 100 pL of 8% parafonﬁaldehyde was then added (24hr, 37°C) and‘

H37Rv viability assessed as described before in section 3.2.7.

3.2.9. Time and drug concentration dependent kill of extrac;&llular H37Rv

To determine the concentration and time dependent kill of H37Rv, 4 quadruplicate
rifampicin (ﬁnal ¢onc. 0.23 — 166 ng/mL), isoniazid (6.9 ~ 5000 ng/mL), ethambutol
(69 - 50000 ng/mL) and pyrazinamide (69 -‘\‘SOOOO ng/mL) MABA plétes were set
up with a final bacterial concentration of approximatély 1 x.107 cfwml. H37Rv

viability was determined at day 0, 7, 14 and 21,

Simultaneously, one 96 well plate was prepared containing the same drug
concentrations as above, but with a bacterial mixture of the 4 stock H37Rv mixtures

(final concentratioq of approx.,,l x 107 cfu/ml); The full 100 uLvof each well was
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then transferred onto a 7H11GT agar plate made to the same drug concentration as
the sample. THI1GT agar plate were incubated (3 weeks, 37°C) and H37Rv colony

growth assessed.

3.2110 Rifampicin susceptibility of isoniazid tolerant H37Rv
At bacterial concve.:‘ntrations above 1 x 107 cfu/ml, isoniazid exposure (up to 5000
ng/mL fér 7 days) is unable to pre{/ent H37Rv mediated Alamar blue turnover. In
order to determine if this phenomenon is due to viable, isoniazid tolerant bactér;a, the
‘bacterial population was tested for its rifampicin susceptibility. For this experiment
one MABA plate was set up with an isoniazid curve (final conc.: 6.9 - 5000 ng/mL),
and another with all wells containing 5000 ng/ml isoniazid. Both plates contained 50
uL of drug and 50 uL of H37Rv (final conc. 3 x 107 cfu/mL). Following incubation
(7 days, 37°C), 50 pL of rifampicin (0 ~ 500 ‘n‘g/mL, final conc. 0 — 166 ng/mL) was
added to the plate containing the H37Rv bacteria in 5 pg/ml isoniazid. Following

further incubation (7 days, 37°C) both plates were analysed for H37Rv viability.

3.2.1‘1 Generation and assessment of rifampicin and isoniazid tolerant H37Rv _
strains
Middlebrook 7H11 agar plates (Becton Dickinson, Oxford, UK) supplemented with
0.2 % (v/v) Glycerol, 0.05 % (v/v) Tween 80 and 10 % (v/v) OADC (oleic acid,
albumin, dextrose, catalase; Becton Dickinson, Oxford, UK)(7H11GT) were made
containing isonaizid (5000 ng/mL) or rifampicin (166 ng/mL). H37Rv suspensibns
- were then diluted (to: 3 108,v 3x10",3x 10° and 3 'x} 10° cfu/ml) and 100 uL spread
over 7H11GT plates. Following" iﬁcubation @3 ‘weeks, 37°C) single colonies were
selected from the 7H11GT plates containing isoniazid (H37R§;NH) or rifampicin

(H37Rvgjr) and split into either 7THOGT (H37RVripmepia and H37Rvinwmepia) oF in
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7HOGT containing 5000 ng/mL isoniazid (H37Rvwmy) or 166 ng/mL rifampicin
(H37Rvrirrir). H37Rv strains were grown up and split in their rcspective medias (3.

weeks, 37°C) to allow for reversal of tolerance.

To determine whether the developed drug tolerance was reversible or permanent, 7
day isoniazid susceptibility curves (6.9 — 5000 ng/mL) were performed.on the
original parental H37Rv, H37RV[NH/M501A and H37Rvinwnu strains, and a rifampicin
susceptibility curve (0.23 — 166 ng/mL) on the parental H37Rv, H37RVR1F/MED1A and
H37Rvgimrir. - Also an ethionamide susceptibility curve was run on the parental

H37Rv, H37RVINH/MED1A and H37Rvnu/nH strains.

To determine the level of growth fitness of the generated H37Rv strains their growth
rate was determined. Serial (1 in 3) dilutions of the H37Rv strains (in 7H9GT) were
made (0 - 1x 10%) and 100 pL added to 96 well plate (quadruplicate). FolloWing 0,
2, 4,7 and 9 day incubation (37°C) Alamar blue was added to the wells (24 hr, 37°C)
and terminated (24 hr, 37°C). The rate of growth for each H37Rv concentration was

determined when growth was linear (linear part of sigmoidal growth curve).

3.2.12 Data handling and statistical analysis:

‘ECSO and EC90 data were méasured using Graphpad Prism (3.0). Analysis for
statistical significance of the change in EC50 over time was measured by Paired T-

test analysis.
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3.3/ Results -

3.3.1 H37Ry sterilisation method:

Follov;/ing the one day incubation of H37Rv in the preséncé of MT;f or Alamar blue
~all wells displayed colour. change. Following a subsequent 24 hr exposure to
proposed killing solutions, bacterial viabilify was assessed by 8 week culture
positivity. Results indicate that neither MTT nor Alamar blue alone affected H37Rv
viability, while all the sterilising solutions tested did result in culture negative
7H11GT plates after 8 weeks (Table 3.2). It was noted however that 0.1 N HCL
isopropanol caused a colour change to the MTT formazan and the reduced Alamar
-blue. Further, paraformaldehyde did not solublise MTT formazan and could therefore
not be used for the MTT assay. Concentration depéndent éterilisation of H37Rv
- using the MABA showed that concentrations of paraformaldehyde above 0.5 % for

24hr preVented H37Rv mediated Alamar blue turnover (Fig. 3.2).

3.3.2 H37RV detection by Alamar blue and MTT
Both Alamar blqe and MTT were good surrogate mgrkers for H37Rv viability. -
However, Alamar blue (lower limit of sensitivity around 1 x 10° c¢fu/ml, 1 x 10°
cfu/well) was around 10 fold more sensitivé than MTT (lower limit of Vsénsitivity
arouhd 1 x 10° cfu/ml, 1 x 10° cfu/well) in measurihg H37Rv viability (Fig. 3.3).

Alamar blue turnover séturates at around 2 x 107 cfu/ml (Fig. 3.4).

120



Chapter 3 — Extracellular kill of H37Rv by anti-TB drugs

3.3.3 Time dependent drug kill
Differential day 0 H37Rv mediated Alamar blue turnover between the individual
replicates (Fig; 3.5A, 3.6A, 3.7A and 3.8A) illustrate variation in the initial inoculum

(6=2>n=4>n=1>n=3). .

Rifampicin concentration viability curves (Fig. 3.5) show that there is a gradual
increase in the EC50 from 1.55 ng/mL (day 7) to 24.7 ng/mL (day 21) (Table 3.3).
Further, rifafnpicin eliminates the basal level of Alamar blue turnover (Day 0),
within 7 days. All the samples that were placed on rifampicin containing 7H11GT

were positive (with at least 100 colonies per plate) (Table 3.4).

Isoniazid co’ncentratioﬁ viability curves show a dramétic increase in the EC50 over
time (Fig. 3.6) (Table 3.3). Day 7 H37Rv susceptibility to isoniazid is relative]y
consistent ‘at 47.6 £ 7.78 ng/mL (mean‘ + SD, n=4). At day 14, 2 of the‘ four
indepéndent repiicates show full isoniazid tolerance (at 5000 ng/mL), whiist the .
other 2 show increased EC50. At day 21, 3 of the four.independent rveplicates show
full isoniazid tolerance. Furthér, isoniazid caused-an increase (not decrease) in the
basal (day 0) Alamar blue turnover, over the course of the 3 weeks. Samples that
were placed on isoniazid containing 7H11GT. were positive (with ‘a’t least 100
colonies per plate) at concentrations below 61.7 ng/mL. At .and above this
concentration (5600 ng/mL) a small number of colénies were able to persist (Table

3.4).

Ethambuto] concentration dependent decrease in H37Rv viability remained

unchanged over the 3 week period (Fig. 3.7) (Table 3.3). Ethambutol caused a time
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dependent decrease of the basal level (Day 0) of Alamar blue turnover, taking at least
-2 weeks to eliminate detectable turnover. Samples that were placed on ethambutol
containing 7H11GT were positive (with at least 100 colonies per plate) at

concentrativons below 617 ng/mL. At 617 ng/mL there was a sharp reduction in cfu to

4, and at higher concentration there were no cfu at all (Table 3.4).

Pyrazinamide in this MABA model showed no apparent anti-tuberculosis activity at
concentrations below 50 pg/ml (Fig. 3.8) (Table 3.3). All samples that were placed

on pyrazinamide containing 7H11GT were also positive (Table 3.4).

In order to compare the results with those published by other sources, EC90 data

were also calculated as an indicator of the MIC (Table 3;3)

3.3.4 Rifalﬁpicin kill of isoniazid tolerant remaining H37Rv suspension

Following 14 day incubation of H37Rv in isoniazid concentrations, on average the
remaining bacillary load was still able to turnover Alamar blue (14 day isoniazid
ECS50: 52.0 ng/mL isoniazid). This remaining Alamar blue turnover by H37Rv could
however be eliminated by ri%ampicin (14 day isoniazid.-i— 7 day rifampicin EC50:

5.66 ng/mL rifampicin) (Fig. 3.9).

3.3.5 Characterisation of generated H37Rv strains

H37RVRiprir, Was resistant to all ‘concentrations of rifampicin (belbw 166 ng/mL),
whilst H37Rvrimepia rifampicin susceptibility (mean EC50 + SD: 3.86 + 0.30

ng/mL) reverted to that of the wildtype H37Rv (EC50: 3.69 + 0.24 ng/mL) (Fig.
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3.10). The H37Rvyw/nu Was resistant to all concentrati_ons of isoniazid (below 5000
ng/mL). H37RV]NH/MED1A was also fully isoniazid tolerant and did rllotyrever_t back to
‘the isohiazid susceptible parental H37Rv (EC50: 52.7 + 1.55 ng/mL) (Fig. 3.11).
Ethionamide conceﬁfration, H37R§ viability curves showed no cﬁfference in the
EC50 between wildtype (3081 + 824 ng/mL) and H37Rviny stéains (H37Rvinu/NH:
3064 + 778, H37RvinwmeDIA: 2655 + 1003 ng/mL). Analysis of the growth rétes of
the different H37Rv strains indicated no differential growth rate in 7H9GT.(Table

3.5).
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3.3.6 Results Tables

‘Table 3.2: The sterilising effect of various agents on H37Rv suspensions at 1 x 10°
cfu/ml. H37Rv was first grown for 24hr in the presence or absence of the viability
dyes (Alamar blue or MTT) followed by 24 hrs of different killing solutions. H37Rv
viability is assessed by culture positivity of plates at 8§ weeks (n=4).

) 8 week H37Rv colony growth -
Killing Solution | Control Alamar Blue MTT
THOGT +ve +ve : +ve

20% SDS 50% dimethylformamide -ve - ve - ve
0.1 N HCI in isopropanol - ve - ve - ve
1 % paraformalydehyde -ve -ve -ve
2 % paraformalydehyde ‘ - -ve -ve - ve

4 % paraformalydehyde - ve -ve v -ve
8 % paraformalydehyde -ve o -ve - ve

Table 3.3: EC50 and EC90 values for the drug concentration vs H37Rv viability
curves after 7, 14 and 21 days of drug exposure. Data are presented as mean (range)
(n=4), * p<0.05, paired T-test (compared to day 7 data).

MIC/EC90 Mean ECS0 (range) ng/mL
Drug Mean £ STD . Day7 Day 14 Day 21
Rifampicin 22402 1.55 (0.70-1.96) 7.38 (2.02-17.8)* 24.7 (5.60-45.3)*
Isoniazid 60 £ 11 - 47.6(36.7-54.7) - 53.2(35.3-71.0)* >5000 (61.3->5000)* _" _
Ethambutol 634 +£ 198 390 (211-591) 514 (494-531) 574 (393-673)
Pyrazinamide >50000 . >50000 >50000 >50000
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Table 3.4: Number of H37Rv colonies 3 weeks after approximately 1 x 10° cfu were
added to drug containing 7H11GT plates. Colony counting was performed when
plates contained less than 100 colonies. :

Rifampicin - Isoniazid Ethambutol Pyrazinamide
(ngmL)  CFU | (ngml) CFU | (ngmL) CFU | (ng/ml)  CFU
0 >100 0 >100 0 >100 0 >100
023 >100 6.86 >100 68.6 >100 68.6 >100
0.69 >100 20.6 >100 206 >100 206 - >100
2.06 >100 61.7 5 617 4 617 >100
6.17 >100 185 6 1852 0 1852 >100
18.5 >100 556 3 5555 0 5555 >100
55.5 >100 1667 4 16666 0 16666 >100
166 >100 5000 2 50000 0 50000 >100

Table 3.5: The growth rate of the H37Rv strains. Data are expressed as the mean
increase in fluorescence units per day £ SD. v

Growth Rate
H37Rv strain | (Increase in Fluorescence units/ day)
H37Rv ' : 726 £90
H37RVinsmenia | 752+ 120
H37Rvinpnn -~ 687 £ 73
H37RVRimiepia 621£70
H37RVRiprie 709+ 106
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3.3.7 Results Figures

120

) 100

80

604

% Viability

40

20

0 —T— T ! 1
0.001 0.01 0.1 1 10

[Paraformaldehyde] (%)
Figure 3.2: H37Rv viability after 24 hr exposurekto increasing concentrations of

paraformaldehyde. H37Rv viability expressed as percentage Alamar blue turnover
compared to paraformaldehyde free control + SD (n=4).
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sensitivity. Data expressed as mean + SD (n=4).
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curves following O (=), 7 (=), 14 (=) and 21 (==) day drug exposure to rifampicin
as measured by background corrected Alamar blue fluorescence.
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isoniazid (=) (0 — 5000 ng/mL) exposure or 7 day isoniazid (5000 ng/mL) exposure
followed by additional susceptibility to rifampicin (==) (0 — 166 ng/mL) (n=4).
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Figure 3.10: Parental H37Rv (—), H37RVRIF/MEDIA (—), H37RVR|F/R|F (—) V1ab111ty
curves following 7 day drug exposure to rifampicin. H37Rv viability is expressed as
the mean Alamar blue turnover (background corrected) + SD (n=4).
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Figure 3.11: Parental H37Rv (—), H37RVINH/MEDIA (—), H37RVINH/INH (—) v1ab111ty
curves following 7 day drug exposure to isoniazid (top) or ethionamide (bottom).

H37Rv viability is expressed as the mean Alamar blue turnover (background
corrected) + SD (n=4).
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3.4 Discussion

To ﬁnderstand the pharmacological effect of anti-TB drugs on MTB during EBA, it
is important to understand the relationship between drug concentrations and exposure _

and the sterilisation activity against extracellular bacilli.

Microplate colorimetric culture methods were chosen to determine H37Rv drug
susceptibility before other methods because they are ideél for measuriné time
dependent effects of the drugs on MTB viability. The solid media proportion method
~ is the most sensitive assay, however it is relatively slow. The BACTEC and GFPMA
are more sophisti‘cated techniques; however for their increased expense, they do not

provide any greater advantage over the colorimetric methods.

For the successful and safe analysis of the colorimetric microplates outside the
c;ategory 3 facility it was important to determine a safe MTB sterilising method to
decontaminate the microplates. Paraformaldehyde, MTT lysis buffer and acidified
‘is‘opropano] have previously been used to sterilise H37Rv .(Abaté et al., 1998;
Mshana et al.,» 1998; Moore et al., 1999, De Logu et al., 2001; Schwebach et al.,
- 2001; Foongladda et al., 2002). These sterilisation metl;ods have however not been
used in‘conjunction with the MABA, and as suggested by Blackwood et‘al., (2005)
all sterilisation methodologies, new and old should be investigated for their safety’by
the individual laboratories to validate the safe removal of material derived from
MTB from the category 3 facility. Further, it was thought essential that 8 week
vcultures should be used as an indicator of H37Rv viability rather than the more

“conventional 3 week cultures to allow for increased sensitivity.
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Results indicate that neither of the cell viability indicators (Alamar blue of MTT) are
by themselves able to sterilise H37Rv. 24 hr exposure to the tested concentrﬁions of
-paraformaldehyde; MTT lysis buffer and acidiﬁed isoperanol were however all able
to sterilise H37Rv. It.was decided that the use of 8% parafonnaldehyde and MTT
lysis buffer for sterilisation in the MABA and MMA methods respectively allowed b.

~ for safe and effective analysis of MTB viability.

Data provided show that the MMA and MABA protécols are both‘ effective at
measuring MTB viability. Alamar blue is however around 10 foldb more sensitive
than MTT at measuring MTB viability. It must hoWever be noted that lack of Alamar
blue turnover indicates MTB concentration below 1 x 10° cfu/ml (1 x 10* cfu/well)
rather than zero. Furthér, Alamar blue turnover saturates at 2 x 107 cfu/ml, above
which an apparent decrease in Alamar blue reduction occurs due to the occlusion of
light through‘the microplate by the MTB itself, thereby decreasing the fluorescent

measurement.

MABAs are set up with a léw bacterial load, and are mainly indicators of
bacteriostatic drug activity. A decrease in MTB viability over time compared to day
0, can be used as an indicator of bactericidél activfty, and may l;e improved if the
assay is set up with a high bacterial Ioad. However, both for ethambutol and»
is011iazid, a concentration dependent increase in dye turnover, that is as yet not

understood, prevents this assay from being effective (data not shown).
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MABA, BACTEC and GFfMA all generate concentration viability curves from
which it isbvery difficult to actually measure an MIC. Previously published data have -
therefore deﬁned the MIC as an EC90 (Collins and Franzblau, 1997, Changsen etal.,
2003) or EC99 (Luna-Herrera et al., 2003) (Tabie 3.6). Data .analyse.d here have used
the EC50 as a marker of MTB viability, howevér in order to be able to compare data,
EC90 values were also calculated (Table 3.3). The data on ethambutol are similar to
‘those previously published. However, there is a greater discrepancy in regard“to the
EC90 for isoniazid (the present Values are higher) and rifampicin (the present values
are loWer) compared to previously published data. This difference could be due to
the time dependent kill of MTB by the drugs, therefore maki‘ng the time when the

MIC is measured important.

- As has been observed in many in vitro assays, pyrazinamide exhibited no anti-TB
activity at physiological pH (Zhang and Mitchison, 2003). H37Rv viability in the
presence of ethambutol remained relatively unchanged between 1 and 3 weeks
suggesting no time dependent generation of ethambutol tolerance by H37Rv. When
.looking at H37Rv in the presence of 50 pug/ml ethambutol (Fig. 3.7) there does seem
to be a time dependent decrease in the baseline viability, suggesting some slow
bactericidal activify. However, further experiments are needed to confirm this

possible time dependent bactericidal activity.

Data on the H37Rv exposure to rifampicin suggest that over time there is an
increased ability for the H37Rv strain to grow at higher concentrations (Table 3.3)
illustrated by the shift in the H37Rv viability curves to the right (Fig. 3.5). When

looking at the different individual curves for rifampicin it can also been seen that the
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rate of tolerance generated by H37Rv is dependent on the initial inoculum of H37Rv
| (n¥2 > n=4 > n=1 > n=3). Data from solid medium spiked with a rifampicin curve
also suggest that ever the course of three weeks H37Rv celonies are able to survive
up 10' 166 ng/mL (Table 3.2). Previous work by Jayaram et al., (2003) using the
BACTEC system to look at time dependent activity of rifampicin on extracellular
MTB, showed that there was an exposure dependent killing effect of rifampicin up to
9 days. This study did howeve; not continue long enough to determine the

emergence of drug tolerant MTB growth.

A similar, but more dramatic increase can be seen with H37Rv exposure to isoniazid,
where over the course of 3 weeks tﬁe’H37Rv strain seems to tolerate isoniazid
concentrations equivalent to maximum plasma concentrations (5‘ pg/mL) (Table 3.3,
Fig. 3.6). Again, as seen with rifampicin, it appears that the rate at which H37Rv
develops an ability to survive high isoniazid concentrations is dependent on the
initial inoculum. Data also suggest that this inoculum dependent tolerance to high
concentrations of isoniaiid can be seen as early at day 7, where high dose isoniazid is
incapable of preventing H37Rv mediated Alamar blue turmover (Fig. 3.6).
Confirmation that this population is isoniazid tolerant and viable is provided by

showing that it remains rifampicin susceptible (Fig. 3.9).

Data obtained from the solid media spiked with isoniazid showed an isoniazid
concentrgtion dependent kill; however survival of certain H37Rv colonies at the
higher isoniazid concentratioﬁs was observed (Table 3.4). Thie is in agreement with
data by Jayaram et al., ‘(2004) that used the BACTECV system followed by solid

" media to study time dependent activity of isoniazid on extracellular MTB which also
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showed incomplete killing of allvbacteria by isoniazid. The growth of the surviving
H37Rv population in liquid 7H9GT media most probably explains the increase in
Alamér blue turnover over time. | |

One of the possible explanations for the rifampicin and isoniazid tolerance is the
selection of MTB bacilli that have spontaneously mutated to their drug resistant
forms. According to (David, 1970) the highest proportion of mutahts in an unselected
population of MTB that are resistant to 1 pg/mL isoniazid, 1 pg/mL rifampicin and 5
ng/mL ethambutol are 2.56 x 10%, 2.25 x 107° and | 1.0 x 107 mutations per
bacterium per generation. The MABA assay however is set up with around 1 x 10°
cfu/well, and therefore it would be highly unlikely for the observed tolerance to be
due vto pre-existing resistance. Further, if this were to be a likely explanation, results
would show marked ethambutol tolerance over time, which was not observed. Also,
| | the high proportion of isoniazid tolerant H37Rv at 7 days would suggest a relatively

large isoniazid resistant population at day 0 for it to be detectable by day 7.

To investigate the nature of the increas‘ed» tolerance of H37Rv to rifémpicin and
: isonfazid, individual colonies were selected from rifampicin and isoniazid spiked
solid media plates. Similar growth rates of the H37Rviyy and H37Rvgr compare to
the parental H37Rv suggest that the develop’ed tolerance to isoniazid. and rifampicin
-did not lead to an altered growth rate. It was then determined if the phenotypicaliy
tolerant H37Rvgrir and H37Rvny strains reverted back into their wildtype phenotype
or remained tolerant in the »abs‘en'ce of drug pressure. Data suggest that H37Rvgyr that
w>ere groWn in thel absence of drug pressure (H37Rvrirmepia) phenotypically

" resembled the parental H37Rv, while the H37Rvgr culture ﬁnder drug pressure
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(H37Rvriprir) remained tolerant to rifampicin. This suggests that the rifampicin
tolerance is a time dependent adaptive response by H37Rv to the presence of
rifampicin that allowed it to remain viable.

H37Rvy strains grown in the absence of isoniazid (H37Rvinumepia) however did
not phenotypically revert their isoniazid susceptibility to that of the parental H37Rv.
Instead it remained fully tolerant to isoniazid (up to 5 pg/mL) and showed the same
phenotype as the H37Rviny strain grown in the presence of isoniazid (H37Rvnu/inm).-
These data suggest that the H37Rvy has undergone a mutation‘ that has left it
resistance to isoniazid. This is in agreement with data by Wallis et al., (1999) using
the BACTEC system showing that culture with 100 ng/mL ivsoniazid resulted i'n the
emergence of isoniazid resistant MTB. It is howe‘ver‘ not known whether the
isoniazid resistance mutants were present in the parental H35Rv population and
positively selected for by the drug pressure, or whether the .dmg pressure has
facilitated the formation of isoniazid resistant H37Rv strains. Drug pressure has been
shown to alter the mRNA expression profile of MTB (Wilson et al., 1999), and it
may therefore be possible that this might facilitate the emergence of genetic drug

resistance. -

To identify the protein responsible for the isoniazid resistance, H37RV1NH
ethionamide susceptibility tests were performed. Ethionamide is é “second-line” anti-
tuberculosis drug that is a structural analogue of isoniazid. Both these drugs target
InhA, however isoniézid requires bipactivafion through a catalase-peroxidase
(KatG), while it is thought that ethionamide is activéted through EthA. High-level

isoniazid resistance is mainly due to mutations in KatG, which results in no change
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to ethionamide susceptibility (DeBarber et al., 2000; Lee et al., 2000; Morlock et al.,
| 2003). H3;7RV1NH susceptibility to ethionamide showed no change in its bacteriostatic

activity between H37RVINH/MEDIA, H37RV[NH/1NH and the parental H37Rv strain. TheseA ‘
data there‘fore suggest that the emergence of isoniazid tolerance is due to a mutation

in KatG. Sequencing of KatG would however be required to confirm this finding,

In vivo, the current understanding of TB therapy pharmacodynamics indicatﬁes that
‘there are at least two phases of drug dependent kill. The initial EBA phase is thought
to be mainly a result of isoniazid dependent kill, while the role of isoniazid in the
second sterilising phase is limited (Jindani et al., 2003). Traditional beliefs are that
this is due to tﬁe presence of differeﬁt bacterial popu.lations, each differentially
susceptible to ‘is'oniaz’id, however data shown here indicate that the bacterial
‘ populationv may be able to adapt quickly in the presence of isoniazid pressure and
thefeby ‘evade its bactericidal - activity. Data | also indicated that the
pharmacodynamics of rifampicin is a time and inoculum dependent factor and both

need to be used to determine the actual MIC.
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Table 3.6: Previously published H37Rv MIC data on rifampicin, isoniazid and
ethambutol. ‘

_ MIC (ng/mL) as measured by: | V Reference
Drug | BACTEC MABA GFPMA o
Rifampicin 25-200 50-200 ’ (Collins and Franzblau, 1997)
23-47 23.47 (Changsen et al., 2003)
_ . >62 (Luna-Herrera et al., 2003)
Isoniazid 25-50 50 (Collins and Franzblau, 1997)
23 23 (Changsen er al., 2003)
>21 | (Luna—Herrera etal, "2003)
Ethambutol 940-1880 940-1880 (Collins and Franzblau, 1997)
' 1875-3750 469-938 (Changsen et al., 2003)
>500 : (Luna-Herrera et al., 2003)

142



Chapter 4 — Intracellular H37Rv Kill and P-glycoprotein

CHAPTER 4

Intracellular anti-tuberculosis activity and the influence

of P-glycoprotein
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4.1 Introducﬁon

Alveolar macrophages are generally thought of as the \ﬁrs‘t line of defence agéinst
MTB eﬂtering the body .(HenderSon et al., 1963). Bacilli that are phagocytosed by
the alveolar macrophages and survive the immune response a‘re lable to start
replicating in the phagosémes, until they oufgrow and kill their bhost cells (Berrﬁudez
and Goodman, 1996; Mehta et al., 1996). As the MTB bacilli are able to survive
within the macrophages, they are an important pharmacolbgical target for drugs
against tuberculosis. However, although much work has been performed in
deterniining the MIC of drugs acting on extracellular MTB bacilli, limited work has
been done to evaluate dmg activity on intracellul_ar bacilli. Specifically there are
limited data on rifampicin (Carlone et al., 1985; Mor et al., ’1995; Jayaram et al.,
2003; Duman et a{., 2004) and isoniazid (Jayaram et al., 2004) mediated intracellular
kill, with nc.)r data available on ethambutol. Further, it has not been determined if the
drugs transporter P-glycoprotein is able to modulate the bacter¢riostatic activity of

the anti-TB drugs.

This chapter aims to introduce a relatively time efficient, high throughput, novel
assay to determine the concentration dependent bacteriostatic activity of anti-TB

drugs against intracellular MTB. Further, the impact of P-glycoprotein is assessed on

the intracellular kill by the anti-TB drugs.
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4.2 Methods

421 .M'aterials

Theé hufnan monc;cyti_c leukaemia cell line THP1 was purchased from the Eﬁropean
collection of cell culture (ECACC No. 88081201). Tariquidar was kindly donated by
Xénova Group PLC (Berkshire, UK). All_ other materialé were obtained from Sigma-

Aldrich (Poole, UK)

4.2.2 Cell culture

THP1 cells were routinely cultured in RPMI 1640 supplemented with 10 % FCS
(37°C, 5% COZ). THP1 cells were activated into macrophage like cells (A-THP1) by
addition of 100 nM Phorbol 12-myristate 13-acetate (PMA) to the culture medium (3

days).

4.2.3 Determination of H37Rv MOI required to kill A-THP1

The methodology for infection of A-THP1 cells was based on the work of (Stokes
and Doxsee, 1999; Theus et al., 2004). SOO uL of THPI cells (1 x 10° cells/mL, 5 x
10° cells/well) were activated ( 100 nM PMA) and added to the wells of the bottom 4
rows of a 48 well plate. A-THP1 cells were allowed to adhere and differentiate into
macrophage like cells (3 days, 37°C, 5% CO»). Meciia was then aspirated and cells
washed (2 times 500 pL) with binding media (138 mM NaCl, 8.1 mM Na,HPO,, 1.5
mM KH,PO4, 2.7 mM KCL, 0.6 mM CaCl,, 1 mM MgCl,.6H,0, 5.5 mM D-
glucose) supplemented with 1 % pooled human serum. Following aspiration of the
media, 250 pL of binding medié (supplemented with 1 % pooled human serum and
100 nM PMA) was added fo each well to allow the A-THPI to acclimatise (10 min,

37°C, 5% COy).
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Stock H37Rv liquid cultures were routinely cultured in log phase in Middlebrook -

7H9GT media as described in section 3.2.2. Following the quantification of H37Rv -

density (Absorbance at 600 nm), serial 2 fold dilutions were performed (between 1 x
10% and 8 x 10° cfu/ml) in binding media (supplemented with 1 % pooled huinan
serum and 100 nM PMA). 250 uL of bacterial suspension (2.5 x 107 and 2 x 10°
cfu/well; multiplicity of infection (MOI) bétween 50 and 0.4) was then added to the
middle 4 rows éf the 48 well plates. 250 uL of binding media (supplemented with 1
% pooled human serum ‘and 100 nM PMA) was added to the top row (no A-THPI,
no Bacterial, background control) and bdttom row (A-THP1, no bacteria, 100% A-
THP1 viable positive control). Following incubation (3 hr, 37°C) all the wells were
washed thoroughly with 500 pL binding media (using a thin tip Pasteur pipette) and

incubated in 500 pL of RPMI 1640 (10% FCS and 100 nM PMA).

Following incubation of plates (1 week, 37°C, 5% CO,), the wells were washed with
binding media. 300 pL of RPMI 1640 (10% FCS) was added to the wells, with 100
uL Alamar blue: Tween 80 (2:1) to asséss A-THP1 viébility. Following incubation
(24 hr, 37°C, 5% CO,), 200 uL of 10 % paraformaldehyde was added to terminate
the reaction. Following further incubation (24 hr, 37°C, 5% CO,), the plates were
removed from the category 3 facility and fluorescence measured (excitation 530:
emission 590). A-THP viability was calculated as the percentage background
corrected ﬂuoréscence of the test well compared to the 100% A-THP1 viable

positive control fluorescence. -
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'42.4 Intracellilar MABA

Determining the kill ‘of intracellular MTB bacilli by énti-tuberculosis drugs is based
on the ability of fhat drug to protect the A-THP1 cells from being killed by H37Rv.
Similar to the methodology described in section 4.2.3, THP-1 cells were seeded in 48
wells plates (5 x 10° cfu/well) and activated (100 nM PMA). Following incubation (3
déys) and washiné of the wells with binding media (supplemented with 1 % pooled
human serum and 100 nM PMA), all wells wére incubated with H37Rv (3 hr, 5%
CO,, 37°C, 250 nL of 2 x 107 cfu/mL, MOI = 10). This was followed by 3 thorough
washes of the wells with binding media, 450 pL of RPMI 1640 (10 % FCS, 100 nM

PMA).

3 fold drug dilutions Were inade-up (in RPMI, 10% FCS, 100 nM PMA) at 10 fold
* the desired concentrations (rifampicin: 0-10 pg/mL, isoniazid: 0-100 pug/mL,
ethambutol, O-IOOO ug/mL) and SO uL added along the plates (final conc.:
rifampicin: O-i pg/mL, isoniazid: 0-10 pg/mL, ethambutol, 0-100 pg/mL). The
plates were then incubated (1 week, 37°C, 5% CO,) and A-THP1 viability measured
aé described in séction 4.2.3.vExperiments weie repeated in the presence of 1 uM

tariquidar (P-gp inhibitor). -

4.2.5 Extracellular MABA

To asses the potential difference in H37Rv drug susceptibility when grown in a CO;
incubator (as used for intracellular MABA) compared to a non-CO, incubator (as in
chapter 3), extraceliular MABA was repeated as described in section 3.2.7 but in a
5% CO, incubator. Experiments were also repeated in thg presence of 1 uM

tariquidar.
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4.2.6 THPI1 and A-THP1 P-glycoprotein expression -

A-THPI cells were generated by activating THP1 cells (4 x 10° cells, 100 nM PMA,
3 days). The adherent A-THP1 cells were then trypsinised and fixed before P-
glycoprotein expression was assessed by flow cytometry as described in section

2.2.11.

4.2.7 THPI1 and A-THPI1 rifampicin cellular accumulation ratio

Thé cellul’ar. accumulation ratio (CAR) of *H-rifampicin in THPl cells (3 x IOZ5 cells;
37°C, 30 min) was assessed as described in section 2.2.15. To determine the *H-
rifampicin accumulation in A-THP1 cells, THP1 (3 x 10° celis) were activated (100
nM PMA, 3 days) in a 24 well plate. Followibng activation, the adherent A-THP1
cells were washed and cultured in the presence of 3H-rifampic‘in (1 uM, 500 pL, 0.1
uCi, 30 min, 37°C). Cells were then thoroughly washed (3 times, 2 ml of PBS),
freeze-thawed (-80°C) and solubilised (1 ml of Ultima-Gold scintiliation liquid) and
transferred into scintillation vials, before being analysed as étandard. 3H-rifa‘r‘npicin
accufnulation in both the THP1 and A-THP1 cells Was also measured in the presence
of 1 uM tariquidar. 3H-rifampicin cellular accumulation was calculated as the

intracellular dpm (per million cells) as a fraction of the extracellular dpm (in 100

nL).

4.2.8 Data handling and statistical analysis:

EC50 data were generated using Grafahpad Prism (3.0). Analysis for statistical
significance of the influence of tariquidar on the EC50 and drug accumulation was

by paired T-test.
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4.3 Results

4.3.1 " H37Rv concentration versus A-THP1 viability

A-THP1 cell viability following infection by different H37Rv concentrations and 7
~day cﬁlture_: shows a sigmoidal relationship (Fig. 4.1). At 1 bacteria/A-THP1 cell
MOI=1) A-THP1 viability remained largely unaffected, while 10 bacteria/A-THP1
cell (MOI = 10) caused near to 100% cell death. An MOI of 10 was therefore usd in

the subsequent experiments.

4.3.2 . Intracellular vs extracellular H37Rv kill and the effect of p-glycoprotein

Drug mediated extracellular H37Rv bacteriostatic activity of rifampicin (mean EC50
+ SD: 1.27 + 0.02 ng/ml), isoniazid (57.2 + 2.5 ng/ml) and ethambutol (363 + 12
ng/ml) was measured f_ollowirig 7 day incubation in a CO; incubator (Fig 4.2, Table
4.1). 1 pM tariquidar did not influence the extracellular kill of H37Rv by the drugs

(Table 4.1).

Drug mediated intracellular H37Rv bacteﬁostatic activity of rifampicin (mean EC50
+ sd: 148 + 32 ng/ml), isoniazid (36.7 + 2.2 ng/ml) and ethambutol (243 + 95 ng/ml)
was measured as the ability to protect THP-1 cells fron; the killing effect of H37Rv
over a 7 day incubation (Fig. 4.2, Table 4.1). Tariquidér was able to significantly
reduce the EC50 of both rifampfcin (119 £ 31 ng/mL, P>0.001) and ethambutol (144

+ 83 ng/mL, P>0.001), while not affecting isoniazid (Fig. 4.3, Table 4.1).

4.3.3 THPI and A-THP1 P-giycoprotein expression

Dot plots (Fig. 4.4) show that there is a clear change in the morphology between the

| parental THP1 arid its activated form; A-THP1, with both an increase il‘{ the side
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scatter (SS, representative of granﬁlarity) and forward scatter (FS, répresentative of
cell size). Further, there is a significant increase in the P-gp expression betweén the
' parental THP1 cells (RFU: 0.34 0.08) and the activated A-THP1 cells (RFU: ‘1.5‘8
= 0.11, P<0.05) as measured by the differehce between isotype control and specific

UIC2 FL2 fluorescence (Fig. 4.4).

4.3.4 Rifampicin accumulation in THP1 and A-THP1

1 uM rifémpicin CAR for the parental THP1 (mean + SD: 5.70 £ 0.70 dpm per
million cells / dpm in extracellular media) cells remained unchanged in the presence
of the P-gp inhiEitor tariquidar (5.69 £ 0.56). A-THP1 CAR (4.53 + 0.19) was
however si ghiﬁcantly increased’by approximately 18% in the presence of tariquidar

(5.36 + 0.10, P<0.05) (Fig. 4.5).
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4.3.5 Results Tables

Table 4.1: Intracellular and extracellular bacteriostatic EC50 values for rifampicin
isoniazid and ethambutol in the absence and presence of 1 pM Tariquidar. Data are
mean £ SD (n=4), ** P<0.001 compared to drug alone (Paired T-Test). .

Intracellular MABA Extracellular MABA
Alone 1uM Tariquidar Alone | 1uM Tariquidar
" Rifampicin . 148 £ 32 119 £ 31%* 1.27 £ 0.02 1.29+0.03
Isoniazid 36.7+£2.2 348+7.0 57.2+2.5 554£39
Ethambutol 243+ 95 144 & 83%* 263+ 12 294 + 44
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4.3.6 Results Figures
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Figure 4.1: Percentage A-THP1 viability following 3 hr infection with different
concentrations of H37Rv and subsequent 7 day culture. Data represent the mean £
SD (n=4).
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" Figure 4.2: A-THP1 viability following H37Rv infection (MOI = 10) (====x) and
“extracellular H37Rv viability (=) versus the media concentrations of rifampicin
(A), isoniazid (B) and ethambutol (C) as derived from their respective MABA
assays. Data represent mean £ SD (n=4).
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Figure 4.3: A-THP1 viability following H37Rv infection (MOI = 10) versus the
media concentration of rifampicin (A), isoniazid (B) and ethambutol (C) in the
presence (=====) and absence ( ) of 1 uM tariquidar. Data represent mean + SD
(n=4). =
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Figure 4.4: A representative dot-plot (left) of THP1 (A) and A-THP1 cells (B). The
right hand side are histograms of the isotype control FL2 fluorescence (==) and the
anti- P-gp; (UIC2) FL2 fluorescence (==).
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Figure 4.5: The effect of 1 pM tariquidar on the cellular accumulation ratio of 1 M
’H-rifampicin in parental THP-1 cells and A-THP1 cells. Data are mean + SD, (n=4),
* P <0.05 (paired T-test).
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4.4 Discussion

MTB drug susceptibility is highly dependent on the state of bacterial growth
(actively growing or in a phase of latency) and the environment in which the bacilli
reside (extracellular, intracellular or in granulomas). To date limited work has been

carried out on drug activity on intracellular MTB.

Traditional methods of measuring drug activity on intracellular bacteria is toﬂ infect
macrophages and fellowing drug exposure, lyse the cells and harvest the intracellular
bacteria Which are then quantified on agar bases. This method has been used in
several studies to test drug activity against MTB within monocyte derived
macrphages (MDM) (Mor et al., 1994; Mor et al., 1995; Durnan et al., 2004), a
human monocytic cell line (Mono-Mac 6), a type II alveolar epithelial cell line
(A549) (Sato et al;, 2003) and in mouse macrophage cell lines (J744) (Jayaram et al.,
2003; Jayaram et.al., 2004). Similar models have also been used when investigating
drug activity against intracellular l/isteria monocytogenes in J744 cells (Seral et al.,
2003a; Seral et al., 2003c; Seral et al., 2005) and the human monocyte cell line

THP1 (Carryn et al., 2002).

These methods are useful in measuring intracellular kill by drugs; however they do
have some drawbacks. The use vof MDM, although most closely associated with in
vivo human macrophages, have the distinct disadvantage of limited supply and inter
donor variation. C‘ell lines hav"e the advantage that they carl be grown up indefinitely;
»lxowever J744 is a mouse macrophage cell line and may act differently to human
macrophages while Mono-Mac 6 and THPl cells are human monocyte cell lines, that

although ‘macrophage like’, are not fully differentiated into macrophages.
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PMA mediated activation of THP1 cells and ‘their infection in the presence of 1%
‘non-heat inactivated human serum ’has been found fo be a good alternative to MDM
(St‘okes and Doxsee, 1999; Theus et al., 2004). Association betweeﬁ MTB and A-
THPI or MDM was found to be cdmparable; chprising of opsonic as well as CR3,
mannan and glucan mediated binding (Stokes and Doxsee, 1999). Fﬁrther, it was
shown that intracellular MTB grows progressively in infected A-THP1. The
comparable nature of A-THPI infection to. that of MDM by MTB, and the capacity -
for an indefinite supply of the parental THP-1 cell, suggest that this cell sysfem is

ideal for high throughput intracéllular drug activity measurements.

‘Data presented here introduces a novel method for analysing the intracellular activity
. of anti-TB drugs. In. a similar way to that in which MT4 cells are used to determine
anti-HIV activity following in vitro infectiqn Qith HIV (Pauwels et al., 1987; Owen
et al., 2005), A-THP1 cell viability has here been used as an indicator of intracellular
MTB viability within the cells. 7 day culture of A-THP1 cells fgllowing a lethal dose
of H37Rv (MOI. of 10) ordinarily leads to the killing of all A-THP1 céllé. The
presence of bacteriostatic or bactericidal concentrations of anti-TB drugsﬂ in the
media is h‘owever’ able to protect the A-THPI cells and thereby A-THP1 viability

may be indirectly used as an indicator of intracellular MTB viability.
Data pfesented by‘ (Danelishvili et al., 2003) demonstrate that infection of a

anocytic cell line (U937) with H37Rv (MOI of 10) results in both necrosis and

apoptosis; the rate of which is time dependent. Ekfrapolated'data from this study
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would suggest near to 100 % cell death at 7 days following infection (MOI of 10),.

similar to that seen with the infected A-THP1 cells.

There are numerous advantages to using A-THP1 viability as a markef bf
intracellular viaEility compared to the traditional cell lysis and bacterial growth on
solid media. Firstly; this assay is much less time consuming, only requiring adequate
time for alamar blue turnover and sterilisation (2 days) to analyse the results,
compared to at least 3 weeks of bacterial growth on .solid media. Secondly;
extracellular binding of MTB to the wells or the cell membranes (which would be
measured on soIid media) does not compromise this assay because only intracellular
MTB affects A-THP1 viability. Potential disadvantages to fhe assay are that one

cannot differentiate between bactericidal and bacteriostatic activity inside the cells.

MTB drug susceptibility may be altered depending on the metabolic state of the
bacilli (Herbert et al., 1996). Data however indicatev that the presence of CO; has no
influence on the extracellular H37Rv kill by rifampicin, isoni.azid and ethambutol
(Table 3.3). Further, incomplete 7 day bécteﬁostatic activity of isoniazid is observed

once again as seen and discussed in chapter 3.

Isoniazid data show no difference in the intra- and extracellular bactériostatic
activity. This is a similar ﬁnding‘ to (Jayaram et al., 2004) who found that
intracellular H37Rv bacteriostasis occurs at a drug concentration equal to the
extracellular MIC invbroth, but that the bactéricidal activity of isoniazid was

drastically diminished.
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Data show that the intracellular H37Rv bacteriostatic activity of rifampicin was
dramatically reduced cbmpafed to th¢‘extracellu1ar kill. This is a greater difference
compared with previbus data that showed a 2 fold increase in the MIC from 0.12 to
0.25 pg/mL (Mﬁr et al., 1995). This large. difference observed may Be partially
accounted for by differential protein binding. Extracellular MABA assays and the
intracellular assa)‘/ contain different amounts and ltypes of protein. As rifampicin in
vivo is approximately 80% protein bound, differential protein binding could partially
account for the different EC50 (Acocella et al., 1971). Another contributing factor
ﬁlay be accumulation of rifampicin in alveolar macrophages which has been repbrted
as being as high as 16 (Ziglam et al., 2002). Further, the sub localisation of the drug
within the macrophage, and more importantly the bacilli containing phagosome is
unknown. Rifampicin is also believed to accumulate in MTB baéilli (Piddock et al.,
2000); héwever it‘ is not known if this accumulation also occurs when the bacilli are
confined intracellularly. Also, changes in the phagosome pH as well ‘as
transcriptional adaptation of H37Rv during phagocytosis (Schnappinger et al., 2003)

may also influence the bacteriostatic activity of the anti-tuberculosis drugs.

No difference was found between the int;acellular and extracellular ethambutol
mediated EC50 bacteriostatic activity. However, when a}na]ysing the individual
curves it can be seen that the concentration at which there is more or less 100 %
H37Rv death is around 10 fold lower than the concentration that provides 100 % A-
THP1 viability. This differenée‘may be due tb protein binding differences with

ethambutol being approximately 20% to 30% protein bound (Lee et al., 1977).
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The dramatic deprease in the susceptibility of MTB to rifampicin may be an
important. factor in the treatment of tuberculosis. Rifampicin trough (Cmin)
: concentrations during therapy fall below the intracellular MIC of rifampicin. This
may allovsi intracellular bacilli to recover and survive for longer inside macrophages,

thereby contributing to the long Iength of TB therapy.

Previous data have shown that rhouse 1774 macroi)hages have been known to express
active drug efflux pumps such as P-glycoprotein and MRP that can be modulated to
alter macrolide and quinolone accumulation (Seral et al., 2003a; Seral et al., 2003b;
Michot et al., 2004, Michbt et al., 2005). Further, studies hai/e shown that PMA is
able to induce P-glycoproteinr and thereby alter doxorubicin accumulation in MCF-7
cells (Ahn et al,, 1996). In this study we demonstrate that 100 nM PMA mediates
induction of P-glycoprotein on A-THP1 cells, which when blocked by tariquidar
results in a small but signiﬁcant 18 % increase of rifampicin accumulation. These
data are in keeping with data from chapter 2 in which rifampicin accumulation was
manipulated by blocking P-gp in CEMyp10 cells. Interestingly, inhibition of P-
glycoproiein in the intracellular rifampicin MABA model results in a significant
decrease in the EC50 of A-THPI of 20%. This decrease is of the same magnitude as

that observed for the change in cellular accumulation.

Since radiolabelled ethambutol was not commercially available, the influence of
blocking P-gp on A-THP1 cells on the drug accumulation cannot be determined.
However, the intracellular ethambutol MABA shows that tariquidar mediates a

-significant 40 % decrease in the A-THP1 viability EC50. This is again in agreement
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with data presented in chapter 2, showing that ethambuto! toxicity in CEMyaLi00

cells increases when P-gp is inhibited.

The intracellular H37Rv bécteriostat_ic assay described here is‘ a novel method that is
relatiVely fast, effective and provides quantifiable concentratioﬁ dependent anti-TB
activity relationships. This assay could easily be modified into a 96 well format and
be useful in high throughput automated screening of drugs. Further, this assay may
be useful in the analysis of the role of cellular proteins (following the cloning of
proteins in THP1 célls) on the cellular defence mechanisms against intracellular TB
and drug p.llannabodynamics. The data presented here are also consistent with the

findings in chapter 2, suggesting that both rifampicin and ethambutol are substrates

for P-gp.
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5.1 Introduction

During initiél treatment, rifamp_icin‘has been shown to induce hyperbilirubinemia
| _ (A_cocella et a?., 1965; Laudano, 1972), reduce the elimination | of
sulfobromophthalein (BSP) and increase serum bile acid concentration’s (Galeazzi et
al., 1980; Berg et al., 1984). Organic anions such as BSI; and bilirubin enter
hepatocytes through organic anion transporting peptides (OATP) and therefore
inhibition of this Iuptake system seemed a plausible mechanisfn (Kullak-UblicI; etal,
| 1995; Abe et al., 1999; Konig et al., 2000; Cui et al., 2001; Kullak-Ublick et al.,
2001). Studies on rat hepatic Oatplai and Oafp1a4 showed that rifampicin was an
inhibitor of these uptake systems (Fattinger et al., 2000). Following this data it was
found that in complementary RNA injected Xenopus Laevis oocytes, rifampicin
inhibited SLCO1B3 and to a lesser‘ exté_nd SLCOLAZ,_.SLCOIBI and SLCO2B!1
kVavricka et al., 2002) (for table of OATP/SLCO nomenclature ref back to table 1.4).
Further, it was also found that rifampicin.was a substrate for SLCOIB1 and
SLCO1B3 (Cui et al., 2001; Vavricka et al., 2002; Tirona et al., 2003; Spears et al.,
2005), and that some naturally occurring SLCOI1BI allelic variants markedly

reduced rifampicin accumulation (Tirona et al., 2003).

The tissue distribution of OATPs has maiflly been performed in huméh epithelial
cells (liver, brain, intestine, lung, kidney and other major organs) (Kullak-Ublick et
al., 2001; Tirona and Kim, 2002; Kim, 2003). Further, it has been demonstrated that
PBMCs do not express any of SLCO1A2, SLCOI1BI1, SLCO2B1 or SLCO4A1, but
‘do express ‘SLC03A1 (Tamai et al., 2000; Kullak-Ublick et al., 2001). However,
~ limited work‘ has been performed on the expression of OATPs on other non-epithelial

cells such as alveolar macrophages, which are an important sanctuary site for MTB,
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and therefore a target cell for rifampicin. Current knowledge regarding the

expression of OATPs in liver, lung and PBMCs in summarised in Table 5.3

Rifanﬁpicin accumulation in CEM cells and PBMCs have been found to be
approximately 5 to 6 fold higher than in the plasma (Chapter 2). However, a .16 fold
increase in cellular to plasma rifampicin has been found in alveolar macrophages
(Ziglam et al., 2002), suggesting that a cellular uptake mechanism may be

responsible for the increased rifampicin accumulation in alveolar macrophages.

The aim of this study is to determine the mRNA expression of the main OATPs
(SLCO1A2, SCLO1B1, SLCO1B3, SLCO2B1, SLCO3A1 and SLCO4A1) in both
| epithelial (liver and luﬁg cells) and in non-epithelial cell lines (PBMCs and alveolar
macrop'hages). Further, the iﬁqpact of OATPs on the ac‘cumula‘tion‘of rifampicin in

CEM cell lines and PBMCs is determined.
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5.2 Methods

5.2.1 Materials

'Ta"riquidar‘ was kindly donatéd by Xenova Group Plc (Berkshire, UK) .

CEM (par'ental) and CEMygLigo (P-gp over-expressing) cells were gifts from Dr R.
Davey (University of Queensland, Australia). THP1 (ECACC: 88081201) and A549.
(ECACC: 86012804) were obtained from the European Collection of Cell
Cultures (ECACC). 3[H]-rifampicin was purchased from Maravek Biochemicals

(Brea, California, USA). All other materials were purchased from Sigma-Aldrich

(Poole, UK).

5.2.2 Cell culture

The T-]ymphoblastoid cell line; CEM, CEMysLioo and CEMEjo00 and the 'human
monocytic cell line THP1 were routinely cultured in RPMI 1640 (supplemented with
10% FCS). The human epithelial lung cell line A549 was routinely cultured in

" DMEM (supplemented with 10% FCS).

5.2.3 Human liver, PBMC and alveolar macrophage sample collection

Human liver samples were obtained from histologically normal livers from
Caucasian donors (n = 4). Liver samples were portioned, frozen in liquid nitrogen
and stored (-80°C) within 30 min of the donors death (in all cases certified death was
traumatic injury due to road traffic accident). Approval was granted by the Liverpool

local research ethics committee and prior consent was obtained from the donors,

- relatives.
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PBMC sampies were obtairied from healthy volunteers (n = 4) and Buffy coats
’ (Regioﬁal Blood Transfusion Centre, Liverpool). Briefly, heparinised peripheral
blood‘ was layered onto Ficoll-Paque Plus (Amersham Biosciences) and centrifuged
(800 x g, 30 rﬁin, 4°C), the PBMC layer was then removed and washed 3 times in

PBS (800 x g, 6 min, 4°C).

Alveolar macrophages were obtained from bronchoalveolar lavage (BAL) at the
North West Lung Research Centre (Squth Manchester University Hospitals Trust,
Manchester, UK). Briefly, a bronchoscope was wedged in an appropriate tertiary
brénchus (usually the right middle lobe) and a BAL waé carried out using normal
pre-warmed saline (37°C, 50ml). Recovered BAL fluid (stored at 4°C) was then
passed through filter nylon cell strainer (100pum, BD Falcon) and centrifuged (300 x
g, 10 inin,’ 4°C). Alveolar macrophages We£e purified from the BAL using magnetic
cell sorting (MACS technolbgy) according to the manufacturer’s instructions.
Briefly, 2 x 107 cells were resuspended in >16O pL of MACS buffer (PBS, 0.5% BSA;
.2mM EDTA, pH 7.2, 4°C) and mixed with 40 uL of CD14 ‘microbeads (Miltenyi
Biotec, Bergisch Gladbach., Germany). Cells were incubated (15 min, 4°C) and
washed with MACS buffer dmL, 300 x g, 10 min). The pellet was then resuspended
in 500 pL of MACS buffer and added to an eqﬁilibrated LS separation column
(Miltenyi Biotec, Bergisch Gladbach, Germany). Unlabelled cells were then eluted
with buffer (3 x 3 ml).‘Labelled cells were subsequently eluted following removal of

the LS separation column from the magnet, and pelleted (300 x g, 10 min).

5.2.4 Rifampicin cellular accumulation at 4°C

Cellular accumulation ratios of *H-rifampicin (25 nM, 0.1uCi) were determined in

CEM, CEMysgLioo and CEMEg g cells as well as in buffy coat PBMCs (n = 4) as
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described in section 2.2.15. The experiments were repeated on ice (30 min) to

determine the influence of influx transporters.

5.2.5 Extraction of total RNA

Total RNA was extracted using TRIzol according to manufacturer’s inétructions with
minor modiﬂcatiqns, Briefly, cell pellets (1 x 107 cells of PBMC, CEM, CEMvpL 100,
CEME 1000, THP1 and A549) and homogenised human liver (100 fng uSing a glass-
teflon homogeniser) were mixed thoroughly in TRIzol (lrriL) and frozen‘(-ﬁ80°C).
Chloroform (200 pL) was then added to the thawed TRIzol mixtures; samples were
thoroughly mixed, incubated (20°C, 3 min) and centrifuged (12000 x g, 15mins). The
aqueous phase was then removed and mixed with isbpropanol (500 pL), incubated
(20°C, 10 min) and centrifuged (12000 x g, 10mins). The supernatant was discarded

‘and the RNA pellet washed in 75% ethandl (1 mL, 7500 x g, ‘5 min) and allowed to
air dry before being resuspended in RNase free water (20 mL). Concentration and

purity of RNA was determined using a spectrophotometer.

5.2.6 Reverse transcription

Reverse transcript_ion of the 'extracte.d total RNA to cDNA was performed using
TagMan Reverse Transcription Reagents (Applied Biosystems, New Jersey, USA)
by mixing 10x Tagman RT Buffer (10 pl, final conc. 1x), 25 mM MgCl, (22 pL final
cénc. 5.5mM), 2.5 mM dANTP mix (20 pL, final conc. 500 uM of each), 50 pM
random hexamer primers (5 pL, final conc. 2.5uM), 20 U/uL RNase inhibitor (2pul,
0.4 U/uL), 50 U/pL. Multiscribe reverse transcriptase (2.5 pL, total conc. 1.25 U/pl)
and 50 ng/mL total RNA (20’;1‘L‘ﬁnal conc. 0.01 pg/uL) and RNase free water (18.5

" uL). Samples were then incubated at 25°C ( 10 min), 48°C (30 min) and 95°C (5 min)
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in a GeneAmp PCR System (Applied Biosystems, Warrington, UK). The resulting

cDNA was frozen at -20°C until use.

5.2.7 Detection of OATP expression by Hotstart Touchdown PCR

The primers for the OATP were designed on the basis of the publisﬁed sequences
from NCBI-UniGene using FastPCR (1998-2006 v.3.8 for Windows) (Table 5.1) and
purchased fronﬁ Sigma-Genosys (Poole, UK). Primer sequences were screened
- against the human genome and found to be specific for the'genes of interest. PCR
reaction mixtures were made by mixing 10x MgCl, (5pL, final conc. 1x), 2.5 mM
dNTPs (4 pL, ﬁnél conc. 200 uM of each), forward and reverse primers (1 pL,
concentrations to be optimised), cDNA (5 uL) and RNaée free water (33 pL). Hot-
start PCR was then started by inserting the samples into a GeneAmp PCR System
(Applied Biosystems, Warrington, UK) and“heati.ng them to 95°C, at when 1 pL of
‘Expand Taq polymerase was added (Roche, Indianapolis, USA). PCR touchdown
© thermo-cycling then followed (Fig. 5.1). PCR conditions were optimised by altering
forward and reverse primer C(‘)ncentrations’(l, 10 and 100 pM) for OATP expression
in A549 and liver cDNA. i’CR for the detection of OATP ¢cDNA for the human liver
and PBMC samples was performed on a heterologous mixture of the 4 cDNA
samples. PCR products were run on a 1% agarose gel (eontaining ethidium bromide)
along with a 100 base pair DNA molecular wei ght marker XIV (Roche, Indianapolis,

USA). Gels were photographed‘on alUV tfansilluminator and the cDNA of interest

identified by the amplicon size.

5.2.8 E-3-S modulation of rifampicin uptake in CEM cell lines and PBMCs

"Rifampicin (25 nM, 0.1uCi) cellular accumulation ratios were determined in CEM,

| CEMysLigo and CEMEgjogo cells as well as in buffy coat PBMCs (n = 4)_ as described
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in section 2.2.15. Experiments were repeated following a pre-incubation of the cells

with estron‘e—3-sulph‘ate (E-3-S, 100 pM). The modulation of rifampicin CAR by E-

3-S was also determined in CEMypy 100 pre-incubation in tariquidar (1 uM, 10 min).

5.2.9 Data handling and statistical analysis

CAR data are presented as mean + SD. Data were checked for normality using a

Shapiro-Wilk test and found to be non-normally distributed. For subsequent analyses

a Mann-Whitney test was applied with a P < 0.05 taken as indicative of significance.

Table 5.1: Forward (FP) and reverse primers (RP) for the RT-PCR detection of
OATP cDNA and the product fragment size.

.Amplicon size

OATP' Forward and reverse primer Accession
' ’ _ , _ number
SLCO1A2 | FP: CTG ACA CTC GTT GGG TCG 471 - NM_005075
RP: CCA ACA TCC TAT GTG GGC AG
SLCO1B1 | FP: TCT CGA TGG GTT GGA GCT TGG 358 AB026257
RP: AGG CTG ACC ATA CTG TTG CTC ‘
SLCO1B3 | FP: ' CAT TCC TAC GGT TGC AAC TGG 286 HSA251506
RP: TTG TTC CCA CAG ACT GGT TCC
SLCO2B1 | RP: TGCTTG TCA TCC ATGGCT G 453 AB026256
RP: CTGTTG TCC AGA GCA TCC TG
SLCO3Al | FP: TGATCC CGAAGGTCAC 557 ABO031050
' RP: | ACGGTTGCGTTCTCAG
SLCO4A1 | FP: TGA GTG CCT CAG AAGCTGC 468 AB031051
’ RP: AGT GCA TTT CCC TGC AGT G
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5.3 Results

53.1 Rifampicin accumulation at 4°C and in heat killed cells
Basal rifampicih CAR in CEM, CEMyszri00, CEMEig0o and buffy coat PBMCs were
significantly increased when they were denatured (heat killed) and significantly

decreased when CAR was determined at 4°C (Table 5.2).

5.3.2 Optimisation of OATP Hot-start Touchdown PCR cohditions

Humaﬁ lung epithélial cell line, A549 was found to express levels of all the OATP
mRNA investigated, and was t‘herefore‘used to optimise the primer concentrations
for Hot-start Touchdown PCR conditions. All primers desi gned were able to detect
the correctly sized cDNA amplicons in’A549 cDNA by Hot-start Touchdown PCR.
Optimal primer concentrations were found to be 10 uM for SLCO1A2, SLCOlBi,
'SLCO3A1, and SLCOIB3 and 100 uM for SLCO2B1 and SLCO4A1 (Fig. 5.2). In
all cases 1 M primer concentrations did not produce any visible bands (data not

shown).

533 Cell screéning of OATP mRNA expression

Heterologops liver (mixture of 4 individuals), heterologous PBMC (mixture of 4
individuals) and human cell line ¢cDNA were screened for expression of OATP
mRNA (Fig. 5.3). Positive_éontrol A549 c»DNA expressed all tested OATP
transcripts. Heterologous liver éDNA was found to exprf}:ss»SLCOIAZ, SLCO1BI,
SLCO1B3, SLCO3A1 and SLCO2B1 but not ’SLCO4A1. 'Heterologéhs PBMC

| cDNA was found to only express SLCO3A1. CEM, CEMyaii00, CEMEj000 Were
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.found to have similar OATP mRNA expression (SLCO3Al and_SLCO4A1),
however CEMygpL0 expressed SLCO1A2 which was ﬁot expressed in CEM_and
CEMgig00 cells. THP1 cells were found to vexpress. SLCOZ;BI, SLCO3Al and
SLCO4A1 (Fig. 5.3). Alveolar macrophages purified frorh BAL were found to

express SLCO3A1 and SLCO1B3 (Fig. 5.4).

5.3.4 E-3-S modulation of rifampicin CAR

100 uM E-3-S had no significant effect on the CAR of rifampicin in CEM and
CEMyagrig0. However, following i;lhibition of P-gp mediated rifampicin efflux in
CEMygLio0 by tariquidar; E-3-S was able fo significantly decrease the rifampicin
CAR (Fig. 5.5). In buffy coat PBMCs, E-3-S was able to significantly decrease

rifampicin CAR in 3 of the 4 samples (Fig. 5.6).
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5.3.5 Results Tables

- Table 5.2: Rifampicin CAR in CEM, CEMysy100, CEMg 000 and buffy coat PBMCs
at 37°C and at 4°C. Data mean + SD (n > 4), * P<0.05 compared to control
conditions. ’ ' ‘

Rifampicin Cellular Accumulation Ratio (CAR) mean + SD
Control (37°C) T At4°C
CEM 5.54+0.21 2.56+0.17*
CEMyvsL10o 3.40x0.14 - 2.23+041*
- CEMgj000 4.63+0.34 2.77 £ 0.36*
PBMC 5.96 £ 0.80 3.55+0.49*
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Figure 5.3: Cell line, heterologous PBMC and heterologous liver expression of
OATP c¢DNA as measured by optimised hotstart touchdown PCR. RNase free water
was used instead of cDNA as a negative control (Neg. CTL)
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Figure 5.5: The cellular modulation of rifampicin accumulation by estrone-3-
sulphate (E-3-S, 100uM) in CEM and CEMypy 100 and in CEMygy 100 pre-treated with
the P-gp inhibitor; tariquidar (+XR). Data are presented as a mean = SD (n = 4), * P
< 0.05.
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Figure 5.6: The cellular accumulation of rifampicin in PBMCs isolated from 4 buffy
coats in the absence and presence of estrone-3-sulphate (E-3-S). Data are presented
as amean + SD (n=4), * P <0.05.
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5.4 Discussion

It is becomiﬁg increasingly evideht that céll_ular accumulafion is a Composjtionv of
both drﬁg efflux and drug influx mediated by transport‘ers. Rifampicin is an
established sﬁbstr,ate for both OATPI1BI1 and OATPIB3 (Cui et al., 2601; Vavricka
et al., 2002; Tirona et al., 2003; Spears et al., 2005). However, the expression of

these OATPs on alveolar macrophages, a sanctuary site for MTB, has not been

assessed.

Evidence fof a functional role of influx transportérs in .the accumulation of
rifampicin was established from studies on CEM, CEMyaL100, CEME|000 and PBMCs
performed on ice. Incubation at 0°C results in decreased cellular activity and
therefore shut down of active drug transport (both influx and efflux), suggesting that
the observed accumulation of rifampicin is at least partially dué to active uptake.
However, it must be noted that performing an uptake experiment at 4°C has its
limitations because the low temperature can leads to a change in membrane

morpholoéy and fluidity. Thié additional chaﬁgé-may also influence the rate of
passive and facilitated dmg_rﬁovement és well as influencing active transport, These

data are therefore not conclusive evidence for the presence of active influx.

Overall there is a consensu§ between previous publications o'ver the tissue
distribution of the OATPs in the liver, lung and in leukocytes (Table 5.2). However,
there are conﬂictipg reports \;Nith respect to the tis;ue distribution of SLCO1A2 (in
lung samples), SLCO3Al ‘(in liver and leukbcytes samples) and SLCO4AL (in liver
samples). In this study liver OATP expression (Fig. 5.3) wés found to be largely

“similar to that published previously, showing that that SLCO3A1 is éxpfessed and
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that SLCO4A1 is not expressed (Tamai et al., 2000; Schiffer ez al., 2003). The fact
that we only showed the expression of SLCO3A1 in heterologous PBMC cDNA is

also in agreement with previous work (Tamai et al., 2000).

With the exception of SLCO3AL1 in A549 (Adachi ef al., 2003),‘SLCO expression
has not previously been assessed in T-lymphocyfe (CEM, CEMyaL100s CEMElooo),
monocytic (THP1) and lung epithelial cell line (A549). ‘A5’,49 cells were fqund to
also express the .other OATP mRNAs tested, which is different to the luné tissue
expression (Table 5.2) from which it was originally derived. The CEM and THPI
cell line have also undergone changes in their OATP expression compared to PBMC
with CEM cells also expressing SLCO4A1 and THP-1 cells also expressing both

SLCO4A1 and SLCO2BI.

The expression of SLCO1A2 by CEMVBUOO,I but not the parenfai CEM cell line was
unexpected. CEMyvsL100 cells were originally generated by the stepwise selection of
parental ‘CEM cells up to 100 ng/ml of ’vinblastine in o;der to obtain a P-gp
overexpressing cells (Beck et al., 1979). This process coula however also have led to
“the selection of SLCO1A2 expressing cells. To further verify the presenc'e‘ of -
functional OATP1A2 protein, active inﬂux of rifampicin in CEMVBL]OO was
evaluated and modulated using the universal OATP substrate and therefore
competitive inhibitor, E-3-S (Su et al., 2004). Incubation with E-3-S had no effect on
ri_fampicin CARin CEM and CEMVBLIQO, Suggesting that rifampicin is not a substrate
for OATP3Al or OATP4A1 (also seen by (Tirona et al, 2003)) (Fig. 5.5). As
: rifanﬁpicin is also a substraﬁe for P-gp, which is overexpressed in CEMygL 00, the full

- extent of influx could only be determined if P-gp was blocked. In the presence of a
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P-gp inhibitor it could be seen that E'.3'S -did modulate rifampicin influx into
CEMypLigo, indicating that functional OATP1A2 was expressed (Fig. 5.5).
Therefore, in non-epithelial CEMVBUOO cells it seems that rifampicjn accumulation is
regulated by both an active influx transporter (OATP1A2) and an active efflux
transporter (P-gp), although the efflux system appears to be more efficient. In
contrast to polarised cells the transporters would act in conjunction to facilitate trans-
epithelial transport, with active influx on the basal membrane and active efflux on
the apical membrane. The differential expression of SLCO1A2 by CEMyaino and
the parental CEM cells therefore provides a useful tool to determine if drugs are

substrates for OATP1A2,

Rifampicin accumulation in PBMCs was found to decrease at 4°C, and importantly
ico‘uld be médulated by E-3-S iﬁdicating the presence §f an influx system. However
PBMCs were found to only express SLCO3Al, a transpo>rter also expressed in CEM
’cells (rifampicin accumulation was not modulated by E-3-S). E-3-S is however
transported into cells by a plethora of influx transporters (OATP, NTCP- sodium
dependent taurocholate transp'ofter peptide; OAT-'organic anion transporter), all of
which can :competitively inhibit if concentrations are sufficiently high (Kullak-
Ublick et al., 2001; Chandra and Brouwer, 2’004). Previous work has however shown
that rifampicin is not a substfatc for NTCP, OATs (OAT1, OAT?3) or organic cation
transport (OCT1, OCT2) (Tirona et al., 2003). The future development of more -
spgciﬁc inhibitoré of influx transporters will clarify the mechanism by which E-3-S

modulates rifampicin accumulation in buffy coat PBMC.
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As in PBMC, aiveolar macrophages were found to express SLCO3A1 (Fig. 5.4).
Interestingly, alveolar macrophages were also found té express SLCO1B3 for which
rifampicin is a substrate (Cui ei al., 2001; Vavricka et al., 2002; Tirona et al., 2003;
Spears et al., 2005). The presence of OATP1B3 protein cobuld not be verified because
of the lack of specific commercially available antibodies. Further, limited alveolar
| macrophage yield form BAL and the lack of specific OATPIB3 substrates or
inhibitors hinders the phenotypic characterisation of rifampicin influx into alveolar

macrophages.

In summary, data shown here illustrate that CEM and CEMVBUOO can be used to
screén for OATP1A2 substrates, and that the presence of the influx protein must be
taken into consideratibn when the cells are used to screen for P-gp substrates.
Fuﬁher, the expression of SLCOiB3 by alveolar macrophages indicates that drug
accumulation in epithelial and non-epithelial cells should be considered not only in
terms of efflux but also influx. Further studies are now required to elucidate whether
OATP1B3 mediates the influx of rifampicin in alveolar macrophage and whether this

is related to intracellular TB kill.

184



Chapter 5 — OATP expression and function

Table 5.3: Published OATP tissue distribution in the liver, lung and in PBMCs as
determined by mRNA RT-PCR expression' and Northern blots*. Dashes (-) indicate
that expression has not been assessed. : ‘

OATP Tissue Expression
Tissue g § g E ﬁ 5 Reference
© o o O o o
Q Q Q @) @] Q
7 7 7 7 7 7
Yes' Yes' - - - - (Su et al., 2004)
Yes' Yes' - Yes' Yes' No' | (Schiffer et al., 2003)
- Yes’ | Yes? - - - | (Cuieral,2003)
Yes' Yes' Yes' Yes' Yes' Yes! (Téfnai et al., 2000)
Liver | Yes® | - ) - - - (Kullak-Ublick et al., 1995)
- Yes® - - - - (Konig et al., 2000)
- Yes? - - - - (Hsiang et al., 1999)
- - - Yes? - - | (Kullak-Ublick e al., 2001)
- - - - No? - (Adachi et al., 2003)
No' No' No' Yes' Yes' Yes' | (Tamai et al., 2000)
Yes? - - - - - (Kullak-Ublick et al., 1995)
- | No?' . - - - | (Konig et al., 2000)
Lung - No? - - - - (Hsiang et al., 1999)
- - - Yes? - | - [ (Kullak-Ublick et al., 2001)
- - - - Yes® - (Adachi et al., 2003)
No' No' No' No' Yes' No' (Tamai et al., 2000)
No’ - - - - - (Kullak-Ublick ef al., 1995)
- No? - . - - (Konig ef al., 2000)
PBMC - ~No® - - - - | (Hsiang et al., 1999)
- - . No? - - | (Kullak-Ublick et af., 2001)
- - - - " No® - (Adachi et al., 2003)
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" CHAPTER 6

Method Development for the Quantitative Analysis of

Plasma Rifampicin, Isoniazid and Pyrazinamide by

HPLC, HPLC-MS and HPLC-MS/MS
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6.1 Introduction

Rifémpicin, isoniazid and pyrazinamide are the primary drugs used in the
chemotherapy of fubercgloéis. P-h.armacokinetic stlidies are an important tool that can
be us.ed to determine potential drug-drug interactions and the effect of .protein
induction. This is especially true for rifampicin and isoniazid that are taken for é long

period of time, often co-prescribed with other drugs such as anti-retrovirals.

Criteria for the development of assays to quantify plasma drug concentrations are
that they are specific, accurate and precise. Further, methods should be sensitive
enough to measure full concentration ranges expected in a pharmacokinetic profile

by preferably using a small sample volume.

Numéroﬁs assays have been published for the detection of rifampicin (Smith et al.,
1999; Mohan et dl., 2003; Calleja et al., 2004), pyrazinamide (Yamamoto et al.,
1987; Gaitonde and Pathak, 1990; Revankar et al, 1994; Walubo et al., 1994;
Kraemer et al, 1998; Conte et al., 2000) and isoniazid (Hﬁtchings et al., 1983,
Delahunty et al., 1998, MoPssa ei al., 2002). However, no methods were available
| within our institution for the quantification of rifaxﬁpicin, pyrazinamide and

isoniazid.

Work shown here describes the developfnent and vvalidation of novel improved
HPLC and HPLC-MS methofis for the quantification of rifampicin. 'Further, HPLC
“methods have been developed and validated for the quantification of pyrazinamide
. and isoniazid based on previously published methods by (Conte et al., 2000) and

“(Hutchings et al., 1983) respectively.
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6.2 Materials and Methods

6.2.1 Chemicals

Ammonium formate was purchaséd from Fisher Scientific (Loughbprough, UK).
HPLC grade acetonitrile (ACN) and methanol (MeOH) were purchased from BDH
Laboratory Supplies (Poole, UK). Blank, drug-free plasma was obfained from the
National Blood Service (Li\'/erpool,bUK). De-ionised water was used throughout. All

further chemicals were obtained from Sigma-Aldrich (Poole, UK).

6.2.2 HPLC and Mass Spectrometry apparatus

The high-pefformance liquid chromatography (HPLC) system used to analyse
rifampicin, pyrazinamide, and isoniazid consisted of a variable wavelength detector
(HPLC detector 432), an automatic sample injection devicé (HPLC autosampler
© 360), a delivery pump (325 system) and a degasser (DEG-104) purchased from
Kontron Instruments Ltd., Hertfordshire, UK. Analytical runs were processed using

Chromeleon software (Dionex Ltd; Camberley, UK).

Rifampicin analysis was determined by revefse-phase high-pressure liquid
chromatogréphy (HPLC) in;erfaced with a mass spe‘ctr:)meter. Equipment consisted
of a mass spectrometer (Finnigan MAT TSQ 7000 triple quadrupole), an éutosampler
(SpectraSystem AS3000, Thermo Separation Products, Heme]iHempstea.Ld, UK), a
pump (SpectraSystem P2000, Thermo Separation Products, Hemel Hempstead, UK),
a ~degasser (TSP), a rotary ~vacuum  pump (2X E2M30, Aztech Trading,
Loughborough, Leicestershiré, UK), a nitrogen generator and a 2000-40M air
'compressor (Jun - Air). Assays were processed by‘XcalibL'lr Software (Thérmo

;Electron Corporation, Hemel Hempstead, UK). .
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- 6.2.3 Rifampicin HPLC Method

The HPLC method for the detection of rifampicin is a novel method developed for

the detection of plasma rifampicin at concentrations above 0.823 pg/mL.

Column: Separation of rifampicin from the internal standard (IS: p-hydroxybenzoic
acid n-butyl estef) and the mobile front was achieved with a Luna Cg reverse phase
col‘lllmn (5 pm, 150 x 4.6 mm), (phenomenex, Macclesfield, UK), protected by a

guard column (Si 60, 5p; Merck, Germany).

- Mobile phase: A gradient mobile phase consisting of 50mM ammonium formate
(pH 5) and acetonitrile (mobile phase A: 65:35 (v/v), Mobile phase B: 30:70 (v/v))
was used to ensure optimum separation and peak shabe for rifampicin and internal
standard. For the first 2 min 100 % mobile phase A was kept isocratic at a ﬂow rate
-of 1 ml/min, followed by a linear gradient to 100 % mobile phase B at 7 min. From 7
min to 12 min the mobile phase was retuméd to mobile phase A, to allow the éo]umn

to equilibrate.

Preparation of stock rifampicin and internal standard solutions: Stock solution
of rifampicin (1 mM or 0.823 mg/mL) and internal standard (IS: p-hydroxybenzoic
acid n-butyl ester, 1mg/ml) was prepared by dissolving the appropriate amount of
compound, accurately weighed, in 100% HPLC grade methanol (kept at -20 °C and
in the dark to prevent brégkdown of the drug). Stock IS solutions were further diluted

in 100 % HPLC grade methanol to generate a working IS solution of 1 pug/ml.
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Preparation of Quality control samples: Low (LQC: 1.07 pg/mL), medium (MQC:
7.4'1 pg/mL) and high (HQC 16.46 pg/mL) quality control samples were prepared by
respectiveiy adding 26, 180 and 400 pL of stock 0.823 ‘mg/mI-_, rifampicin to a 20 ml
volumetric flasks. Following the evaporation of the methanol from the added
rifampicin (under gasseus nitrogen), blank drug free plasma (centrifuged at 3200 g,
10 min) was then added to the mark. Following thorough mixing, 1rmL aliquots of
each quality control sample were transferred to plasma vials and frozen down at -80

°C. LQC, MQC and HQC samples were defrosted prior to and incorporated into each

analytical run.

Preparation of standard curves: On the day of experimental setup, a top rifampicin
concentration was genérated by adding 30 uL. of stock 0.823 mg/mL rifampicin to
1470 pL of blank drug free plasma (centrifﬁged at 3200 g, 10 min) to give 16.46
ng/mL solutions. A rifampicin standard curve (0.412, 0.823, 1.65, 3.29, 6.58, 9.88,
11.52, 16.46 pg/mL) was éonstructed by mixing the appropriate amount of the top

standard (16.46 pg/mL), with blank plasma in 5 ml glass culture tubes.

Sample treatment: 200 puL-(in duplicate) of each of the standard, quality control
sample (QC) and test samples were transferred into a clean glass 5 ml culture tube.
Proteins were then precipitated by adding 1 mL of 1 pg/ml IS working solution (in
- HPLC grade methanol). The solutions were vortexed thoroughly and allowed to
stand for 1 hr to allow for protein precipitation (1 h, 4 °C, in the dark). Samples were
centrifuged (3200 g, 10 min) and supernatant trahsferred to a clean 5 ml culture tube.
The supematant was then dried down to complete dryness ‘under nitrogen (-in the

dark). The residue was re-suspended in 200 pL. HPLC grade methanol, vortexed and
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transferred to an autosample vial (with insert). 20 uL of sample was injected into the

HPLC system and analysed at 254 nm.

6.2.4 Pyrazinamide HPLC Method

The detection and quantification of plasma pyrazinamide concentrations is based on

a method deséribe_d by (Conte et al., 2000) with minor modifications.

Column: Separation of pyrazinamide and the internal standard from each other and
the solvent front was achieved using a HyPURITY C,g column (5u, 250 x 4.6 mm)
(Thermo Electron Corporation, Runcorn, Cheshire, UK) protected by a guard column

(Si 60, 5u; Merck, Germany).

Mobile phase: Separation was achieved with an isocratic mobile phase consisting of
20 mM KH,PO, (pH 2.6 with .phosphoric acid) and acetoﬁitrile (98:2, v/v), at a flow

rate of 1.2 ml/min, and a runtime of 45 min.

Preparation 6f stock pyrazinamide and internal standard solutions: Stock
solution of pyrazinamide (10 mg/ml) and internal standard (IS: acetazolamide: 5
mg/ml) was prepared by dissolving the appropriate amo;mt. of compound, accurately
weighed, in 50% HPLC grade methanol (kei)t at -20 °C aﬁd in the dark). On each

experimental day the working IS stock solution was diluted in acetonitrile to 5 pg/ml.

Preparation of Quality Control Samples: Low (LQC: 3pg/ml), medium (MQC: 15
pg/ml) and high (HQC: 75 pg/ml) quality control samples were prepared by
respectively adding 15, 75 and 375 pL of 10 mg/ml pyrazinamide in methanol to 50

ml volumetric flasks. Following the evaporation of the methanol from the added
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pyrazinamide (under gaseous nitrogen), blank drug free plasma (centrifuged at 3200
g, 10 min) was then added to the mark and mixed thoroughly. 1 ml aliquoté of each
quality control Sample were‘ transferred to plasma vials and frozen down at -SO °C.
LQC, MQC aﬁd HQC samples were defrostedkpri‘or to and incorpbrated into each

analytical run.

Preparation of standards curves: On the day of experimental éetup, a top
pyrazinamide concentration was generated by adding 80 pL of stock 1 mg/ml
pyrazinamide to 920 uL of blank drug free plasma (centrifuged at 3200 g, 10 min) to
give‘ 80 pg/ml solutions. A pyrazinamide standard curve (‘1.25, 2.5, 5.0, 10.0, 20.0,
40.0, 80.0 pg/ml) was constructed by performing serial 1 in 2 dilutions of the top

standard (80 pg/ml), with blank plasma in 5 ml glass culture tubes.

Sample treatment: 200 L (all in duplicate) of each of the standards, quality control
sample (QC) and test samples were transferred into a clean 1.5 ml microfuge tube.
400 pL of IS working solution (5§ pg/ml in ACN) was added and mixed thoroughly to
allow for sample protein precipitation. FolloWing centrigugation (10 min, 10000 x g),
the top organic layer was transferred to a glass 5 ml tube and dried down to complete
dryness under nitrogen. The residue was Fhen reconstituted in 200 pl of mobile
phase, vortexed and transferred to an autosample vial (with insert). 20 uL'of sample

was injected into the HPLC system and analysed at 268 nm.

6.2.5 Isoniazid and acetylisoniazid HPLC Method

The detection of isoniazid and acetylisoniazid by HPLC was originally described by
(Hutchings et al., 1983) (as well as further modifications by Hutchings A, University

of Cardiff by personal communication), briefly: .
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Column: Separation of isoniazid, acetylisoniazid and the internal standard
(iproniazid) from each other and the mobile front was achieved using a Spherisorb
nitrile column (5u, 250 x 4.5 mm) (Waters, Hertsfordshire, UK). Because of the

vigorous extraction procedure, a guard column was deemed unnecessary.

Mobile phase: Separation was achieved with an isocratic mobile phase consisted of
8 mM citric acid and acetonitrile (80:20, v:v), at a flow rate of 2 ml/min, and a

runtime of 10 min.

Preparation of acetylisoniazid: The preparation of acetylisoniazid was as described

by (Fox, 1953) and | modified by (Lauterberg BH, 1981). Briefly, 10 ml of
tetrahydrofuran was added to a clean conical flask containing 1.37 g of isoniazid.
The solution was mixed until the isoniazid was dissolved and in drop wise fashion
1.9 ml of écetic anhydride was caréfully added (in fume hood). Following the
completion of the reaction the samples was cooled (4 °C, 24 hr) to aid the
| spontaneous precipitation of acetylisoniazid. The acetylisoniazid was then separated
ffom the solution by filtratien and allowed to dry. The purity of the acetylisoniazid

was then confirmed using chromatography and NMR.

Preparation of stock isoniazid, acetylisoniazid and internal standard solutions:
Stock solution of isoniazid (1 mg/ml), acetylisoniazid (I mg/ml), and internal
standard (iproniazid: 1 mg/mlj Was prepared by dissolving the appropriate amount of
'cémpound, accgrately Weighed, in 50% HPLC grade methanol and (kept at —80 °C

_ and in the dark). Working solutions of IS (100 pg/ml) was prepared in water.
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Preparation of Quality Control Samples: Low (LQC: 0.3 pg/ml), medium (MQC:
1.5 ug/ml) and high (HQC: IO.Hg/ml) quality control samples weré prepared by
respectively adding 30,’150 and 1000 pL of stock isoniazid and acetylisoniazid
solutions (1 mg/ml) to 100 ml volumetric flasks. Following the evaporation of the
methanol from tﬁe added isoniazid and acetylisoniazid (under gaseous nitrogen),
blank drﬁg free plasma (centrifuged at 3200 g, 10 min) was then added to the mark
and mixed thoroughly. 3300 pl aliquots of each quality control sample were
transferred to 10 ml glass tube and _frozenv down at ~80 °C. LQC, MQC ahd HQC

samples were defrosted prior to and incorporated into each analytical run.

Preparation of standérd curve: On the day of expefimental setup a top isoniazid/
acetylisoniazid solution was prepared by mixing 30.72 puL of isoniazid (1 mg/ml) and
30.72 pL of ace’;ylisoniazid (1 mg/ml) with 2340 uL of blank, drug free plasma
(centrifuged at 3200 g, 10 min) to give a final concentration of 12.8 pg/ml for each
drug. A isoniazid/ acetylisoniazid standard curve (0.2, 0.4, 0.8,. 1.6,3.2,6.4 and 12.8
ug/ml) was constructed by performing seriai 1 in 2 dilutions of the top standard (12.8

pg/ml), with blank plasma in 5 ml glass culture tubes.

Sample Treatment: 1000 pL of each standard, quality c;ontrol sample (QC) and test
samples were transferred into a clean 5 ml glass tube and 100 uL kof IS working
sb}ution (iproniazid 100pg/ml) was added. 500 pL of 30 % (w/v) perchloric acid was
then added (to precipitate all thé proteins and to break down. isoniazid hydrazones to
isoniazid) and vortexed thoroughly and left for 10 min. The samples were then

centrifuged (10 min, 3000 g) and supernatant transferred to a clean 5 ml glass tube.
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To neutralise the acid, 1500 pL of di-potassium hydrogen phosphate buffer (3M) was
added and the sample was vortexed and centrifuged (10 min, 3000 g). The
éupernatant was transferred into 3 ml ISOLUTE extraction column (Kinesis Ltd,
_ Béds, UK) and left to distribute evenly for 30 min. 3 volumes of 4 ml chloroform:
butanol (70:30) were then used to extract the isoniazid and acetylisoniazid from the
column and the elutent collected in a clean 10 ml glass tube. 500 L of phosphoric
acid (0.05 M) was added to the elutent (to back extract the isoniazid and
acetylisoniazid) and tubes were tumbled for 30 min. The tubes were then centrifuged
(10 min, 3200 g) and the inprganic layer transferred to an autosample vial (With

insert). 20 pL of sample was injected into the HPLC system and analysed at 266 nm.

6.2.6 Rifampicin HPLC-MS Method

The HPLC-MS method for the detection of rifampicin is a novel method developed

for the detection of both plasma and cell associated rifampicin concentrations.

Column: Ideal chromatography was achieved using a Betasil Phenyl-Hexyl column
(5 um, 50 x 2.1 mm) (Thermo Electron Corporation, Runcorn, Cheshire, UK),

protected with a betasil hexyl pre-column (5p).

Mobile phase:A To ensure separation of rifarripicin and the internal standard from the
solvent front, but retaining a short runtime, an isocratic mobile phase of 10 mM
ammonium acetate (pH 4.0) and acetonitrile (60:40 V:v), at a flow rate of 0.4 ml/min

was used.

Preparation of stock rifampicin and internal standard solutions: Stock solution

of rifampicin (1 mg/ml) and internal standard (IS: rifamycin SV, l'mg7ml) was
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prepared by dissolving the appropriate amount of compqund, accurately weighed, in
100% HPLC grade methanol (kept at —80 °C and in the dark). On each experimental -
day the working IS stock solution was diluted in acétonitrile to 1 ug/ml. |
Preparation of Quality Control Samples: Low (LQC: 150 ng/ml), medium (MQC:
1200 ng/ml) and high (HQC: 10000 ng/ml) quality control samples were prepared by
addilng 37.5 pL (of 100 pg/ml rifampicin), 30 pl and 250 pL (of 1000 pg/ml
rifampicin) respectively to a 25 ml volumetric flasks. Following the evéporation of
the methanol from the added rifampicin (under gaseous nitrogen), blank drug free
plasma (centrifuged at 3200 g, 10 min) was’ then added to the mark and mixed
thoroughly. 1 ml aliquots of each quality control sample were transferred to plasma
vials and frozen down at —80 °C.

Preparation of rifampicin standard curve: On the day of experimental setup a top
rifampicin solution was prepared by mixing 12.8 pL of stock rifampicin (1 mg/ml).
with 987.2 uL of blank drug free plasma (céntrifuged at 3200 g, 10 min) to give a
final rifampicin conc¢ntration'of 12.8 ug/nﬂ. A rifampicin standard curve (0.1, 0.2.,
FO.4, 0.8,1.6,3.2,6.4, ‘1‘2.8 wg/ml) was constructed by performing 1 in 2 dilutions of

the top standard, with blank plasma in 1.5 ml microfuge tube.

Sample treatment: 50 pL (all in duplicate) of each of the standards, quality control
sample (QC) and test samples were transferred into a ‘clean 1.5 ml microfuge tube.
150 pL of internal standard (rifafnycin SV, 1 pg/ml in ACN) was added to allow for
| protein precipitation.v'Following vigorqus vortexing, the samples were centrifuged

(10 mih, 12000 x g). 100 puL of supernatant was transferred to an autosample vial
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(with insert) and mixed with 150 pL of HPLC grade water. 10uL of sample was

injected into the HPLC/MS machine.

HPLC-MS 'convdi.tio’ns: Mass spectral analyses for rifampicin and. the IS were
carried out using electrospray ionisation (ESI) in the positive ion mode, an ESI
voltage of 4.5 kV and a heated capillary temperature of 250 °C. For single ion
monitoring (SIM) analysis, the first quadripole was set to scan for the scanﬂrangeé
indicated in Table 6.1. The sum of three m/z products (m/z: 791.9, 824.0 and 846.0)
was used for the quantification of rifampicin. The different m/z for rifampicin
represent MH+ (m/z = 824.00), MNa+ (m/z = 846.00) and a truncated rifampicin
(without a methoxy: m/z = 791.9; also shown by (Korfmacher et al., 1993)). The

s’ingle m/z product of rifamycin SV (m/z: 720'.6) was used to analyse the IS area.

Table 6.1: The single ion monitoring (SIM) settings and conditions for the detection
of rifampicin and rifamycin SV by HPLC-MS.

Drug Centre Mass (m/z) Width (m/z)‘ Scan time (sec)
Rifamycin SV 720.60 ' " 0.60 ' 0.20
Rifampicin , 791.90 0.60 0.20
Rifampicin ~824.00 0.60 0.20

- Rifampicin 846.00 0.60 .0.20
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6.3 Results

" ) 6;3.1 Detecﬁon and chromatography:

Rifampicin and the IS (p-hydroxybenzoic acid n-butyl ester) were detected by UV-
HPLC detection at 254 nm over a total run time of 12 min. Rifampicin and IS peaks
~ were detecfed at fetenﬁbn times of 5.3 and 9.0 min respectively and blank plasma did
not interfere with either of the peaks (Fig. 6.1). Pyrazinafnide was detected by UV-
HPLC at 268 nm, over a total run time of 20 min. Pyrazinamide and the IS were
detected at a retention time of 4.7 and 14.0 min respectively (Fig. 6.2). Isoniazid and
acetylisoniazid was detected by UV-HPLC detection at 266 nm over a total run time
: of 8 min. Isoniazid, acetylisoniazid and IS had a retention time of 4.1, 2.2, and 6.5

min respectively (Fig. 6.3).

Rifampicin was detected by HPLC-MS single ion monitoring over a total run time of
6 min. Rifampicin detection was optimised by measuring 3 rifampicin ions, all of
which producing a single peak of equal retention time (Fig. 6.4 and 6.5). Rifampicin
and IS véeaks eluted at a retention time of 1.1 and 1.7 min respectively and blank

plasma did not interfere with either of the peaks (Fig. 6.6).

6.3.2 Validation of all assays quality control sampleé

A minimum of 6 standard curves (in dupiicate) and QC samples (LQC, MQC and
HQC) were analysed for each of the anti-tuberculosis drug assays. All standard
curves for all the assays wéré adequately described by a 1/concentration® linear

_weighted. All points of the standard curve were within. 15 % of the target
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concentration (Table 6.3) and the correlation co-efficient (r*) for all standard curves

were above Q.995.

Upper and lower limits of quantification (ULQ, LLQ) were arbitrarily set as the top
and bottom concentrations of the standard curve, respectively. The limit of detection
(LOD) was set at the concentration where the accuracy exceeds 20%. The ULQ,

LLQ and the LOD for each of the assays is summarised in Table 6.2.

Accuracy was evaluated by calculating the percentage bias of the QC samples (%
| bias: difference in the measured and target concentration as a percentage of the target
conceﬁtration). Precision Wes evaluated by measuring the co-efficient of variation of
the QC samples (% CV: standard deviation / mean x 100). Intra-assay variability was
calculated from a minimum 8 replicates of each of the QC safnples assayed within
one run, while the inter-assay variability was determined from the mean QC samples
concentration (each in quadruplicate) from a minimum of 6 independent assays. For
all the described analytical assays the inter- end intra-assay precision (% CV) of the
QC concentrations was below 15 % (Table 6.4 and 6.5). The inter- and intra-assay
accuracy (% bias) for all the QC concentrations was within 15 % bias (Table 6.4 and

6.5).

6.3.3 Rifampicin stability

Rifampicin stability of the HQC, MQC and LQC was determined by UV-HPLC
fo'llowing 3 days storage at -ZQ°C, 4°C, following 3 freeze-thaw cycles and following
“heat treatment compared to the control -80°C storage (Table 6.6). Only the
rifampicin concentration of the LQC was found >to be ’signiﬂcant’ly decreased

~following heat treatment (11 % decrease, P<0.05).
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6.3.4 Results Tables

Table 6.2: Summary of lower and upper limits of quantification (LLQ, ULQ) and
limits of detection (LOD).

Drug (method) LLQ (ng/ml) ULQ (ng/ml) LOD (ng/ml)

Rifampicin (HPLC) 823 16460 ' 412
Pyrazinamide (HPLC) 2500 80000 1000
Isoniazid (HPLC) 200 12800 200
Acetylisoniazid (HPLC) 200 - 12800 100
Rifampicin (HPLC-MS) 100 12800 <100
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" Table 6.3: Inter-assay precision (% CV) and accuracy (% bias) of each point on the
standard curves for RIF, PYR, INH and AcINH as measured by the various

analytical methods (n=6).

’Drug Assay Theoretical Cone. Measured Conc. (ng/ml) Precision Accuracy
(ng/ml) Mean (£ s.d.) CV (%) Mean % bias (+s.d.)

- 823 889 (£ 33) 3.5 8.1 (+3.6)

1646 1662 (£ 58) 35 2.8 (£ 1.7)

3292 3292 (+ 66) 2.1 1.5 (0.9)

RIF HPLC . 6584 6518 (+ 173) 2.6 1.6 (+ 1.8)

‘ 9876 9727 (% 206) 2.1 1.1 (£0.8)
13168 13093 (£ 173) 1.3 1.1(20.6)

16460 16649 (+ 247) 1.5 1.2 (£0.7)

© 1250 1180 (% 119) 10.1 8.1(x4.7)

2500 2500 (£ 76) 3.0 0.8 (£ 0.4)

5000 5149 ( 191) 3.7 2.6 (& 1.4)

PYR HPLC 10000 10241 (+ 576) 4.6 4.0 (+ 1.6)

20000 20553 (+ 576) 2.8 1.8 (+ 1.0)

40000 39793 (+ 1116) 2.8 1.0 (£ 0.7)

80000 79029 (+ 1652) 2.1 1.3 (+0.7)

200 217 (£22) 10.2 8.7 (£3.9)

400 407 (+ 20) 5.0 3.6 (£3.1)

800 804 (+ 64) 8.0 6.6 (+ 3.6)

INH HPLC 1600 1533 (£ 121) 7.9 6.2 (x4.2)
3200 2990 (+ 196) 6.6 5.6 (£2.6) .

6400 6167 (+ 348) 5.7 3.5 (+4.3)

112800 13312 (£ 317) 2.4 1.8 ( 1.3)
200 205 (+24) 11.8 9.4 (£6.0)

400 402 (21) 5.2 4.1 (+2.8)

800 821 (= 45) 55 4.4 (£2.9)

AcINH HPLC 1600 1543 (£ 79) 5.1 3.9 (£2.9)

13200 3177 (& 84) 2.7 2.1 (% 1.3)

6400 6190 (+ 216) 3.5 2.4 (£23)

12800 13074 (£ 291) 22 1.8 ( 1.1)

100 102 (£ 11) 119 72(x£7.1)

200 195 (+ 29) 15.0 8.2 (£ 4.0)

400 395 (+ 54) 13.7 74 (£423)

RIF HPLC- 800 825 (& 43) 5.2 4.1 (£3.5)

© U MS 1600 1620 (+ 98) 6.0 43 (2.0)

3200 3304 (£ 217) 6.6 4.8 (£3.9)

6400 6238 (% 354) 5.7 4.7 (£ 1.4)

12800 13054 ( 977) 7.5 3.5 (+ 4.8)
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Table 6.4: Intra-assay precision and accuracy of the low (LQC), medium (MQC) and

high (HQC) QC samples for RIF, PYR, INH and AcINH as measured by the various

analytical methods. The target concentration was defined as the mean QC

concentration over all assays (n=6). The actual measured concentrations (mean *
. s.d.), coefficient of variation (CV %) and accuracy (% bias) were measure relative to
the target values (n=8). ‘

Drug  QC Level Target Conc. Measured Conc. (ng/ml) Precision Accuracy

Assay (ng/ml) Mean (£ s.d.) CV (%) Mean % bias (xs.d.)
LQC - 1097 1043 ( 50) 47 6.1 (£2.1)
RIF
C 7337 + 14 2. o=l
HPLC MQ 3 7188 (+ 140) 0 20(1.9)
HQC 16476 16649 (% 354) 2.1 2.1(x1.1)
LQC 2852 2734 (+ 120) 43 4.3 (+3.9)
PYR MQC 15187 14109 (= 560 4.0 7.1 (3.7
HPLC ( 560) ' 139
HQC - 78156 73468 (+ 1490) 2.0 6.0 (+ 1.9)
1LQC 283 281 (& 34) 11.9 9.4 (£4.1)
INH ‘
C 1
HPLC MQ | 377 1390 ( 115) 8.3 5.1(£3.9)
HQC 9967 9706 (+ 174) 1.8 3.9(x3.1)
LQC - 247 254 (+27) 106 6.4 (£5.5)
AcINH
MQC 1092 .S,
HPLC Q- | - 1157 (£ 27) 24 . S1E33)
HQC 7050 7362 (+ 337) 4.6 5.4 (£3.5)
LQC 118 118 (x 5) 4.0 31 (x£23)
RIF
C 1209
wrems  MQ 1212 (+ 26) 2.1 1.7+ 1.1)
HQC 10189 10120 (£ 474) 4.7 3528

% bias = [(measured concentration - target concentration)/measured concentration] x 100

203



Chapter 6 —Plasma Drug Quantification

Table 6.5: Inter-assay precision and accuracy of the low (LQC), medium (MQC) and
high (HQC) QC samples for RIF, PYR, INH and AcINH as measured by the various
analytical methods (n=6).

, brug Assay QC Level  Drug Conc. (ng/ml) Precision ’ Accu.racy
Mean (= s.d.) CV (%) Mean % bias (£ s.d.)

- LQC 1097 (+ 82) . 7.6 6.6 (£2.5)

RIF HPLC MQC 7337 (£ 189) 2.6 o 21((E=12)
-HQC 16476 (£ 346) - 2.1 1.6 (+1.2)

LQC 2852 (+ 360) 12.5 10.2 (£5.6)

PYR HPLC MQC 15187 (£ 1020) 6.7 54 (3.1

HQC 78156 (+ 4390) 5.6 | 4.7 (= 2.3)"

LQC 283 (+ 36) 12.8 10.1 (£ 6.6)

INH HPLC MQC 1377 (= 108) 7.9 54(x£5.3)
HQC 9967 (& 516) 52 3.3 (£ 3.6)

LQC 247 (+ 30) 12.0 9.1(x£6.9)

AcINH HPLC MQC 1092 (+895) | 7.8 6.1(x£4.1)
HQC 7050 (+ 482) 6.8 5.1(£4.0)

LQC 119 (= 6) 4.9 - 4.0(x23)

RIF HPLC-MS MQC 1210 (£37) © 3.0 21(=19)

"HQC 10190 (+ 469) 4.6 33(x29)

% bias = [(measured concentration - target concentration)/measured concentration] x 100
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Table 6.6: The amount of rifampicin detected in QC samples that have gone through
4 different conditions. (* =P <0.05)

Condition Level Mean Concentrati‘on (= SD) (ng/ml) Difference to Control (%) .

) LQC 1.27 ( 0.07) - N/A
Control MQC 7.56 (£ 0.12) N/A
HQC 16.89 ( 0.16) N/A
. LQC 1.32 (+ 0.02) 348
-20°C MQC 7.46 (£ 0.05) | -1.34
~ HQC - 16.56 (£ 0.21) . -1.96
LQC 1.28 (+ 0.02) -0.35
4°C  MQC 7.42 (+ 0.06) -1.96
HQC 16.66 (+ 0.14) -1.36
| LQC 1.30 (= 0.03) 2.52
3 freeze-thaw cycles MQC : 7.31 (x 0.10) -3.32
' HQC 16.16 (+ 0.14) -4.34
LQC 1.14* (£ 0.04) , -11.00
Heat treatment ~ MQC : 7.00 (= 0.22) , -7.53
o HQC  16.00 (& 0.06) -5.30
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6.3.5 Results Figures
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Figure 6.1: Representatlve chromatographic traces of rifampicin as measured by

"HPLC using drug free plasma (A), LQC (B), MQC (C) and HQC (D) with internal
standard (IS). /
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Figure 6.4: Representative_total ion current (TIC) trace of rifampicin and internal
standard (IS) as measured by HPLC-MS (A). The relative abundance of the 4
measured ions at the rifampicin peak (retention time 1.07 min) is depicted in (B) and
that of the internal standard (retention time 1.66 min) is depicted in (C).
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Figure 6.5: Representative chromatographic traces of rifampicin (HQC) as measured
by HPLC-MS. A total ion current trace is depicted in (A).Single ion monitoring
(SIM) allows for more accurate peak integration and traces of the internal standard
ion (B) and of the 3 rifampicin ions (C, D, E), as well as the combination of the 3
rifampicin ions (F) are shown. SIM traces (B) and (F) are used for th quantification
of the internal standard and rifampicin respectively.
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Figure 6.6: Representative chromatographic traces of rifampicin as measured by
HPLC-MS using drug free plasma (A) and LQC (B) samples with internal standard
(IS). Top panels show the total ion current (TIC) chromatograms, middle panels the
_SIM for the internal standard (IS) and the bottom panels combined SIM for the 3

rifampicin ions.
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6.4 Discussion

Drug pharfnacokinetic studies require an accurate and precjse way to measure drug ,
éoncentrations at a range of time points that will accurately determine the
pharmacokinetic parameters involved. Mean rifampicin, pyrazinamide and isoniazid
pharmacokinetic profiles and estimates of the individual pharmacokinetic parameters
liave previously been published by (Peloquin, 2002) (Table 6.7, Fig. 6.7). The drug
assays develdped here have been designed primarily tol accurately det;:mline

pharmacokinetic profiles over 12 hr for each of the drugs.

An ideal drug assay would by highly sensitive, selecﬁve, accurate and precise whilst
simultaneously determining all anti-tuberculdsis drug concentrations. However, there
- are large differences in the chemical properties (iipophilicity, pKa) between
rifampicin (lipophilic), pyrazinamide and isoniazid (both lipophobic). This has a
dramatic influence on both the retention of the drug and the extraction efﬁciency.v
Further, the optimum UV absorbance for the drugs are also slightly differeﬂt
(rifampicin: 254 nm, pyrazinamide: 268 and isoniazid: 266). Assays have been
described that analyse all 3 anti-TB drugs at once (Table 6.8), however, many of
them‘ compromise the sensitivity and often the chromatography of the assay to
achieve this. Many o'f the previouslyvpubli‘sthedv analytical drug assays also lack an

internal standard, which is essential to correct for changes in the extraction

efficiency, inj ection volume and the evaporation of sample.

‘There are numerous HPLC assays for the detection of rifampicin, however many lack
. sensitivity or an internal standard. Because of this, a new HPLC method was

‘developed here that was accurate, precise and sensitive enough to be able to measure
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down to 0.823 pg/mL (sensitive enough for a normal 12 hr pharmacokinetic plasma

profiles - Fig. 6.7).

The HPLC-MS method developed here however >has a 10 fold greater_sensiti‘vity to
that of the UV detection. This sensitivity was found to be optimum when measuring
the main parent (MH+, m/z = 824) as well as a truncated rifampicin adducts (m/z =
792 loss of a methoxy) and a sodium adduct (MNa+, m/z = 846), both of which were
previously identified by (Korfmacher et al., 1993). The increased sensitivity in the
HPLC-MS assay is impqrtant when mea‘suring iow drug concentration in sanctuary
site (cerebral spinal fluid and cell associated rifampicin) and for studies involving
children where only very small sample volumes (50 uL) can be obtained. A further
advantage of this assay is that a very simple extraction procedure is used which is

both cheap and time saving.

Rifampicin was found to be stable when store at -80°C, as well as during short term
storage at -20°C, 4°C and at room temperature. Freeze-thgw cycles and heat
inactivation of samplgs didn’t'have an influence on rifampicin stability either other
than for IQW level rifampicin (LQC) where significant breakdown was measured
following heat inactivation.

Pyraziﬁamide plasma concentrations are normally high (Fig. 6.7), and therefore assay
sensitivity is not problematic. The method established here was developed from a
~ published method by (Conte .:et' al., 2000). This method was chosen because its
sensitivity was . sufficient to determine plasma pharmacokinetic profiles and the

’sample preparation procedure by precipitation was rapid. However, because of the
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hydrophilic nature of pyrazinamide, and the simple extraction procedure, water-
soluble plasma componénts are retained on the column and can elute late oﬁ in the .
"run. This 1¢ads to a long run time that can only be shortened'with a more elaborate
extraction procedure or a different column. Howéver, the pyrazinamide assay is
accurate, precise and sensitive enough for the effective determination of plasma

pharmacokinetic profiles.

The HPLC method for the detection of isoniazid and acetylisoniazid was developed
from a published method (Hutchings et al, 1983) as well as from pefsonal
communications with A. Hutéhings. This method was considered éuperior to
previously publisiaed methods (Table 6.8) despite its long extraction procedure. The
reason for this is that the assay contains an interna) standard, the extrgction efficiency
is éood (around 80%- (Hutchings etal., 1983)) and the assay is sufficiently sensitive
for the‘:‘determination of plasma pharmacokinetic parameters. This assay also utilises
a nitrile separation column which gives superior chromatography and separation of
isoniazid from the mobile front comp;ifed to the standard Cg or C,g columns. Further
the assay has the added ad.vant‘age of having a short run time and being able to detect
the primary -isoniazid metabolite; acetylisoniazid. . This allows simultaneous

determination of acetylator phenotype (fast or slow acétylator).

The main dréwback with most HPLC assays compared to HPLC-MS methods is the
| potential laék of specificity due to the co-elution of other drugs or plasfna
components and the decreas4ed' sensitivity. Attempts were made at quantifying
| pyrazinamide and isoniazid by HPLC-MS and HPLC-MS/MS. Both dmgs produced

a good m/z signals and chromatography when pure standards were injected.
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Hovwever, following extraction of isoniazid and pyrazinamide spiked plasma samples
by precipifation or liquid-liquid extraction (hexane, ethyl acetate mixtures) the
chromatographyr and. .sensit'ivity becafne very poor. The main reas.on for this is
thought tob be due tob the lack of separation between the drug péaks and the mobile
front. Their co-glution may suppress the ionisation of the drugs and therefore

detection (especially with isoniazid).

The HPLC and HPLC-MS analytical methods described here are precise, accurate,
sensitive and fully validated for the detection of rifampicin, pyrazinamide, isoniazid
and acetylisoniazid in plasma. These assays can be used in pharmacokinetic studies,
whilst the increased sensitivity of the rifampicin HPLC-MS ‘method also potentially

allows for the measurement of cerebral spinal fluid and cell associated rifampicin
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Chapter 6 —Plasma Drug Quantification

Table 6.7: Pharmacokinetic parameters of four anti-tuberculosis drugs as published
by (Peloquin, 2002). ‘+ Represents the half-life of individuals with a fast acetylator
phenotype. " Represents the half-life of individuals with a slow acetylator phenotype

" Drug

Usual adult

Usual serum

Usual serum T . Normal serum

dose Cmax max T12
" Rifampicin 600 mg qd 8-24 pg/ml 2hr 3hr
Isoniazid - 300mg qd 3-6 pug/ml 0.75-2 hr 1.5hr (fast")
4 hr (slow™)
Pyrazinamide 2Smgkgqd  20-50 pg/ml 1-2 br 9 hr
Ethambutol 25 mg/kg qd 2-6 pg/ml 2-3 hr 2-4 hr
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Table 6.8: Surrimary of the drug quantification variables by HPLC and HPLC-MS as described here and from previous p!ublications.

LOD Standards

Plasma

Run time

Paner Drug Internal - Extraction Detection Column c ‘ ¢
»p analysed Standard (ng/ml) (pg/mL) Volume method (min) method type ommen
RIF HBABE 500 1-20 0.2 mL Precipitation 12 HPLC (254 nm)  Cg (5 pm,
: 150x4.6 mm)
RIF RFM © <100 0.1-12.8 0.05mL  Precipitation 6 HPLC-MS Phe-H (5 pm,
\ 50x2.1 mm)
PZA -AZA 1000 25-80 02mL Precipitation 45 HPLC (268 nm)  Ciq (5 pum,
250x4.6 mm)
INH IPR 200 0.2-12.8 1 mL Precipitation + 10 HPLC (266 nm) CN (5 pm,
liquid extraction 250x4.6 mm)
(Hutchings et al., Precipitation and - CN(5um,
1og3 ~ NH IPR 2000 0115 Imbe i extraction 8 HPLC (266 nm) 56 4.6 mm)
(Conte er al., PZA AZA 1000 0.5-80 200 Pfecipitation 22 HPLC (268 nm)  Cig (5 pm,
2000) : ; 250x4.6 mm)
. : INH 0.2mL 20 HPLC (280-nm) Not good separation
(Se1§a;r;;)t al., PZA 0.2mL Liquid extraction 20 HPLC (280 nm) 2?872%‘;1 n:n) No Internal Standard
RIF 0.2 mL 20 HPLC (254 nm) ) No LLQ
] INH 22 0-34.25 1 mL PR 4 .
Knmd 2 I veiss inl PRt g ooy (S Mo s
’ RIF 2600 06583 1mL PP 8 : ‘ ‘

Rifampicin (RIF), Isoniazid (INH), Pyrazinamide (PZA), p-hydrogenbenzoic acid n-butyl ester (HBABE), Rifammycin SV (RFM), Acetazolamide (AZA), Iproniazid
(IPR) and Ion Interaction Reagent (IIR), Phenyl-Hexy! (Phe-H) '

uonafiupny Sniq buisvid— g 4a1doy))
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Table 6.8: Continued.

Paver Drug Internal = LOD Standards Plasma Extraction Run time Detection Column Comment
P analysed Standard = (ng/ml) (pg/mL) Volume method (min) method type .
. - INH i -HPLC (261 nm) ; i _
(Cag%’(;ze)’ al., PZA External 40 HPLC (265 nm) 25C6§§56Tn’1) Not in Plasma
RIF HPLC (254 nm) ’
INH \ :
(Mohan et al., Cig (5 pm, .
2003) l;ZI? . RQ 25 HPLC (238 nm) 250x4.6 mm) Not in Plasma
(Walubo et al., PZA NBAP 500 0.5-8 2mL  Liquid extraction 15 HPLC 248 nm)  C3 (5 pm,
1994) RIF NBAP 200 0.5-8 2ml.  Liquid extraction 15 HPLC (248 nm) 250x4.6 mm)
(Gennaro et al., INH, 91 Dilution 30 (1IR) HPLC Ci3 (5 unm, No Internal Standard
2001) . PZA 63 45 (264 nm) 250x4.6 mm) No LLQ
(Walubo et al., Liquid extraction Cg (5 pm,
1994) INH, PHEN ?50 0.5-8 2 mL + Derivatization 17 HPLC (280 nm) 250%4.6 mm)
(Smith et al., INH 50 0.1-20 0.5mL Solid phase HPLC (254 nm) ~ C; (5 pm,
1999) PZA 50 0.1-60 05mL extraction 8 HpPLC (254 nm) 150x4.6 mm) No Internal Standard
- (Gaitonde and INH 200 0.2-0.8 Solid phase CN (5 um,
© Pathak, 1990)  PZA RIF 200 0208 2™ extraction 5 HRLC@OS MM 55646 mm)
. (Delahunty et al., INH External 500 0.5-3 1 mL  Precipitation and +12 HPLC (266 nm) CN (5 pum,
1998) liquid extraction 250x4.6 mm)

Rifampicin (RIF), Isoniazid (INH), Pyrazinamide (PZA), N-butarylaminophenol (NBAP), Rifampicin (RIF), Rifampiéin quinone (RQ), Phenelzine'(PHEN) and

Iproniazid (IPR)
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Table 6.8: Continued.

Paper Drug Internal  LOD Standards Plasma Extraction Run time Detection Column Comment
P analysed Standard (ng/ml) (pg/mL) Volume method (min) method type
(Moussa et al., INH NiC 500 05-8 -0.5mL Precipitation 15 HPLC (275 hm) C5 (300x3.9
2002) " mm)
(Seifart et al., ) s Cg (5 um,
1995) INH 1000 1-25 0.2mL  Derivatization 15 HPLC (340 nm) 250x4.6 mm) No Internal Standard
(Kraemer et al., i L Solid phase © Cis (3 um,
1998) PZA M-PZA 1000 1-80 0.5mL extraction 16 HPLC (268 nm) 150x4.6 mm)
(Revankar et al., ) e Ciz (5 um,
1994) PZA NIC 1-25 0.05mL Precipitation +8 HPLC (268 nm) 150x4.6 mm)
k (Mehmedagic et ‘ I HPLC (254nm) Ci(5 pm,' No Internal Standard
al., 1997) PzA 0375-7.5 0.02mL  Dilution 3% GcMs  250x4mm)  Only in Urine
(Korfmacher et . Cis (5 pm, Not in Plasma
al., 1993) RIF 17 HPLC-MS 5046 mm) No Internal Standard
(Calleja et al., .o . " "Cig (5 pm,
- t
2004) RIF 50 0.} 50 0.l mL Liquid Extractlon +6 HPLC (333 nm) 250x4.6 mm) No Internal Standard
{Smith, 1999 ) Solid phase Cs (5 um, )
#119 RIF 50 0.1-20 0.5mL extraction +5 HPLC (270 nm) 250x4.6 mm) No Internal Standard
(Panchagnula et . Cig (4 pm, -
al., 1999) RIF RPT 2000 2-20 0.1mL  Precipitation 17 HPLC (254 nm) 250x4 mm)

Rifampicin (RIF), Isoniazid (INH), Pyrazinamide (PZA), Nicotinamide (NIC), N-Methylol-pyrazinamide (M-PZA) and Rifapentine (RPT)

wonpofirupn( Sndq vusvlf— 9 421dvy>)
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CHAPTER 7

The impact of drug transporters on rifampicin cellular

accumulation in vivo
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Chapter 7 — In vivo pharmacokinetics and drug transporters

7.1 Introduction

Rifampicin penetration into cells is of great jmportance in the eradication of
iﬁtracevllular bacteria. The presenée of active drug efflux pumps may hovyever Be able’
to limit rifampicin accumulation. Rifampicin hgs been shown to be a substrate for P-
gp in T-lymphoblastoid and MDCKII cell lines (chapter 2). However, rifampicin is
also able to induce P-gp on cells (Geick et al., ‘2001; Kauffmann‘ et al., 2002) and

thereby potentially affect its own accumulation.

Pharmacokinetics of iuberculosis drugs in healthy volunteers has been well
characterised by '(Peioquin et al., 1997). Induction of drug transporters and drug
metabolising enzymes by rifampicin as well as the influence of di‘sease state will
however impact on the pharmécokinetics of rifampicin and other co-administered

drugs.

Rifampicin is routinely administered to patients with tuberculosis and staphylococcal
infections. The aim of this study is to charactérise rifampicin ph.armacokinetics both
in plasma and in PBMC:s in these patients, and to determine if there is any correlation
with the expression of P-gp, MRPI1 and BCRP. This study also investigates the
inductive effect of rifampicin on P-gp,' MRI;I and BCRP on PBMCs. Further, the
pharmacokinetics of pyrazinamide and isoniazid were also determined in patients
with tuberculosis in order to evaluate the utility of the analytical methods devéloped

 in Chapter 6 for determining the in vivo pharmacokinetics.
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7.2 Methods

7.2.1 Materials
The primary antibody: BXP-21 was purchased from AbCam (Cambridge, UK) and
the secondary rPE-conjugated anti IgG2a was purchased from Serotec (oxford, UK).

All other materials were purchased from Sigma-Aldrich (Poole, UK').

7.2.2 Subjects

18 subjects (9 male, 9 female) were enrolled into this study. Each subject provided
written informed consent, which was approved by the local ethicg committee. All
subjects were over the age of 18 years, were able to give informed consent and
received routine rifampicin containing therapy for the treatment of tuberculosis (13
patients) or staph'ylococcal infection (5 batients). None of the subjects suffered from
hepatic impairment (as graded by elevated ALT) or anaemia (as graded
haemoglobin). 12 healthy volunteers (6 male, 6 female) were also recruited to act as

a control group for basal drug transporter expression.

7.2.3 Blood sampling
On the day of the study, patients received observed medication on an empty stomach.
In order to determine plasma rifampicin, isoniazid, pyrazinamide and cellular
rifampicin pharmacokinetics as well as PBMC transporter expression, 6 hepaﬁnised
blood samples (collected.using 5mL monovett¢ collection tubes,) were proviaed by
each of the participants over 8 hr. The first blood sample (25 mL) was taken 30 min
~post dose, followed by 19 .mL blood samples at 1, 2, 4, 6 and 8 hr post dose. The |

total blood volume donated equated to no more than 120 mL.
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7.2.4 Isolation and storage of plasma

From each sampling time-point, 4 mL of heparinised blood was centrifuged ( 10 min,

2700 x g) to separate the plasma from the cells. Plasma (approx. 2 mL) was then

transferred to 2 labelled 1.5 mL plasma tubes and stored at -80°C (in the dark).

7.2.5 Isolation and storage of PBMCs for cellular rifampicin concentratioy

From each sampling time-point, PBMCs were isolated from 14 mL of heparinised
blood as described in section 2.2.3. Isolated PBMCs were then washed 3 times in
PBS (20 mL, 4°C, 4 min, 800 x g), counted by NucleoCounter and pelleted (4°C, 4
min, 800 x g). Cell pellets were then frozen (-80°C) prior to rifampicin

' quantification.

7.2.6 Isolation and storage of PBMCs for transporter expression |

Follov;/ing the first sampling'time-point, PBMCs were also isolated from 5 mL of
heparinised blood as described in section 2.2.3. Isolated PBMCs were then washed 3
times in PBS (20 mL, 4°C, 4 min, 800 x g) and cryo-preserved (2 mL of FCS 10 %

DMSO, -80°C) prior to drug transporter quantification.

7.2.7 Drug concentration quantification

Plasma and cellular rifampicin concentrations were determined by HPLC-MS as
described in section 6.2.6. Plasma pyrazinamide, isoniazid and acetylisoniazid

concentrations were measured as described in section 6.2.4 and 6.2.5.

' 7.2.8 Determination of transporter expression
) P-gp and MRP1 expression was determined by flow cytometry as described in

section 2.2.11. Flow cytometry was also used for the determination of BCRP
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expression by a method similar to that described by (Minderman ez al., 2002).

Briefly, an appropriate number of cells were pelleted (800 x g, 6 min) ana fixed (1 x
10°vcells/mL in 1}:1>O CellFIX, 25min). 100 pL aliquots (2 x 10° cells)> were then
.transferrved to a 96 well plate (U bottom) and pelleted (800 x 8 10 min). Cells were
then fixed in 90% methanol (4°C, 10 min), washed jn PBS (containing 2% BSA and
0-.01% Tween 20; 800 x g, 6 min) and blocked with pooled human serum (50 uL, 30
min). Following a further wash, cells were stained for BCRP using primary mouse-
anti-humén BCRP antibody (BXP-21: 50uL, 2.5 pg/mL, 1 hr). Non-spéciﬁc
antibody binding was determined by staining cells with primary mouse-anti-human |
IgGs4 isotype control (IgGaa: 50 pl, 2.5 pg/mL, 1 hr). Following 3 washes (200 uL.
PBS containing 3% BSA and 0.01% Tween 20; 800 x g, 6 min) cell pellets (both
specific and isotype control stained cells) were stained with secondary goat-anti-
mouse ‘Ing,\ conjugated to r-phycoerythrin (50 pL, 5 pg/ml, 1 hr). Following 3
washes (200 pL, 0.1 mg.ml’ saponin in PBS, 800 x g, 10 min) cell pellets were
resuspended (300 pL of 1:10 CellFix) and transferred into 5 ml FACS tubes. BCRP
expression was then measured by flow cytometry with r-phyco;rythrin fluorescence

being detected in FL2. -

7.2.9 Data analysis

P-gp, MRP1 and BCRP transporter expression was quantified usingvrelative
fluorescence units (RFU) as described in section 2.2.11. Cellular rifampicin

concentrations were calculated based on cell density and a cell volume of 0.4 pL as

- determined by (Gao et al., 1993).

Pharmacokinetic parameters (AUC, ti, CL, Cyax and Tpay) were calculated from the

measured cellular and plasma drug concentration profiles for each individual patient
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by first-order, compartmental (with lag) analysis using WinNonLin 5.1. (Pharsight

Co. Mountainview, CA, USA).

Data were tested for normality using a Shapiro-Wilk test, which showed evidence of
non-normality. Statistical analysis of simple linear regression was performed by
Spearman’s Rank Correlation Coefficient analysis, and between sample groups by

Mann Whitney U-test.
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7.3 Results

Demographics for the 18 subjects enrolled into the study are summarised in Table
7.1. Further, the number of patients réceiving doses of rifampiéin, pyrazinamide and

isoniazid is given in Table 7.2.

A blood sampling strategy was designed around predicted plasma rifampicin
pharmacokinetic parameters as published by (Peloquin, 2002).HThe variance infiation
factors of different sampling schemes were compared to minimise the standard error
of paraméter estimates (AUC and t;,;). The most effective sampling strategy was
found to be 0.5, 1, 2, 4, 6 and 8 hr post dose (because of the lag in drug absorption
and drug trodgh levels below assay qﬁantiﬁcation limits, a leod sample at time 0

was not deemed necessary).

Individual and mean plasma and cellular rifampicin pharmacokinetic profiles are
illustrated in Fig.'7.1 and 7.2. A significant positive linear correlation (Rho =0.79, P
< 0.001) was observed between cellularvand plasma rifampiéin AUC (Fig. 7.3).
Individual and mean pyrazin_amide, isoniazid and acetyl-isoniazid pharmacokinetic
profiles are illustrated in Fig. 7.4, 7.5 and 7.6. AUC, tl/z,’Vd, clearance, Cuax and tiax
(median and range) of the drugs as measured by first order, compartmental analysis
.(with a lag time) are summarised. in Table 7.3. A frequency histogram illustrates the

wide range in isoniazid ty; (Fig. 7.7).

When cbrrelating drug AUC against patient body mass index (BMI), a significant
negative correlation was observed with rifampicin plasma AUC (Rho = -0.66, P <

0.01), but not with pyrazinamide and isoniazid plasma AUC (Fig. 7.8). "
229 ‘



Chapter 7 — In vivo pharmacokinetics and drug transporters

Patlents recelvmg rifampicin were found to have 4.3 fold greater P-gp expression
. compared to healthy volunteer controls (3 50 +1.24vs0.81+0.17 RFU P<0. OOOl)F
.(Flg 7.9). BCRP expressmn was also significantly greater in patients receiving
rifampicin by 2 fold compared to healthy controls (0.85 £ 0.46 vs 0.41 + 0.17 RFU, P
< 0.001) (Fig 7.9). No significant difference was seen in PBMC MRP1 expressibn
(Fig 7.9). The effect of the duration of drug exposure on PBMC transporter
expression is shown in Fig. 7.10. When looking at the correlation between rifampicin
CAR and PBMC transporter expression (Fig. 7.11), it was found that there was a
significant positiye correlaﬁon with Pgp expression (Rho = 0.70, P < 0.01), but not

with MRP1 or BCRP expression.
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7.3.1 Results Tables

~ Table 7.1: Demographic characteristics of the 18 patienfé recruited

Number (%) of patients .

Diagnosis _
Tuberculosis 13 (72%)
Staphylococcal infection 7 5(28%)
- Gender
Male 9 (50%)
With TB 7 (78%)
With Staphylococcal infection 2 (22%)
Female | 9 (50%)
With TB 6 (67%)
With Staphylococcal infection 3(33%)
Ethnicity
" Caucasian - 12 (67%)
African ‘ | 3 (17%)
Indian 2(11%)
Mixed Ethnicity 1 (6%)
HIV status
Positive : ‘ 3(17%)
Negative 6 (33%)
Untested - , ' 9 (50%)
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Table 7.2: Range of anti-TB drug doses given to the 18 patients

Dose (mg) Number (%) of patient
Rifampicin ' o
300 4(22%)
450 3 (17%)
600 10 (56%)
900 1(6%)
Pyrazinamide
1500 2 (17%)
2000 9 (75%)
2500 1 (8%)
Isoniazid
225 2 (15%)
300 10 (77%)
450 1 (8%)

232



Chapter 7 ~ In vivo pharmacokinetics and drug transporters

Table 7.3: Summary of the parameters measured

- 18

233

n Mean £ SD Median Range
Patient details . , ’
- BMI C18 - 206+49 20.8 13.0-321
Rifampicin Exposure (days) 18 184144 6 1-65
" Serum albumin (g/L) 18 33.0£4.6 33 25 -41
Rifampicin , ,

" Plasma AUCq.p (nghr/mL) 18 33958 26010 24876 8462 — 105724
Plasma Ty, (hr) 18 2.1840.78 2.00 1.21-4.28
Plasma Vd (mL) 18 66812+ 39063 64577 12110 - 156261
Plasma Vd (mL/kg) 18 1099 + 517 1028 378 - 2112
Plasma C1 (mL/hr) 18 21750 11463 21605 4256 — 47595
Plasma Cmax (ng/mL) 18 7326 + 4856 6576 1787 - 21468
Plasma Tmax (hr) 18 1.71+0.78 1.54 0.71-3.29
Cellular AUCy24 (nghr/mL) 16 61899 + 52962 47283 8430 - 201003 -
Cellular T, (hr) 16 2.37+0.83 2.09 1.38-3.95
Cellular Cmax (ng/mL) 16 1343212222 11218 1413 - 50066
Cellular Tmax (hr) 16 1.83+0.85 1.64 0.71-4.11
CAR 16 1.82+0.88 161 0.65-3.73

Pyrazinamide '
Plasma AUCop4 (ng.hr/mL) 12 699772 + 450299 603585 263892 - 1997106
Plasma Ty (h) 12 8.12+3.61 8.39 4.16 - 17.28
- Plasma Vd (mL) 12 355429183 36552 22174 - 47789
Plasma Vd (mL/kg) 12 606 % 152 597 364 — 937
Plasma Cl (mL/hr) 12 3572+ 1698 3350 1001 - 7112
Plasma Cmax (ng/mL) 12 51517+ 11526 49629 36520 — 77459
Plasma Tmax (hr) 12 1.32+0.98 1.02 0.47-3.95
Isoniazid ‘
Plasma AUCo.4 (ng.ht/mL) 13 27036 + 12024 26841 10637 — 50348
Plasma Ty (hr) 13 259177 1.99 0.18 - 3.69
Plasma Vd (mL) * 13 54330439360 43138 15896 — 170086
Plasma Vd (mL/kg) 13 898 + 436 662 485 - 1790
Plasma CI (mL/hr) 13 13641 + 7249 10813 5959 - 28205
_ Plasma Cmax (ng/mL) 13 6716+ 2726 6652 1685 — 12037
Plasma Tmax (hr) 13 0.73+0.38 0.74 0.17 - 1.47
Acetylisoniazid ‘
Plasma AUCq4 (nghr/mL) 9 27940 + 17975 21152 9641 - 65436
Plasma T2 (hr) 9 7.65+547 6.32 1.52 - 18.05
- Plasma Cmax (ng/mL) 9 - 21931549 1634 850 — 5530
Plasma Tmax (hr)- 9 274+ 1.00 2.72 1.39-4.35
Transporter expression ‘
_ P-gp (RFU) 18 3.50+ 1.24 3.27 1.61-6.31
_MRP1 (RFU) 18 415+0.92 439 2.31-5.60
. BCRP (RFU) 0.85 £ 0.46 0.69 0.32-1.66
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7.3.2 Results Figures
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Figure 7.1: Individual rifampicin plasma pharmacokinetic profiles over 8 hr
following a rifampicin dose of (A) 300 mg, (B) 450 mg, (C) 600 mg and (D) 900 mg.
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Figure 7.2: Individual (A) plasma and (B) cellular rifampicin pharmacokinetic
profiles over 8 hr. (C) shows the mean plasma (==) and cellular (=) rifampicin
pharmacokinetic (+SD) of the patients.
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Figure 7.3: The relationship between plasma and cellular rifampicin AUC (n=16).
- Statistical analysis performed by Spearman’s Rank correlation analysis.
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Figure 7.4: Individual (A) pyrazinamide pharmacokinetic profiles over 8 hr
following a pyrazinamide dose and the mean (B) plasma pyrazinamide
pharmacokinetic (+SD) of the patients.
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Figure 7.5: Individual isoniazid pharmacokinetic profiles over 8 hr following an
isoniazid dose of (A) 225 mg, (B) 300 mg and (C) 450 mg.
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Figure 7.6: Individual (A) isoniazid and (B) acetyl-isoniazid pharmacokinetic
profiles over 8 hr. (C) shows the mean patients plasma isoniazid (==) and acetyl-
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Figure 7.10: The relationship between (A) Pgp, (B) MRP1 and (C) BCRP
transporter expression on PBMCs and the length of time the individual patients have
been receiving rifampicin containing medication.
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7.4 Discussion

~ This study was designed to ascertain the cellular and plasma pharmacokinetics of
'an.ti-‘_t.ubervculosis drugs and to detelfmine the impact of drug transporters. Rifampicin
is a known inducer of P-gp (Greiner et al., 1999; Asghar et al., 2002) aﬁd in chapter
2 it was demonstrated also to be a substrate for Pgp. The initial aim of the study was
to compare cellular fifampicin pharmacoki'netic accumulation before (day 0) and
following full rifampicin mediated P-gp induction (day 14).‘.However, due té the
extent of the illhess in both the tuberculosis and staphylococcal i)atients, it did not
prbve poséible to sample large volumes of biood on‘day 0. This study could therefore

only be performed on patients that had already commenced rifampicin therapy.

The rifampigin pharmacokinetic profiles and parameters obtained here are in the
same range as those observed by (Peloquin .et al., 1997). However, unlike (Peléquin
et al., 1997) where rifampicin pharmacokinetics were determined on healthy
volunteers receiving their ﬁrst rifampicin dose, data obtained here are from patients
suffering from different diseases, receiving different doses of rifampicin (depending
on body weight and disease_t‘ype) for different periods of time. These differences all
contribute to the increased vériation in the rifampicin pharmacokinetic profiles.

Rifampicin is rdutinely | given fo pafients wi'th tuberculosis and staphylococcal
- infections at 600 and 300 mg respectively. In the case of tuberculosis meningitis,
dosége is increased to 900 mg pf rifampicin. Rifampicin dosagel for the treatment of
tuberculoéis.is only corrected for body mass (to 450 mg) if ‘thc'patients weigh less
than 60 kg (to 450 mg). It is therefore not surprising'that plasma rifampicin AUC is

significantly cdrrelated to BMIL
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Although ‘rifampicin accumulates in PBMCs, the number of cells that cén be
~ obtained from blood samples obtai-ned from patients is limited and a .s‘ensitive ésséy
is th'érefore needed for its detection. The HPLC-MS method described in Chapter 6,.
with a limit of detection of 100 ng/mL was found to be éensitive enough to measure

cell associated rifampicin over the sampling time-points.

Rifampicin accumulation ratios were measured using the ratio of the cell associatéd
vs plasma AUC, rather than ‘at a particular sanjpling time point in order to decrease
the potential error. The CARs of rifampicin in PBMCS ’measured here are however
lower than those seen in the in vitro cell lines and in vitro PBMC studies (chapter 2).
This phenomenon has also been seen with saquinavir which haé a published in vivo
o CAR of 3.31 ‘(range,‘l .49 t0 6.69) (Ford et al., 2004), whil¢ in vitro it ‘appears greater
“at 25.3 (range, 6.4 t0 50.7) (Janneh et al., 2005). The difference betweeen in vivo and
in vitro rifampicin CAR may be due to physiological conditions such as the increase
of drug transporter expression on PBMCs by rifampiciri mediated induction of P-gp
(Fig. 7.9) or différences in protein binding. However, as rifa;npicin is lipophilic, it'is
Jikely that a loss of cell associated rifampicin occurs during the sepafation of PBMCs
from blood on Ficoll-Paque.
Rifampicin is known to be a dose and time dependent inducer of MDR1 through the
activation of the nuclear hormone receptor pregnane X receptor (PXR) (Geick et al.,
2001; Kauffmann et al, 2002A).‘ When compafi’ng P-gp expression of rifampicin
r‘eceiving patienvts to that of healthy volunteers it can be seen that there is a large |

increase in P-gp expression on PBMCs. The P-gp induction is seen in both
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tuberculosis and staphylococcal patients which makes it unlikely that either the
disease or othef co-administered medication is responsible for the observed
induction. Nonetheless, the control group would ideallyAco.mprise non rifampiéin
receiving patients. Further, because of the lack of data on P—gf) expfeé;ion between
day 0 and day 3 following the start of rifampicin medication, the time during which
induction is éxpected to be most evident, a good fit cannot be placed on the rate of

induction (Fig 7.10).

Data also indicate that the patients receiving rifarr.lpicinv have an increased expression
of BCRP. Previc;us studies have shown that PXR plays a role in the regulation of
BCRP in mice (Anapolsky et al., 2006) and that there is a corfelation between PXR
and BCRP mRNA expression in human PBMCs (Albermann ez al., 2005). Our data
agree with fhese findings and show for the first time that rifampicin has an impact on

BCRP expression in vivo at a protein level.

The induction of MRP1 is not well understood ‘and is thought to depend on
glutathione (GSH) concentrations (Muller et dl., 1994; Zaman et al., 1994; O'Brien et
al, 1999; Akan et al, 2004). Conflicting data have been preéented on the
involvément of PXR and/or rifampicin in the induction of MRP 1'. Data shown here
demonstrate no induction of MRP! expression on PBMCs in rifampicin receiving
patients (Fig. 7.9). The lack of MRP1 induction is i-n agreément with previoué reports
| showing a lack of induction by RT-PCR (Schrenk et al., 2001; Kauffmann et al.,
2002). Other work fopnd that ﬁfampicin was able to induce MRP1 mRNA but not

protein expression in LLC-PK1 cell lines (Magnarin ef al., 2004).

247



Chapter 7 — In vivo pharmacokinetics and drug transporters

In chapter 2, rifampicin was shown to be a substrate for P-gp in cell lines. Further it
Akwés shown - that basal Pfgp levels in PBM'C had no effect on rifampicin
accumulation. When‘ commencing the étudy descfibed in the' pfeserit chapte;r we
: .hypothesised' that an ihcrease in P-gp expression due to rifampicin induction would
have a greater impact on rifampicin accumulation and therefore negatively correlate
with rifampicin CAR. However the data show a significant positive correlation
between rifampicin CAR and P-gp expression and dem_bnstrate that dc?spite
rifampicin being a substrate for P-gp, the impact of P-gp on the accumulation of
' rifampicin in PBMCs in yivq is limited. Moreover, it seems that increased P-gp
expression actually leads to increased riférﬁpicin accumulation within cells. The
l‘ikely reason for this is that increased intracellular accumulation of rifampicin will

mediate a greater inducing effect on P-gp expression.

Previous work has indicated a significant correlation between P-gp and saquinavir
CAR (Ford et al., 2004), despite saquinavir being a well known P-gp substrate that
can be modulated by inhibition of P-gp (Janneh ef al., 2005). This demonstrates that
correlating trahsporter expression to drug CAR may not necessarily be a good way of
determining if a drug is a substrate. However, our data demonstrate that P-gp is not
the main determinant of rifampicin accu‘muluation in PBMCs; an(i that transport is

mediated through other influx and efflux transporters or through diffusion.

“Ideally, the concentration of rifampicin would have been measured in alveolar
macrophages, as they are the main site of intra-cellular bacilli. However, due to the
difficulty in obtaining alveolar macrophages from tuberculosis patients and the

limited sensitivity of our assays, this was unachievable. Being able to determine
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intracellular accumulation of isoniazid and pyrazinamide in vivo would also give us a
feel for the concentrations of drug acting on intracellular bacilli. However due to the
hydrophilicity of these drugs, accumulation would be limited and therefore more

sensitive analytical assays are needed.

Pharmacokinetic plasma drug profiles for isoniazid and pyrazinamide were
performed to demonstrate the funétionality of the HPLC assays described in/ chapter
6 and to determine thé inter—individual variability. Both of these drugs were only
given to the tuberculosis patients, which is why fewer patients were studied
compared to rifampicin. As with rifamr;icin, the pharmacokinetic parameters
determined for pyrazinamide, isoniazid and acetyl-isoniazi_d were similar to those
observed by (Peloquin et al., 1997). With both drugs a trend was seen towards BMI
dependent AUC. Further, the presence of both fast and slow acetylators were likely
to hafze been present in our patient popuiation as indicated by the range of isoniazid

half-lives (similar to that seen by (Peloquin et al., 1997)).

Data obtained here show that we are able to accurately vvdetermine the
pharmacokinetic profiles of plasma rifampicin, pyrazinamide and is;)niazid in vifo.
Further, we have provided the first indication of the extent of rifampicin
accumulation in PBMCs in vivo. Rifampicin accumulation does not seer;l to be
primarily governed by the expression of surface P-gp, MRP1 or BCRP, however

rifampicin was an inducer of both P-gp and BCRP.
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Despite the availability of numerous anti-tuberculosis d‘rugs,‘ the duration of
vtuberculosis‘ therépyvisv still at least 6 mon;fhs. Partially, the reason for this ic that
tubefculosis infection consists of a ‘mixed population’ containing bacilli in different
metabclic states as well as within or outside alveolar macrophages and granuloma.
Current drugs are highly effeCtive at killing actively growing bacilli in the
extracellularl space (i.e. they have good EBA), however they are less effective at

killing semi-dormant and intracellular bacilli (persisting bacilli) (Mitchison, 2000). -

Previously published data show that gctive drug efflux transportcrs are associated
with decreased écltivity of anti-cancer drugs tJuliano and Ling, 1976), anti-microbials
(Van Bambeke et al., 2000; Seral et al., 2003a; Seral et al., 2003b; Seral et al.,
2003c¢; Seral et al, 2005) and anti-retrovirals (Jones et al., 2001a; Jones et al.,
2001b; Owen et al, 2005). The involvement cf active drug transporters in the
- chemotherapy of tuberculosis has as yet not been determined. It is hypothesised here
that active efflux transporters may contribute to the decreased efficiency with which
current anti-tuberculosis drugs kill 'intraccllular bacteria by limiting their intracelluilar
accumulation. | |
The focus of this PhD has been to establish the expression of both P-gp and MRP1 |
on alveolar macrophages and to determine their impact on the accumulation of first
line anti-tuberculosis drugs. Also, the extent to which OATP influx transporters have
‘an inﬂuence on drug uptake in alvcolar nlacrophages‘ is evaluated. Further aims were
to develop novel assays for the determination obf EBA and sterilising activity of
drugs. Thcse assays are utilised to provide a"unicjue insight "into the time and

concentration dependent bactericidal activity of current first line drugs, and allow us’
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to evaluate differential efficacy of drugs in macrophages compared to extracellular
' bacilli. In addition, novel and pre-existing analytical methods are introduced and
validated for the measurement of plasma rifampicin, isoniazid and ethambutol

concentrations.

Initial studies detailed in chapter 2 show for the first time that alveolar macrophages
and monocyte derived macrophages express both P-gp and MRPI. ‘This is an
important finding because it means that both transporters may be able to impact on-

the cellular accumulation of the anti-tuberculosis drugs.

Here it has been demonstrated, using established in vitro cell line models (T-
lymphoblastoid and MDCKII)‘ in combination with the potenf P-gp inhibitor
tariquidar, thatﬂrvifampicin is a substrate for P-gp. However, contrasting data is
observed in PBMCs derived from healthy volunteers (ex vivo) and patients (in vivo)
~ where rifampicin cellular accumulation does not correlate with P-gp expression. Ih
addition, inhibition of P-gp on PBMCs (ex -vivo) does not significantly alter
rifampicin accumulation, However, interestingly, and probably most importantly, in
vitro inhibition of P-gp on activated macrophages (activated THP1 cells) leads to a
significant increase in rifampicin bactericidal activity on intracellular H37Rv and this

‘increase in rifampicin activity is related to its increase in accumulation.

Theinconsiétency in the extent to which P-gp is able to modulate rifampicin
accumulation may to be best‘e.xplained by the differences in P-gp expression
between the cell lines, PBMC and activated THP1 cells. The cell line mbdels utilise

cells that are drug selected or transfected to express P-gp (CEMygrigo and
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MDCKIIupr; respectively). The P-gp éxpfession levels in these cells is therefore
high, accounting for the marked obseﬁed modulation’ of rifampicin accumulation.
Activatioﬁ of THP1 cells into macrophage like cells causes a marked induction of P-
gp, fesulting in expression levels greater than basal expression, but below that of the.
T-lymphoblastoid and MDCKII cell lines. This clear induction of P-‘gp all&ws for
modulation of rifampiéin in the activated THP1 cells but not the pérental THP1 cells.
Basal P-gp expression on PBMC is the lowest compared to that of other models, and
data suggest that it is foo low to result in significant modulation of rifampicin
accumulation by its inhibition. Rifampicin is therefore a substrate for P-gp, although
relativkely high P-gp éxpression is required to be able to signiﬁcantlyA modulate
rifampicin accumulation. The extent to which P-gp expression on alveolar
macrophages modulates. rifampicin >accumulation 1s not yet known and further
studies are needed to determine. this. Déta suggest thét in vivo the impa_ct on
rifampicin accumulation, and therefore its intracellular activity, will be limited in
cells expressing basal amounts of P-gp (i.e. PBMCs). However it may be of
importance in cells that express higher levels, such as inltest'inal, liyer cell and
~ possibly activated alveolar macrophages.

The ciinical studies also show the induction of both P-gp and BCRP on PBMC from
patients receiving rifarhpicin. Even though this induction has not been shown to be of
particular importance in rifarnpiéin transport, P-gp induction by rifampicin may alter

the accumulation of other co-administered drugs that are substrates for P-gp.

Like rifampicin, ethambutol shows differential toxicity in T-lyrhphoblastoid cells and

its .intracellular activity against H37Rv in‘activ’atéd THP1 cells is enhanced by
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inhibition of P-gp. However, a lack of commercially available radioactive
ethambutol precludes determination of the impactvof basal P-gp expression on its
acculﬁulatidﬁ. Nonetheless, data suggest‘that P-gp -expression alters ethafhbutol
a'ccun'.lulation and that this can affect its antimicrobial activity against intracellular
MTB. Again, further studies are needed to determine the degree to which alveolar

macrophage P-gp expression modulates ethambutol accumulation.

Isoniazid and pyrazinamide proved not to be differentially. toxic in the T-
lﬁnphoblastoid cell lines. Further, isonjaiid accumulation was not alferéd in T-
ly@phoblastoid cell lines and inhibition of P-gp did not improve its intrécellular anti-
tuberculosis activity. TheSe data suggest that neither of the two drugs are substrates

for P-gp and that P-gp activity will not alter their intracellular activity.

With regards to MRP1, experiments in cell lines and in ex-vivo PBMCs provide no
conclusive evidence that MRP1 modulates the efflux of any of the first line anti-

tuberculosis drugs.

As well 'as P-gp »and'MRPl,- it is demonstrated here that alveolar macrophages
express active influx transporters in the form of SLCO3A1 and SLCOIB3.
Interestingly rifampicin has previously been found to be a substrate for OATP1B3
(encoded by SLCO1B3) (Vavricka et al., 2002). OATP1B3 may therefore be an
important determinant for the amounf of rifampicin accumulation in alveolar
macrophages, and may thergfore have a pivotal fole in the degree of intracellular
anti-tuberculosis activity by'r‘ifampicin. The study of OATP influx transporters isva

relatively new field, and therefore commercially available specific antibodies and
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inhibitors have as yet not been developed. Both antibodies and inhibitors will be vital
tools needed to determine the extent to which OATPs play a role in tliberculosis

" therapy.

A further aim of the thesis was to investigate time and concentration depéndent _
killing of extrac;allulér bacilli by first line anti-tuberculosis drugs. Numerous methods
have been developed for the analysis of anti-tuberculosis activity including, the
traditional proportioﬁ method, MABA (Collins ‘and Franzblau, 1997;. ‘Abate et al.,

1998; Franzblau et al., 1998; Mshana et al., 1998; De Logu etval., 2001; Caviedes et
al., 2002; Foongladda et al., 2002; Lﬁna-Herrera et al., 2003; Abate et al., 2004; Reis
et al., 2004)and BACTEC (Collins and Franzblau, 1997; Jayaram et al., 2003;
J ayaram et al., 2004). Hefe it has been established that MABA isa ﬂexible assay that
can be effectively modified to determine the inﬂuence of time and concentration on
' EBA. Results indic‘ate‘that rifampicin, isoniazid and ethambutol show concentration
dependent killing of MTB. nyazinamide shows no activity against extracellular
H37Rv, a phenomenon explained 'by previous work suggesting that an acidified
environment is needed for pyrézinaﬁlide to Be bactericidal (Heifets et al., 2000;

~ Zhang and Mitchison, 2003). -

Interestingly, it is shown here that H37Rv develops a time dependent tolerance to
both rifampicin and isoniazid (not ethambutol) over 3 weeks of culture in the
presence of the drug. Tolerance.'developed against isoniazid is not re\}ersed in the
absence of drug pressure, suggest“ing the seleétioﬁ br generation of genotypically
resistant MTB. Further, ‘ethibvnarnide susceptibility of the isoriiaizid resistant MTB

strain is similar to that of wild-type H37Rv. As isoniazid and ethionamide share the
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same target proteins (DeBarbér et al., 2000; Lee et al., 2000, Morlock et al;; 2003),
this suggests that the genetic mutation occurs in the gene responsible for isoniazid
‘bio.activation (KatG). Also, thé rate o‘f ‘emergence of isoniazid resistance _‘sho'wn’here
‘is greater than 'previogsly pfedicfed by (David, 1970). This result emphasises the
need for combination therapy in the treatment of tuberculosis, and may provide a

further explanation for the decrease in bacterial killing following EBA.

Contrary to isoniazid, time dependent development of rifampicin to.leran't MTB was
reversed in the absence of dru.gbpressure. These data suggest a novel mechanism by
which MTB is able to alter its susceptibility to rifampicin (phenotypic switch‘)
without having to undergo a mutation. MTB is known to alter its transcriptome
during phagocytosis in drder to compensate for attack By the host immune system
(Schnappinger et al., 2003) which may also occur following drug mediated pressure.
MTB tolerance to rifampicin niay paﬂially provide an explanation for the long period

needed for tuberculosis therapy.

MTB is known for its ability to ndanipulate thé human immune system and utilise the
macrophage as a sanctuary site. D;'ug mediated killing of intracellular MTB is
thought to be a constituent of the sterilising phase (Jindani et al., 1980; J indani etal,
2003). To shorten tuberculosis therapy, drugs that imbrove MTB kill during the
steri}ising phase are essential. A novel high throvughput assay for the analysis of
intracellular bactericidal/static aptivity of drugs against MTB is described here. By
using macrophage viability as a rﬁarker of MTB \;iability, this .assay provides a new
approach to an’alysi.s of anti-t_ﬁberculosis activity, and rﬁay prove to bea usreful model

in developing new anti-tuberculosis drugs against persisting bacilli. A drawback with

256



Chapter 8 — General discussion

the intracellular assay is that it is difficult to differentiate between bactericidal and
- bacteriostatic activity of drugs. The intracellular assay may also be used to look at
the importance of host proteins, by trahsfecting the genes of interest into THP1 cells

prior to activation and infection.

With regérd to the intracellular activity of rifampicin, isoniazid and ethémbutol all
three drugs showed concentration dependent activity. For both isoniazid- and
ethambutol, intracellular activity was at a similar concentration to that needed to
control extrac‘ellular bacteria. Rifampicin intracellular kill was however less efficient,
than with extracellular bacilli. This difference may be at leést 'partially a consequence
of protein binding and drug accumulation. Further, it must be noted that trough
rifampicin concentrationé achi»eved' in vivo are beldw those needed to ‘kill
intracellular bacteria in vitro, and may be another reason for the long period needed

to sterilise MTB.

In chapter 6 the successful development and validation of novel and pre-existing
analytical assays for measuring piasma rifampicin, pyrazinamide and isoniazid from
plasrﬁa is described. These assays are utilised to meésure plasma drug concentration
in rifampicin receiving patients, giving pharmacokinetic parameters similar to those
previously published (Peloquin er al., 1997). Fﬁrthef, rifampicin HPLC-MS proved
sensitive enough to measure cellular rifampicin phamécokinetics in PBMCs, which |
allowed the determination of in vivo rifampicin accumulation. The analytical
~ methods developed can provide é u‘seful tool in meésufing plasma»drug concentration

for further clinical studies.
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Work presented here provides evidence that P-gpv (not MRP1) and OATPs may have
a rqle in the bacterici‘dal ‘actiyity of rifampicin and ethambutol within macrophages.
It rﬁvust,bbe remémbéred however, that drug accumulation is often a complex interplay
Bétween acﬁve efﬂux and influx transporters, and that other untested transporters
may also play a role in governing the accumulation of anti-tuberculosis drugs.
Further, this thesis describes novel assays that underbin the futufe détermination of

extracellular and intracellular activity of novel anti-tuberculosis drugs.
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