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ABSTRACT

PHT1 (SLC15A4) is responsible for translocating L-histidine (L-His),
di/tripeptides and peptide-like drugs across biological membranes. Previous studies
have indicated that PHT1 is located in brain parenchyma, however, its role and
significance in brain, along with its impact on the biodistribution of substrates is
unknown. In the present study, adult gender-matched PhtI-competent (wildtype)
and Pht1-deficient (null) mice were used to investigate the effect of PHT1 on L-His
brain disposition via in vitro slice and in vivo pharmacokinetic approaches. Initial
phenotyping of the two genotypes and expression measurements of select
transporters/enzymes were also performed. No significant differences were
observed between genotypes in serum chemistry, body weight, viability and
fertility. Polymerase chain reaction (PCR) analyses indicated that Pept2 had a
compensatory up-regulation in Phtl null mice (about 2-fold) as compared to
wildtype animals, which was consistent in different brain regions and confirmed by
immunoblots. The uptake of L-His was reduced in brain slices by 50% during PHT1
ablation. The L-amino acid transporters accounted for 30% of the uptake, and
passive (other) pathways for 20% of the uptake. During the in vivo pharmacokinetic
(PK) studies, plasma concentration-time profiles of L-His were comparable between

the two genotypes after intravenous administration. Still, biodistribution studies

Xiv



revealed that, when sampled 5 min after dosing, L-His values were 28-48% lower in
Pht1 null mice as compared to wildtype animals, in brain parenchyma but not
cerebrospinal fluid.

Concentration-time profiles of the in vivo samples were then analyzed using
nonlinear mixed effects modeling with NONMEM v7.3. In addition to active PHT1-
mediated uptake into brain parenchyma, influx and efflux rate constants of L-His
between plasma, brain parenchyma and CSF were modeled as first-order processes.
Diffusion between brain parenchyma and CSF, CSF bulk flow and tissue volumes
were obtained from the literature. The disposition kinetics of L-His in plasma, CSF
and brain parenchyma was best described by a four-compartment model. We
observed that the plasma and CSF PK profiles of L-His were comparable in WT and
KO mice. However, a more rapid uptake of L-His occurred in the brain parenchyma
of WT mice due to active transport by PHT1, which was modeled with a Michaelis-
Menten term (Km = 39.9 uM and Vmax = 0.140 nmol/min).

Our model quantitatively described the transport kinetics of PHT1-mediated
uptake of L-His in brain, for the first time, under in vivo conditions. The results
suggest that PHT1 may play an important role in histidine transport in brain, and
resultant effects on histidine/histamine homeostasis and neuropeptide regulation.
The findings also provide a valuable tool in predicting the disposition of L-His in

brain and the potential of PHT1 as a drug target to treat serious CNS diseases.
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CHAPTER 1

RESEARCH OBJECTIVES

Peptide/histidine transporter 1 (PHT1), a member of the proton-coupled
oligopeptide transporter (POT) superfamily, is an integral membrane protein that
translocates various di-/tri-peptides, peptidomimetics and L-histidine across the
biological membrane. Currently four members of the POT family have been
identified in mammals, including PEPT1 (SLC15A1), PEPT2 (SLC15A2), PHT1
(SLC15A4) and PHT2 (SLC15A3) [1]. Among them, the localization, expression,
function and pharmacological relevance of peptide transporters PEPT1 and PEPT2
were most extensively studied. However, little is known about the peptide/histidine
transporters, PHT1 and PHT2 [2]. Each of the four POT family proteins displays a
distinct pattern of tissue expression with specific physiological and pathological
roles [3]. PEPT1 is primarily expressed in the small intestine, where it is responsible
for the absorption of di-/tri-peptides from dietary proteins and gastrointestinal
secretions [4, 5]. In the kidney, PEPT1 is located in S1 segments whereas PEPT2 is
preferentially expressed in brush border membranes of the latter parts of the
proximal tubule (S3 segments) in kidney [6]. Together, PEPT1 and PEPT2 govern
the efficient reabsorption of peptides/mimetics from the tubular fluid [7]. PEPT2
protein also has strong expression in choroid plexus and brain parenchyma, the

level of which shows an age-dependent declining expression [8]. PEPT2 in brain



appears to regulate neuropeptides homeostasis and protect against neurotoxicity
[9]. PHT1 proteins are found in brain and eye [10, 11]. In contrast to PEPT2, PHT1
has an age-dependent increasing expression in brain. The expression of PHT1
increases in a similar manner with the function and localization progression of the
histaminergic system [12-16]. Moreover, PHT1 function dominates in adult rodents,
suggesting a significant role in regulating both endogenous and exogenous L-
histidine and peptides/mimetics in brain [17]. PHT1 transcripts are also detected in
rat thyroid gland [18], and skeletal muscle [19]. A recent study showed that PHT1
and PHT2 are involved in the immune response. PHTs are preferentially expressed
by dendritic cells, located at endosomes and lysosomes, mediating the release of
bacterially-derived components into the cytosol [20].

L-Histidine is a basic and hydrophilic a-amino acid, and is a specific substrate
of PHT1. It is one of the proteinogenic amino acids, which is obtained from dietary,
metabolic and protein turnover [21]. L-histidine possesses several crucial biological
functions, including the formation of myelin sheath, the detoxification of heavy
metals, the manufacture of white and red blood cells, and others. It is a precursor of
histamine, carnosine, ergothioneine, and vitamin C [22]. Studies on the PHT1-
mediated transport of L-histidine in brain would extend our understanding of
neuropeptide regulation, histamine homeostasis, and PHT1 as a potential target for
drug delivery to neuronal and non-neuronal cells. In the central nervous system
(CNS), the major transporters for L-histidine include the Na*-coupled neutral amino
acid transporters (e.g. SNATSs, belong to SLC38 family) [23, 24], some members of

the Na*-and Cl-dependent neurotransmitter transporter family (e.g. B’AT2 and



NTT4, belong to SLC6 family) [25-27], as well as the peptide/histidine transporters
(e.g. PHT1, belongs to SLC15 family) [17, 28].

Histamine is one of the most important metabolites of L-histidine, formed
during catalysis by L-histidine decarboxylase (HDC). Significant changes in brain
histamine levels have been observed in several neurological diseases, such as
multiple sclerosis, Alzheimer’s disease, Down’s syndrome and Wernicke’s
encephalopathy [29]. Histamine, however, cannot pass through the barrier systems
of the brain [30] and depends upon L-histidine uptake first. The dysfunction of HDC
and L-histidine transporters in brain may be related to these neurological disorders.

Pht1-deficient mice provide a powerful tool to investigate the role and
relevance of PHT1 in L-histidine disposition in brain, as well as histamine levels
with or without exogenous L-histidine being supplied. We hypothesize that PHT1
ablation will reduce the uptake of L-histidine in brain slices of adult mice and
substantially lower histamine production. The following specific aims are proposed
in this study:

1) To determine the influence of PHT1 depletion on the uptake of L-histidine in
different tissue sections of brain slices in wildtype and Pht1 null mice

2) To investigate the importance of PHT1 in affecting the in vivo
pharmacokinetics and tissue distribution of L-histidine in wildtype and Pht1
null mice

3) To develop a pharmacokinetic model that accurately characterizes the
disposition of L-histidine in wildtype and Phtl null mouse plasma,

cerebrospinal fluid and brain parenchyma
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CHAPTER 2

BACKGROUND AND LITERATURE REVIEW

2.1 Proton-coupled oligopeptide transporters

Proton-coupled oligopeptide transporters (POTs), which also belong to the
solute carrier protein (SLC15) family, are integral membrane proteins that
translocate various di-/tri-peptides and peptidomimetics across the biological
membrane. Currently four members in the POT family have been identified in
mammals, including PEPT1 (SLC15A1), PEPT2 (SLC15A2), PHT1 (SLC15A4) and
PHT2 (SLC15A3) [1]. The first identified H*-coupled transporter of oligopeptides
and peptide-derived antibiotics, PEPT1, was cloned from rabbit small intestine [2,
3]. Following that, PEPT2 was isolated from kidney by screening a human cDNA
library [4]. Then, with further investigation into transporters of the nervous system,
the peptide/histidine transporters (PHT1/ PHT2) were isolated from rat brain [5,
6]. Localization and functional characterization of PHT1 and PHT2 were done in
Xenopus laevis oocytes, showing that they can also recognize L-histidine, unlike
PEPT1 and PEPT2 [5, 6]. PEPT1 and PEPT2 share similar hydrophobic domains,
with about 51% sequence homology [7, 8]. However, the protein sequences of PHT1
and PHT2 show weak similarity to PEPT1 and PEPT2 (less than 26%) [8]. Among

the POTs, the localization, expression, function, and the pharmaceutical relevance of



PEPT1 and PEPT2 were most extensively studied, while little is known about the
peptide/histidine transporters PHT1 and PHT2 [9].
2.1.1 Structural characteristics

POT proteins are all integral membrane proteins. Since the crystal structures
of human POTs have not been characterized yet, they are predicted to be composed
of 12 transmembrane helices (TMH or H), with the N- and C-termini facing the
cytoplasm (Figure 2-1) [10, 11].

PEPT1 and PEPT2 proteins have around 707-740 amino acid residues
depending on species. The human PEPT1 and PEPT2 share 51% amino acid identity.
The structure of PEPTs has a large extracellular loop connecting the segments 9 and
10 (H9 and H10). With much lower identity to the PEPT proteins (less than 26%),
human PHT1 has 577 amino acid residuals and PHT2 has 581, sharing 48% amino
acid identity [8]. Mouse PHT1 has 85% amino acid identity to its human ortholog,
while rat PHT1 has 89% amino acid identity to human [8]. There is no large
extracellular loop between H9 and H10 in PHT1.

The relationship between protein regions and their functional characteristics
showed different organizations on PEPT1 and PEPT2. Much of the transport
mechanism of these proteins, as well as their 3-D structure, is inferred from
chimeras combining, model predictions and molecular modeling [11-13]. Basically,
peptide/mimetic substrates are transported through a central pore, where several
key residues face this transmembrane channel for peptide binding [14, 15], and

proton binding [16]. The role of the extracellular loop connecting H9 and H10 is still



unknown. The H1-H4 and H7-H9 of PEPT1 and PEPTZ2 might contribute to pH-
dependency and substrate affinity [1, 9].

Although there are significant differences in sequence homology among the
POTs, several highly conserved motifs were discovered in H1, H2, H3 and H5. Point
mutations by these motifs could alter the substrate affinity, pH-dependent transport,
or even complete loss of function[2, 15, 17].

POTs have typical features of major facilitator superfamily (MFS) members,
which include the E.coli proton-coupled lactose permease (LacY), the glycerol-3-
phosphate/inorganic phosphate antiporter (GIpT) and the multidrug transporter
EmrD [2, 10, 18]. As a result the crystal structures for them could be a good
reference for the 3-D structure of 12-TM transporters. The 3-D structure of a
prokaryotic homologue of mammalian PEPT, PEPTs, was recently confirmed
(Figure 2-2) [18, 19]. PEPTs, consists of the central and extracellular cavities.
Similar with the structures of LacY, the two hydrophilic cavities are potentially
separated by an extracellular gate, formed by H7 and H2. And the intracellular side
is restricted by side chain interactions among H4, 5, 10, and 11 [18]. However, the
exact protein structure and function residues still need to be elucidated.

2.1.2 Transport function and mechanisms

PEPT1 and PEPT2 proteins may mediate the transport of all 400 different
dipeptides and 8000 different tripeptides from the 20 L-a-amino-acids in a
sequence independent manner [1]. However, the peptide bond is not a prerequisite
for transport since some omega-amino fatty acids (e.g. delta-aminolevulinic acid)

are also substrates of PEPT1 and PEPT2 [9, 20]. With respect to pharmacological



relevance, PEPT1 and PEPT2 can also transport a variety of peptide-like drugs (e.g.
cefadroxil, enalapril, valacyclovir), aminocephalosporins, angiotensin-converting
enzyme inhibitors (ACE inhibitors) and others [11, 21]. Specifically, PEPT1 is a
“high-capacity, low-affinity” transporter, while PEPT2 is a “low-capacity, high-
affinity” transporter. Substrate affinity is also determined by membrane potential
and external pH, where lower external pH values are favored for transport of
negatively charged dipeptides, higher pH values increase the uptake rate of
positively charged dipeptides, and neutral ones are not significantly affected [22].
PHT1 and PHT2 can recognize L-histidine as a substrate, unlike the PEPT proteins.
The rat PHT1 isoform exhibited a high affinity transport activity, as judged by the Kn
= 17uM for L-histidine [5]. Also, the function of PHT proteins is pH-dependent with
an optimal pH at pH 5.5 [5], or pH 5.0 [23]. More detailed information about the
substrate specificity of PHT proteins is not yet available.

The driving force of substrate uptake for POTs is an inwardly directed H*
gradient (Figure 2-3). It was confirmed that there is an acid microclimate at the
intervillous space of jejunum (pH value is 6.1-6.6) related to H* secretion, while the
intracellular pH of enterocytes is 7.3 [24]. Na*/H* antiporter activity could drive
and maintain the pH transmembrane gradient by Na* exchanging [25, 26]. The
basolateral Na*/K*-ATPase can generate the energy, as well as the transmembrane
and transepithelial concentration gradient of Na* needed for this process [27].

2.1.3 Tissue distribution and expression regulation
Each of the four POT family members displays a distinct pattern of tissue

expression, as discussed below [8].
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2.1.3.1 PEPT1

Many studies have demonstrated that PEPT1 is primarily expressed in the
small intestine, including duodenum, jejunum and ileum [28, 29].
Immunolocalization studies demonstrated that PEPT1 was abundantly expressed at
the apical membrane of enterocytes in human and mouse, and is responsible for the
absorption of di-/tri-peptides from dietary proteins and gastrointestinal secretions
[30-32]. The expression levels of PEPT1 protein in rat small intestine were maximal
3-5 days after birth, decreased slowly, and then rose to 59-88% of maximal
expression at day 24 [33, 34]. In adult animals, small intestine PEPT1 level is up
regulated on high-protein diet, fast state, as well as some pathological conditions
(e.g. inflammation) [35-37].

In colon, the expression of PEPT1 is controversial. It was once considered
that PEPT1 was neither expressed nor functioning in normal proximal and distal
colon [28, 29]. However, the Daniel group recently reported that PEPT1 was
expressed in the distal colon of normal mouse, rat and human. According to their
studies, colonic expression of PEPT1 contributed to water absorption. Moreover,
PEPT1 was down regulated under conditions of acute and chronic intestinal
inflammation [38, 39].

In the kidney, PEPT1 is found in brush border membranes of the early parts
(S1 segment) of proximal tubule [40]. PEPT1 is also expressed in the bile duct,
pancreas, liver, immune cells and several cancer cell lines [21, 41-43]. However, the
detailed functions and expression levels in these latter tissues are largely unknown.

2.1.3.2 PEPT2
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PEPT2 is preferentially expressed in brush border membrane of the latter
parts of the proximal tubule (S3 segments) in kidney [40]. Together with PEPT1,
they are responsible for the reabsorption of peptides/mimetics from the tubular
fluid [44]. In brain, PEPT2 protein is strongly expressed in cerebral cortex, olfactory
bulb, basal ganglia, cerebellum, hindbrain and the apical surface of choroid plexus
epithelia. In neonate rat, PEPT2 was detected in both astrocytes and neurons, while
in adult rat PEPT2 was only detected in neurons. The expression levels declined in
an age-dependent manner [45]. PEPT2 functions in brain by regulating
neuropeptides homeostasis and by protecting the brain against neurotoxicity. It is
also responsible for the removal of substrates from cerebrospinal fluid (CSF) to
blood at the brain-CSF barrier (BCSFB) [46, 47]. Finally, PEPT2 is found in the lung,
mammary gland and spleen, however, its function in these tissues is unclear [11, 21].
2.1.3.3 PHT1 and PHT2

Compared with PEPT1 and PEPT?2, the tissue expression of PHT1 and PHT2
is much less clear. PHT1 and PHT2 mRNA were found in several regions of the
human and rat gastrointestinal tract (GIT), as well as the Caco-2 cell model [48]. As
determined by immunohistochemical analyses, PHT1 was expressed in the villous
epithelium along human small intestine [23], however, its relevance in substrate
absorption was unclear. PHT1 proteins are also found in the brain and eye [5, 6]. A
recent study showed that PHT1 has an age-dependent increasing expression in
brain, in contrast to that of PEPT2 [49]. The ascending level of PHT1 occurs in a
similar manner with the function and localization of the histaminergic system [50-

54]. Specifically, the function of PHT1 dominates in adult rodents, suggesting a
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significant role in regulating both endogenous and exogenous L-histidine and
peptides/mimetics in brain [49]. In the immune system, PHT1 transcripts are found
in plasmacytoid dendritic cells [55]. Its protein expression is significantly up-
regulated in colonic biopsies from inflammatory bowel disease (IBD) patients,
which may contribute to the transport of Nod1 ligands to the cytosol [56]. PHT1
transcripts are also detected in rat thyroid gland [57], and skeletal muscle [58].
PHT2 mRNA is found in the lung, spleen and thymus [6].

Unlike PEPT proteins, which are mainly expressed on the plasma membrane,
PHT proteins are expressed in the intracellular compartment. Subcellular
localization studies show that PHT1 co-localizes with endosome and lysosome
markers, which may transport free histidine and oligopeptides from inside the
endosome to the cytosol [56, 59]. Rat PHT2 protein has also been localized to the
lysosomal membrane [6]. A recent study showed that PHT1 and PHT2 are highly
involved in the immune response. PHT1 expressed in dendritic cells is intimately
involved in the immunologic diseases related to TLR9 stimulation, such as lupus,
colitis and persistent viral infection [59-61]. Recent genome-wide association
studies on systemic lupus erythematosus identified PHT1 variants as an Asian-
specific locus for this disease [62-64].
2.2 L-Histidine transporters in brain

Histidine is a basic and hydrophilic a-amino acid. The active isomer is L-
histidine (Figure 2-4). It is one of the 21 proteinogenic amino acids essential for
human health. It is obtained from dietary, metabolism and protein turnover [65].

The imidazole functional group in histidine has a pKa of approximately 6.0. The
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imidazole aromatic ring is protonated and carries a positive charge when the pH
value is below 6.0, which can serve as a general acid. The unprotonated imidazole is
nucleophilic and can serve as a general base (Figure 2-4). As a result, L-histidine is a
common participant in enzyme-catalyzed reactions. L-histidine is involved in
several biological functions, including formation of the myelin sheath, detoxification
of heavy metals, manufacturing white and red blood cells, and others. It is also a
precursor for the synthesis of histamine, carnosine, ergothioneine, and vitamin C
[66]. Studies on the transport of L-histidine in brain would extend our
understanding of neuropeptide regulation, histamine homeostasis, and the potential
for drug delivery to neuronal and non-neuronal cell types.
2.2.1 Transport of L-histidine across brain barrier systems

Access of amino acids to the living brain is restricted by the cerebral barrier
systems [67]. The blood-brain barrier (BBB) plays the major role in restriction and
regulation of amino acid transport between the blood and brain compartments. The
BBB consists of a single layer of capillary endothelial cells and an underlying thick
basement membrane [68]. The tight junctions among the adjacent cells form the
barrier, sealing off the paracellular diffusion space. Thus, to cross the BBB, solutes
have to partition into and diffuse through the cell membrane, or be transported by
carriers. Despite the highly reduced flux rate across the BBB, brain capillaries are
still the primary site of exchange for most solutes between the brain compartment
and blood because of its large surface area [69]. Intensive research has focused on
the transport of amino acids across the BBB. Many transporter systems were

identified at the luminal (blood-facing) or abluminal (brain-facing) membranes of
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the endothelial cells. Regarding the mechanisms of L-histidine transport into brain,
several amino acid transporters are discussed below.

The system L transporters (LAT1 and LAT2, encoded as SLC7A5 and SLC7A8,
respectively) mediate the uptake of amino acids with large neutral side chains,
including L-histidine, across the BBB into brain [70, 71]. They are located on both
the luminal and abluminal surfaces of endothelial cells, facilitating the transport of
amino acids in a high affinity, Na*-independent, bidirectional manner [72]. System L
transporter function can be inhibited by 2-aminobicyclo[2,2,1]heptane-2-carboxylic
acid (BCH) [73].

Low affinity transport systems for L-histidine include the system y* cationic
amino acid transporters (CATs, belong to SLC7 family), which are expressed in both
luminal and abluminal membranes of the BBB, with preferential expression at the
abluminal side. Although considered Nat*-independent transporters, they can also
transport neutral amino acid substrates in a Na* dependent manner but with low
efficiency [74].

Unlike the Na*-independent transporters described previously, the Na*-
dependent transporters are expressed only in abluminal membranes [75]. Na*-
dependent transporters possess the ability to transfer amino acids from brain
extracellular fluid into endothelial cells with high affinity [76]. Moreover, these
carriers are able to efflux substrates from the extracellular fluid (ECF) to endothelial
cells and, hence to the systemic circulation, utilizing the Nat*-electrochemical
potential gradient. This vectorial transport may explain the significantly lower

concentrations of amino acids in brain ECF than in plasma [72]. Na*-dependent
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transporters can be inhibited by BCH and a wide range of amino acids. [75]
According to current research, the Na*-dependent transporter of L-histidine at the
BBB includes the following: system A transporters SNAT1 and SNAT2 [77] and
system N transporters SNAT3 and SNATS5 [78, 79], of which all belong to the SLC38
family; and the system BO* transporter B°AT3 (SLC6A17) [80]. SLC38 family
proteins will be discussed in more detail in subsequent sections.

Cerebrospinal fluid (CSF) is a bodily fluid existing in the cerebral ventricle
and the subarachnoid space around brain and spine, providing a basic mechanical
and immunological protection to the brain. CSF is mainly (more than 75%) formed
in the choroid plexuses (CPs). The barrier between CSF and CPs is called the blood-
CSF barrier (BCSFB). The structural basis of the BCSFB consists of CP cuboidal
epithelium cells, which are also linked by tight junctions [81]. However, the tight
junctions of BCSFB are much weaker than that of the BBB, making CPs belong to the
class of leaky epithelia [82]. Several L-histidine transporter systems expressed on
both the CPs and BBB include LAT1 [83], LAT2, SNAT3 [84], and Asc-1 (SLC7A10)
[85].

The mRNA of PHT1 was also identified in CPs [5]. However, PHT1 may not
contribute to the transport of L-histidine at this site, as the uptake of L-histidine into
brain is not inhibited by dipeptides [86, 87], nor is the transport of dipeptides
inhibited by L-histidine [88, 89].

2.2.2 Transport of L-histidine in brain parenchyma
Although the brain barrier systems determine the concentration of amino

acids in CSF and ECF, transporters expressed on the membranes of parenchyma
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cells also participate in the regulation of intracellular fluid homeostasis [75]. More
importantly, transporters in brain paranchyma are responsible for translocation of
metabolic substrates, neurotransmitters and neurotransmitter precursors,
regulating the signaling pathway [90]. The major amino acid transporters of L-
histidine in brain parenchyma include the Na*-coupled neutral amino acid
transporters (e.g., SNATs, which belong to the SLC38 family) [91, 92], Na*-
independent amino acid transporters (e.g., LATs and CATs, which belong to the SLC7
family) [70, 71], some members of the Na*-and Cl-dependent neurotransmitter
transporter family (e.g., B’AT2 and NTT4, which belong to the SLC6 family) [93-95],
as well as the peptide/histidine transporters (e.g., PHT1 and PHTZ2, which belong to
the SLC15 family) [23, 49].

SNATSs have a very broad tissue distribution and are responsible for the net
flux of amino acids in CNS [91, 96]. As mentioned above, system A and system N
transporters are the two major divisions of this protein family. System A
transporters (SNAT1, 2, 4 and 8) are Na* dependent, having a classical inhibitor
amino acid analogue 2-methylamino-isobutyric acid (MeAIB). System N
transporters (SNAT3, 5 and 7) are Na* and H* dependent, having no MeAIB
selectivity. However, the classification of SNATs is still controversial. Some
transporters are more likely to be treated as the “orphan members”, such as
SNAT7/8/10 [97]. The major physiological function of SNATs in the CNS is to
transport glutamine in the glutamate/glutamine cycle [98]. Affinity of SNATSs to L-
histidine is relatively low, with Michaelis-Menten (Km) values in the millimolar

range [78, 79, 99].
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SLC6 family transporters are also known as neurotransmitter transporters.
Several SLC6 members expressed in synapses are important in neurotransmission
termination and clearance [94]. In this family, SLC6A15-encoded BYAT2 is mainly
expressed in neurons and astrocytes [95], where the major substrates are proline,
methionine, isoleucine and leucine. Its affinity to L-histidine is low (millimolar
values of Km) [100]. NTT4 (SLC6A17) is identified only in the nervous system,
especially in synaptic vesicles, with a Km of 1-2 mM for proline and glycine and
interestingly no affinity for L-His [43]. L-histidine can self-inhibit its transport, while
the uptake kinetics for L-histidine is unknown. According to the affinity of other
amino acid substrates, the apparent affinity of NTT4 for L-histidine is relatively low
[101].

PHT1 may also contribute to the uptake of L-histidine in neuronal cells. PHT1
proteins are detected in brain and eye [5, 6, 102]. A recent study showed that PHT1
had an age-dependent increase in brain expression, in contrast to PEPT2 which
decreased over time. The increasing expression of PHT1 from neonate to adult age
was similar to the function and localization progression of the histaminergic system
[50-54]. Moreover, the function of PHT1 dominated in adult rodents, suggesting a
significant role in regulating both endogenous and exogenous L-histidine and
Peptides/mimetics in brain [49].

2.3 Histamine in the central nervous system (CNS)

Histamine is an organic nitrogenous compound, formed from the

decarboxylation of histidine by the enzyme L-histidine decarboxylase (HDC). It is a

hydrophilic vasoactive amine. Histamine is generated by various cells throughout
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the body, including CNS neurons, gastric mucosa parietal cells, mast cells, basophils
and lymphocytes [103]. After formation, histamine is preferentially inactivated by
histamine-N-methyltransferase in brain, but it can also be inactivated by diamine
oxidase. (Figure 2-5) Tele-methylhistamine is the major metabolite of histamine.
The fluctuations of both histamine and tele-methylhistamine provide the activity of
the histaminergic system [104].

Under normal physiological conditions, availability of amino acids in the CNS
is not a rate-limiting step for the synthesis of brain proteins and neurotransmitters
[82]. However, this may not be the case for some diseases. Significant changes in
brain histamine levels have been observed in several neurological diseases, such as
multiple sclerosis, Alzheimer’s disease, Down’s syndrome and Wernicke’s
encephalopathy [105]. The activity of HDC and L-histidine transporters may both
contribute to the pathological processes.

2.3.1 Histamine in nonneuronal tissues

Histamine plays a central role in local immune responses, including allergy
and inflammation, immunomodulation and autoimmunity [105]. It can cause
dilation and permeability enhancement of substances across the blood vessels, and
regulate the functions of monocytes, dendritic cells, T cells and B cells [103]. In
peripheral tissues, mast cells along the blood vessels and the enteric mucosa can
store and release histamine. Together with other signaling molecules, histamine is

crucial to the immune response [106].
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Histamine is a regulator in the gastrointestinal tract, controlling gastric acid
secretion as a local stimulator [107]. The discovery of histamine receptors
revolutionized the treatment of stomach ulcers [108].

2.3.2 Mast cells

Histamine hardly passes through the barrier systems of the brain [109]. In
the CNS, histamine is synthesized by mast cells and histaminergic neurons, under
the availability of L-histidine [110-112].

Mast cells reside mainly on the brain side of the blood-brain barrier (BBB)
[113], concentrated along the blood vessels in thalamus [114], hippocampus and
entorhinal cortex [115]. The study by Goldschmidt [116] showed that mast cells
contributed up to 90% of the histamine in thalamus, and up to 50% of whole brain
histamine levels in mice. Mast cell-deficient rat also showed reduced histamine
content compared with wildtype rat [117]. Under LPS-induced sepsis, histamine
production in mast cell-deficient mice could reach the same level as wildtype mice
[118].

However, the detailed regulation and contribution of mast cells in histamine
production in adult animals is not clear. It was suggested by the Panula group that
mast cells were the origin of histamine production only during the first postnatal
days (until postnatal day 4), responsible for the transient peak of histamine level in
the developing rat brain [119, 120]. Later in adulthood, the histamine-storing
mature mast cells no longer expressed clearly detectable HDC, which might only act
as a reservoir for brain histamine [119]. The number of mast cells in adult rodents

fluctuates greatly in response to altered physiological conditions [121], varies
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greatly between species, regions, time and behavioral state [105]. They can
penetrate brain blood vessels and migrate rapidly between blood and brain [121].
2.3.3 Histaminergic system

The histaminergic somata only exist in tuberomamillary nucleus (TMN) and
the adjacent areas of posterior hypothalamus. Starting from there, the histaminergic
fibers have projections to the whole CNS, similar to other amine systems (Figure 2-
6). The TMN is a subnucleus of the posterior third of the hypothalamus, located at
the tuber cinereum between the mammillary bodies and the optic chiasm (Figure 2-
7). The histaminergic system was first characterized in rat brain. TMN is divided
into different subdivisions according to the accumulation of histaminergic neurons.
TMN includes the ventral part (TMV) at the rostral and caudal sides of mammillary
bodies, a medial part (TMM) around the mammillary recess, and the diffuse part
[122]. The subdivisions respond differently to environmental stimuli, connected by
scattered neurons [122, 123]. The location and structure of histaminergic neurons
in mouse is similar to that of rat, only with smaller soma size and density [124].

Using retrograde and anterograde tracing techniques, histaminergic neurons
were found to form a relatively loose network of fine varicose axons [111, 122],
reaching the whole CNS through two ascending and one descending bundles.
(Figure 6) One of the ascending bundles reaches the hypothalamus, the diagonal
band, the olfactory bulb, hippocampus and cortex along the ventral surface; the
other ascending bundle goes to the thalamus, basal ganglia, hippocampus, amygdala
and cortex. The descending bundle reaches the brain stem and spinal cord [105]. A

variety of neuronal, humoral and paracrine signals can provide afferent input for the
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histaminergic neurons. Their target is the dendrites radiating out from the nucleus,
overlapping with the TMN projections [125].

The histaminergic system in brain changes during development. In
embryonic mouse and rat, a transient neuronal system first appears to synthesize
histamine and serotonin, with peak expression at E16 followed by gradual decline
until E20 [51]. Later in the postnatal period, the TMN system takes part in histamine
production, which develops to steady state levels around 2-3 weeks postnatal [50,
51, 54]. The transient neuronal system undergoes some transformation, and then
stops synthesizing histamine. The expression of histamine receptors is also age-
dependent; they start to be detected in the rat CNS since embryonic period (E14-
E15), and then the number of receptor sites gradually increases with age [53, 119].
2.3.4 Histamine receptors

Four histamine receptor types (H1R-H4R) have been identified as far, all of
them being G protein coupled receptors (GPCRs). H1R-H3R are abundantly
expressed in the brain. H4R mainly exists in peripheral tissues (blood, spleen, lung,
liver, and gut) [119, 126]. Using isotope binding, HIR was densely located in
hypothalamus, aminergic and cholinergic brainstem nuclei, thalamus, hippocampus
and cortex, where they relate to neuroendocrine, behavioral and nutritional state
control [105]. The highest density of H2R was found in hippocampus, basal ganglia
and cortex [127]. H2R contributed to the regulation of nociception, cognition, gastric
acid secretion and immune function [108]. H3R was expressed in the globus pallidus,
anterior parts of the cerebral cortex, hippocampus, olfactory tubercles, cerebellum

and brain stem in the human brain [105, 127]. Unlike H1R and H2R, H3R has
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constitutive activity in vivo. H3R can feedback inhibit the release of histamine, as
well as control some other neurotransmitters (biogenic amines, acetylcholine,
glutamate, GABA and peptidergic systems) [105, 128].
2.3.5 Function of histamine

Histamine plays a very important role in the CNS, regulating many
physiological activities, such as the sleep-wake cycle, biological rhythms,
neuroendocrine regulation, body weight, energy metabolism, as well as some higher
brain functions (e.g. cognition, mood, learning and memory) [105, 129]. Histamine
also participates in many pathological and pathophysiological processes in the CNS,
although the mechanism is not clearly understood. Changes in histamine blood
concentrations may cause disorders in many physiological activities such as sleep,
eating, or mood disorders. In Alzheimer’s disease (AD) patients, blood histamine
levels can be indicator of disease severity, which may be caused by up-regulation of
the histaminergic system as the global deterioration scale (GDS) stage gets higher.
For patients with vascular dementia (VD), blood histamine level decrease as the
disease gets more severe [129]. As these diseases progress, the level of H1R binding
was lower. A similar phenomenon was also found during aging, schizophrenia and

depression[105].
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Figure 2-4. Molecular structure of L-histidine (upper panel) and histidine

protonation equilibrium (lower panel)
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CHAPTER 3
A NOVEL ROLE FOR PHT1 IN THE DISPOSITION OF L-HISTIDINE IN
BRAIN: IN VITRO SLICE AND IN VIVO PHARMACOKINETIC STUDIES

IN WILDTYPE AND PHT1 NULL MICE

3.1 Abstract

PHT1 (SLC15A4) is responsible for translocating L-histidine (L-His),
di/tripeptides and peptide-like drugs across biological membranes. Previous
studies have indicated that PHT1 is located in brain parenchyma, however, its role
and significance in brain along with effect on the biodistribution of substrates is
unknown. In this study, adult gender-matched Phtl-competent (wildtype) and
Pht1-deficient (null) mice were used to investigate the effect of PHT1 on L-His brain
disposition via in vitro slice and in vivo pharmacokinetic approaches. We also
evaluated the serum clinical chemistry and expression levels of select transporters
and enzymes in the two genotypes. No significant differences were observed
between genotypes in serum chemistry, body weight, viability and fertility. PCR
analyses indicated that Pept2 had a compensatory up-regulation in Pht1 null mice
(about 2-fold) as compared to wildtype animals, which was consistent in different
brain regions and confirmed by immunoblots. The uptake of L-His was reduced in

brain slices by 50% during PHT1 ablation. The L-amino acid transporters
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accounted for 30% of the uptake, and passive (other) pathways for 20% of the
uptake. During the in vivo pharmacokinetic studies, plasma concentration-time
profiles of L-His were comparable between the two genotypes after intravenous
administration. Still, biodistribution studies revealed that, when sampled 5 min
after dosing, L-His values were 28-48% lower in Phtl null mice, as compared to
wildtype animals, in brain parenchyma but not cerebrospinal fluid. These findings
suggest that PHT1 may play an important role in histidine transport in brain, and
resultant effects on histidine /histamine homeostasis and neuropeptide regulation.
3.2 Introduction

PHT1 (SLC15A4), a member of the proton-coupled oligopeptide transporter
(POT) superfamily, is responsible for translocating various di/tripeptides and
peptide-like drugs across biological membranes, as well as the amino acid L-
histidine [1]. Unlike two other peptide transporters, PEPT1 (SLC15A1) and PEPT2
(SLC15A2), which have been well studied, there is little known about PHT1
expression, localization, function and pharmacological relevance. PHT1 is
abundantly found in the brain and eye [2, 3]. PHT1 has an age-dependent increase
in brain expression [4], similar to the changes found in the histaminergic system [4-
8]. In contrast, PEPT2 shows an age-dependent decrease in brain expression and
PHT1 function dominated in the uptake of a dipeptide in brain slices from adult
rodents, suggesting a significant role in regulating both endogenous and exogenous
L-histidine (L-His) and peptides/mimetics in brain [9]. PHT1 transcripts are also
detected in rat thyroid gland [10] and skeletal muscle [11]. A recent study showed

that PHT1 and PHT2 are involved in the immune response [12]. These authors
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reported that PHTs were preferentially expressed in dendritic cells, located at
endosomes and lysosomes, mediating the release of bacterially derived components
into the cytosol.

L-Histidine (L-His) is one of the proteinogenic amino acids, which is obtained
from dietary metabolism and protein turnover [12]. L-His possesses several crucial
biological functions, including formation of the myelin sheath, detoxification of
heavy metals, and the manufacturing of white and red blood cells. It is also a
precursor of histamine, carnosine, ergothioneine, and vitamin C [13]. Studies on the
transport of L-His in brain would extend our understanding of neuropeptide
regulation, histamine homeostasis, and potential targets for drug delivery to
neuronal and non-neuronal cells. In the central nervous system (CNS), major
transporters for L-His include the Na*-coupled neutral amino acid transporters (e.g.,
SNATs, which belong to the SLC38 family) [14, 15], Na*-independent amino acid
transporters (e.g., LATs and CATs, which belong to the SLC7 family) [16, 17], some
members of the Na*-and Cl-dependent neurotransmitter transporter family (e.g.,
BOAT2 and NTT4, which belong to the SLC6 family) [18-20], as well as the
peptide/histidine transporters (e.g., PHT1 and PHT2, which belong to the SLC15
family) [9, 21].

Histamine, one of the most important metabolites of L-His, is formed in the
brain during catalysis by histidine decarboxylase (HDC). While much of the
research effort has focused on the enzymatic production of histamine via HDC, little
attention has been paid to the mechanism by which L-His gains entry into neurons.

Due to its polarity and lack of a transport system, histamine cannot pass through the
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barrier systems of the brain [22]. Moreover, the availability of its precursor, L-His,
is positively correlated with brain histamine production and, consequently the
regulatory functions of histamine [23, 24]. Significant changes in brain histamine
levels have been observed in several neurological diseases, such as multiple
sclerosis, Alzheimer’s disease, Down’s syndrome and Wernicke’s encephalopathy
[25]. Dysfunction of HDC and the L-His transporters in brain may be related to
these neurological disorders.

In the present study, we hypothesized that PHT1 ablation would substantially
reduce the uptake of L-His in the brain of adult mice. Initial phenotypic analyses
were performed in Phtl-competent (wildtype) and Pht1-deficient (null) mice, along
with gene expression levels of POTs and select transporter/enzyme proteins.
Subsequent studies evaluated the functional activity of PHT1 by studying the in vitro
uptake of L-His in regional brain slices, and the in vivo pharmacokinetics and
biodistribution of L-His after intravenous administration.

3.3 Materials and methods
3.3.1 Chemicals

L-[3H]histidine (500 mCi/mmol), L-[**C]histidine (322 mCi/mmol),
[1#C]mannitol (53 mCi/mmol) and [3H]dextran-70,000 (110 mCi/mg) were
purchased from American Radiolabeled Chemicals (St. Louis, MO). Unlabeled L-
histidine, mannitol and dextran-70,000 were purchased from Sigma-Aldrich (St.
Louis, MO). Protease inhibitor cocktail was purchased from Roche (Seattle, WA).
Power SYBR Green PCR Master Mix was purchased from Applied Biosystems (Foster

City, CA). All other chemicals were obtained from standard sources.
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3.3.2 Animals

Gender- and age-matched Phtl-competent (wildtype or Pht1*/*) and Phtl-
deficient (null or Pht1/-) mice, 7-10 weeks old, were used in this study [26]. PCR
analysis, using genomic DNA isolated from tail biopsies, was performed to confirm
the subsequent production of PhtI null mice. The Phtl gene had a forward primer
5-GATCGAGGTCCAGAAGCCACTCG-3’ and a reverse primer 5'-
GAGTTGTGTCACTCACCCACTTCT-3". The Neo gene, inserted during homologous
recombination in Phtl null mice, had a forward primer 5-
GGAGAGGCTATTCGGCTATG-3" and a reverse primer 5-GCTCTTCAGCAATATCACGG-
3. All animals were bred on a C57BL/6 background (= 99%). The mice were
housed in a temperature-controlled environment with 12 h light and dark cycles,
and received a standard diet and water ad libitum (Unit of Laboratory Animal
Medicine, University of Michigan, Ann Arbor, MI). All mouse studies were
performed in accordance with the Guide for the Care and Use of Laboratory Animals
as adopted and promulgated by the U.S. National Institutes of Health.
3.3.3 Initial phenotypic analyses

Pht1 null mice were evaluated for body weight and serum clinical chemistry in
comparison to those of wildtype mice (by Animal Diagnostic Core, ULAM, University
of Michigan, Ann Arbor, MI), as described previously for Peptl null mice [27].
Viability and fertility were also monitored.

3.3.4 Gene and protein expression
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Quantitation of POTs (Peptl, Pept2, Phtl and Pht2), select amino acid
transporters (Latl, Snatl, Snat3 and Ntt4) and histidine decarboxylase (Hdc) was
performed in several tissues of adult wildtype and PhtI null mice using a 7300 Real-
Time PCR system (Applied Biosystems, Foster City, CA) [28]. Tissues of interest
included cerebral cortex, cerebellum, hippocampus, hypothalamus and choroid
plexus. In brief, 2.0 pg of total RNA, isolated using the RNeasy Plus Mini Kit (Qiagen,
Valencia, CA), was reverse-transcribed into cDNA using the Omniscript RT Kit
(Qiagen, Valencia, CA) with 16-mer random primers. The mouse Gapdh gene was
used as an internal control of cDNA quality and quantity. The primers were
designed using Primer 3.0 (Applied Biosystems, Foster City, CA) and synthesized by
Integrated DNA Technologies (Coraville, [A) (Table 3-1). The real-time PCR thermal
conditions were 1 cycle at 50 °C for 2 min, 1 cycle at 95 °C for 10 min, 40 cycles at
95 °C for 15 s and then 60 °C for 1 min. The ACT method was used to calculate the
relative levels of target gene transcripts in mice, where the ratio of target gene to
Gapdh was equal to 2-ACT, ACT = CT(gene) - CT(Gapdh).

Immunoblot analysis was performed for PEPT2 protein, as described
previously with minor changes [29]. Tissue lysis buffer consisted of neuronal
protein extraction reagent (Thermo Scientific, Rockford, IL) with the addition of
proteinase inhibitor cocktail. Kidney protein served as positive control for PEPT2
[30].

3.3.5 In vitro uptake of L-His in regional brain slices
Adult wildtype and Pht1 null mice were used to evaluate the contribution of

PHT1 in L-His uptake. Brain slices, prepared using a method described previously
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[9], were incubated in buffer containing 2 uM [3H]L-His (0.1 pCi) and [**C]mannitol
(0.05 pCi). The incubation was performed in a chamber filled with artificial
cerebrospinal fluid (aCSF) buffer at 37°C, which was continuously bubbled with 5%
CO2 and 95% 02. The aCSF buffer consisted of (mM): 127 NaCl, 20 NaHCO3, 2.4 KCl],
0.5 KH2PO4, 1.1 CaClz, 0.85 MgClz, 0.5 NazS04 and 5.0 glucose (pH 7.4). Incubation
times were 1, 3, 5 and 10 min, after which time 1.5 mL ice-cold aCSF buffer was
added to the chamber to terminate the reaction. The samples were immediately
filtered through 100 pm nylon mesh and then washed five times with 1.5 mL ice-
cold aCSF buffer. The filter (and tissue slices) were transferred to a scintillation vial
containing 0.33 mL hyamine hydroxide and left overnight at 37°C to dissolve the
tissue. The samples were then mixed with a 7.0-mL aliquot of Cytoscint cocktail
(MP Biomedicals, Solon, OH). Radioactivity was measured using a Beckman LS 6000
SC dual-channel liquid scintillation counter (Beckman Coulter Inc., Fullerton, CA).

The uptake of L-His in brain slices was determined using the following
equation [31]:

Histidine Uptake

Histidine,, 4iq

~ (Histidine, — Histidine;) — (Mannitol, — Mannitol;)x Mannitol,,.qiq

Tissue WeightxHistidineyegiq

where uptake was calculated as pL/mg wet tissue weight. The subscript t
represents the total radioactivity, fthe filter-binding and media the amount of drug

in the incubation media.
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To further investigate the contribution of amino acid transporters on L-His
uptake, as well as the substrate specificity of PHT1, excess amounts (5 mM) of L-His,
L-glutamine, L-leucine, L-asparagine or BCH (2-amino-2-norbornanecarboxylic acid)
were added as inhibitors of the amino acid transporters. Similarly, dipeptides
(glycylsarcosine and carnosine) were used as inhibitors of the peptide transporters.
These studies were performed on hypothalamus slices following a 3-min incubation
period.

3.3.6 In vivo pharmacokinetics and biodistribution of L-His

L-His solutions were prepared by mixing appropriate amounts of [1*C]labeled
and unlabeled L-His in normal saline to reach the desired dose of 1 nmol/g (0.4
uCi/mouse). A 100-pL volume of solution was administrated by tail vein injection.
Serial blood samples (15-20 uL), obtained via tail nicks, were then collected at 0.5, 1,
2, 5,10, 15, 20 and 30 min after the intravenous dose. Blood samples were collected
in 0.2-mL microcentrifuge tubes containing heparin. Heparinized blood samples
were centrifuged immediately at 3000 g for 3 min at ambient temperature. A 5- to
10-pl aliquot of plasma was then mixed with 6.0 mL of Cytoscint cocktail.
Radioactivity was measured using a dual-channel liquid scintillation counter.

A single CSF sample (5 pL) was obtained from the cisterna magna of each
mouse at 2, 5, 10, 20 and 30 min after dosing. The mouse was euthanized and
decapitated, and select tissues of brain (e.g. cerebral cortex, cerebellum,
hypothalamus and hippocampus) were then isolated, blotted dry and weighed. The
samples were dissolved in 330 pL of 1 M hyamine hydroxide and incubated

overnight at 37°C. An intravenous bolus injection of [3H]dextran-70,000 (0.25
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pCi/mouse) was administered just prior to harvesting the tissue samples to correct
for the vascular space.

A noncompartmental pharmacokinetic analysis of L-His was performed on the
plasma concentrations of L-His after intravenous bolus dosing using
Phoenix/WinNonlin version 6.4 (Pharsight Inc. Mountain View, CA). Total area
under the plasma concentration-time curve (AUC) was calculated using the
trapezoidal rule. Clearance (CL), volume of distribution (Vss), half-life (t1/2), terminal
disposition rate constant (A;) and mean residence time (MRT) were calculated using
standard methods.

3.3.7 Statistics

All the experimental results were reported as mean + SE. A two-tailed
unpaired Student's t-test was applied when comparing statistical differences
between two treatment groups. For multiple comparisons, one-way analysis of
variance (ANOVA) was used followed by Tukey’s test for pairwise comparisons
between all the treatment groups. A p value < 0.05 was considered significant. All
linear and nonlinear regressions were performed by Prism v5.0 (GraphPad Software,
Inc.,, LaJolla, CA).

3.4 Results
3.4.1 Identification and initial phenotypic analyses of Pht1 null mice

These studies were performed to test for obvious differences in fundamental
characteristics between the two mouse genotypes. In this regard, PCR analyses of
genomic DNA extracted from tail biopsies demonstrated that Phtl genomic DNA

was present in wildtype but not Phtl null mice (Fig. 1). Since Pht1 null primers
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were designed specifically to target the Neo gene, a band was observed in Pht1 null
mice but not in wildtype animals. No obvious behavioral abnormality was observed
in Pht1 null mice when compared with wildtype animals. Pht1 null mice were fertile
and appeared healthy. There were no significant differences between genotypes in
body weight or in any of the serum clinical chemistry values (Table 3-2).
3.4.2 Gene and protein expression

The purpose of these studies was to determine if Phtl mice were different, as
compared to wildtype animals, in their gene expression of POT family members and
other relevant transporters and enzymes. Protein expression for a particular
transporter was also performed in select cases. PCR analyses in wildtype mice
indicated that Phtl was expressed, along with Pept2, in the cerebral cortex,
cerebellum, hypothalamus, hippocampus and choroid plexus (Fig. 2). Interestingly,
Pept2 showed a compensatory up-regulation in PhtI null mice (about 2-fold), which
was consistently observed in the different brain regions. Expression of other
peptide transporters (Peptl and Pht2) and Hdc were comparable between the two
genotypes. Some of the amino acid transporters had different transcription levels
between genotypes, however, there was no consistent pattern in the different brain
regions. The upregulation of PeptZ2 in Phtl null mouse brain was confirmed by
immunoblot analysis (Fig. 3). PEPT2 protein could be detected in different brain
regions, in which expression was increased about 2-fold in the cerebral cortex,
hippocampus and hypothalamus of PhtI null mice as compared to wildtype animals.

3.4.3 In vitro uptake of L-His in regional brain slices
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These studies were performed to examine if regional functional activity, along
with substrate specificity, differed between wildtype and PhtI null mice in the brain
uptake of a model substrate, L-His, using an in vitro model. L-[3H]His uptake was
linearly correlated with time over the first 3-10 min, with no consistent trend for
either genotype or regional brain slice (Fig. 4A). As a result, 3-min uptakes were
used to estimate the initial rates of L-His, which were reduced by 37-60% during
PHT1 ablation depending upon the regional brain slice studied (Fig. 4B). To assess
the substrate specificity of PHT1, the 3-min uptake of L-[3H]His was evaluated in
hypothalamus by inhibition studies (Fig. 5). In wildtype mice, the uptake of L-His
was reduced to 20% of normal by the amino acids L-histidine, L-glutamine, L-lysine
and L-asparagine, and to 45-72% of normal by the dipeptides glycylsarcosine and
carnosine (5 mM each). In contrast, residual uptake values of L-His in Pht1 null mice
were similar between control animals (L-His alone) and in the presence of
dipeptides. In the presence of amino acids, values for L-His uptake were
significantly reduced in Phtl null mice, and similar between the two genotypes.
Finally, in comparing control values, the uptake of L-His in Pht1 null mice was 50%
of that observed in wildtype animals.

3.4.4 In vivo pharmacokinetics and biodistribution of L-His

These studies were designed to evaluate whether or not the in vivo distribution
of a model Phtl substrate, L-His, was different between genotypes with respect to
its systemic plasma exposure, accumulation in regional brain sections and CSF
concentrations. In this regard, we found that the plasma concentration-time profiles

of L-[1#C]His after intravenous injection were comparable in wildtype and Pht1 null

50



mice (Fig. 6). As a result, the pharmacokinetic properties of L-His were not different
between the two genotypes, as judged by noncompartmental analyses (Table 3-3).
Still, biodistribution studies in brain revealed that L-His values were 28-48% lower
in Phtl null mice, as compared to wildtype animals, in the cerebral cortex,
cerebellum, hippocampus and hypothalamus, but not CSF, when sampled 5 min
after dosing (Fig. 7).
3.5 Discussion

Compared with PEPT1 and PEPT2, little is known about the expression,
localization, function and pharmacological relevance of PHT1, another member of
the SLC15 family. Based on limited previous reports [2, 9], PHT1 protein was
expressed in the brain and retina of rat, and showed high affinity for L-His in PhtI-
transfected Xenopus laevis oocytes [2]. PHT1 protein was also expressed in the
brain of adult but not neonatal rats and mice, showing a dominant role in
glycylsarcosine brain uptake in adult rodents [9]. However, the significance of PHT1
in uptake of its amino acid substrate, L-His, in brain was not evaluated in these
studies [4]. Thus, the in vitro brain slice and in vivo pharmacokinetic/
biodistribution studies proposed here for L-His in brain are a good starting point
from which to understand the role and significance of PHT1 in neuropeptide
regulation, histamine homeostasis, and the potential for targeted drug delivery to
neuronal and non-neuronal cell types.

Several novel findings were revealed through phenotypic analyses, in vitro
brain slice uptake incubation and in vivo pharmacokinetic studies in wildtype and

Pht1 null mice. Specifically: 1) Pht1 null mice displayed no obvious phenotype and
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had serum clinical chemistry values that were comparable to wildtype mice; 2)
PHT1 was expressed, along with PEPT2, in the brain parenchyma (cortex,
cerebellum, hippocampus and hypothalamus) of wildtype mice; 3) the mRNA and
protein levels of PEPT2 were significantly up-regulated in Pht1 null mouse brain,
suggesting a compensatory role of PEPT2 in these mice; 4) the uptake of L-[3H]His
was about 50% lower in Pht1 null mouse brain slices as compared to those from
wildtype mice, indicating that PHT1 makes a significant contribution towards L-His
uptake into brain parenchyma; 5) the uptake of L-[3H]His could be inhibited by
dipeptides and, in addition to L-His, by several other amino acids; and 6) PHT1
deficiency did not affect the in vivo systemic exposure of L-[14C]His in plasma or CSF,
but reduced its distribution into brain parenchyma during the first 5 min of
intravenous dosing. These findings suggest that PHT1 may play an important role in
L-His transport and, perhaps, in histidine-histamine homeostasis in the brain.

The results in Fig. 5 indicated there were key differences (and similarities) in
the inhibition profiles of wildtype and Pht1 null mice. For example, in comparing
the inhibition studies in wildtype mice alone, the amino acids (except for leucine)
reduced the uptake of L-His to about 20% of control, whereas the dipeptides
reduced L-His uptake to 40-65% of control (all changes were significant). These
profiles reflected the collective contributions of PHT1, amino acid transporters and
nonsaturable/passive pathways for the uptake of L-His in wildtype mice. In
comparing the inhibition studies in PhtI null mice alone, the same amino acids
resulted in significant changes from control, however, L-His uptake in the presence

of dipeptides was not significantly different. Most importantly, the control value in
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Pht1 null mice was only 50% of the control value in wildtype mice, indicating a
major influence of PHT1 in the uptake of L-His. Thus, these profiles reflected the
collective contributions of amino acid transporters and nonsaturable/passive
pathways for the uptake of L-His in the absence of PHT1. Overall, the combined
mechanisms for L-His uptake in brain (hypothalamus) were PHT1 (50%), amino
acid transporters (30%) and nonsaturable/passive processes (20%).

Of the POTs, PEPT2 is expressed in the brain of adult rats, especially in
epithelial cells of the choroid plexus [29]. The brain expression of PEPT2 is maximal
in the fetus, declining with age to 14% of those levels in the adult brain. In contrast,
the expression and function of PHT1 protein gradually increases with age, agreeing
with its function as indicated by the uptake of glycylsarcosine in adult rodent brain
slices [4]. Another POT, PHT2 can also recognize L-His as a substrate, but this
transporter is barely detected in brain [3, 9], as is PEPT1 [30]. The effect of Pht1
depletion on the transcription of those other POTs, amino acid transporters and
related enzymes, as well as on the total brain entry of L-His was unknown and the
present study was able to address this with the availability of PhtI null mice [32].
PEPT2 protein was up-regulated in different brain regions of PhtI null mice, which
may suggest a compensatory role of PEPT2 as a transporter for di/tripeptides in
brain (Fig. 3). This was not observed in other tissues, such as kidney, testis, lung,
intestine, spleen or colon (data not shown). As expected, there was no gene
expression of Peptl or PhtZ in the brain of both genotypes, which was consistent
with previous studies in wildtype rodents [9]. Interestingly, in rat synaptosomes

prepared from cerebral cortex [34], the uptake of L-His (2 uM) was not inhibited by
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GlySar (2.5 mM) nor was the uptake of GlySar (20 uM) inhibited by L-His (2.5 mM).
Thus, the functional data of Fujita et al. [34] in synaptosomes suggest that, although
PHT1 expression will not be synaptic, its expression may reflect a cell body or
axonal distribution in neurons.

Although brain barrier systems determine the concentration of amino acids in
CSF and extracellular fluid (ECF), transporters expressed on the membranes of
brain parenchyma cells also participate in the regulation of intracellular fluid
homeostasis [33]. More importantly, transporters in brain parenchyma are
responsible for the translocation of metabolic substrates, neurotransmitters and
neurotransmitter precursors, which can regulate signaling pathways [34]. Amino
acid transporters of L-His in brain parenchyma include the Na*-dependent neutral
amino acid transporters (SNATs, SLC38 family) [14, 15], some members of the
sodium- and chloride-dependent neurotransmitter transporter family (SLC6 family)
(e.g. BOAT2, and NTT4) [18-20], Na*-independent amino acid transporters (e.g. LATs
and CATs, belong to SLC7 family) [16, 17], and the peptide/histidine transporter
PHT1 [9, 21]. Among the amino acid transporters tested in the present study, NTT4,
SNAT1 and SNAT3 showed extensive transcription. SNATs have a very broad tissue
distribution and are responsible for the net flux of amino acids in CNS [14, 35]. The
major physiological function of SNATSs in the central nervous system is to transport
glutamine in the glutamate/glutamine cycle [36]. Affinity of SNATs to L-His is
relatively low, with Michaelis-Menten (Kn) values in the millimolar range [37-39].
NTT4 (SLC6A17) is identified only in the nervous system, especially in synaptic

vesicles [40, 41], with a Km of 1-2 mM for proline and glycine and interestingly no
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affinity for L-His [43].

Another important consideration was that of differences in the gene
expression of amino acid transporters in wildtype and Pht1 null mice. In this regard,
there appeared to be no consistent pattern of change in either a specific amino acid
transporter or brain region with respect to the up-/down-regulation between
genotypes. Using hypothalamus as an example, since the in vitro inhibition studies
were performed in this brain region along with in vivo studies, the only amino acid
transporter that showed a statistically significant difference was Ntt4, with gene
expression being reduced by only 12% (Fig. 2). However, in Pht1 null mice, the in
vivo uptake of L-His was reduced 2-fold relative to the values observed in wildtype
animals (Fig. 6). Moreover, similar reductions in the in vivo L-His uptake were
observed in other brain regions even though Ntt4 gene expression increased 2-fold
in cortex, had no change in cerebellum, and was reduced only 20% in hippocampus.
These findings make it unlikely that changes in the gene expression of amino acid
transporters can explain the differences in transport acitivity of L-His during Pht1
ablation. Still, it would be important to measure, in future studies, if protein
expression had also changed.

PHT1 made a significant contribution towards L-His disposition in brain slices.
With PHT1 ablation, L-His uptake was reduced by 50% in vitro during 3-min brain
slice incubations, and by 28-48% in vivo in brain regions after intravenous dosing.
The rat PHT1 isoform is a high affinity transporter, as judged by a K, = 17 uM for L-
His uptake in oocytes expressing PHT1 protein [2]. As shown in Fig. 5, the transport

of L-His by PHT1 could be inhibited, as expected, by dipeptides (e.g., carnosine and
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glycylsarcosine) and excess L-His. However, an interesting finding was that some
amino acids (not including L-leucine) and a system L-amino acid transport inhibitor,
BCH, substantially reduced the uptake of L-His via PHT1. This phenomenon has not
been reported previously. Therefore, the interaction between amino acids with
positive (L-His, L-lysine) or uncharged polar (L-asparagine, L-glutamine) side chains
and PHT1 needs further investigation to test whether other amino acids, in addition
to L-His, are substrates for PHT1.

An effect of PHT1 ablation on the brain disposition of L-His was also found in
vivo with a 28-48% reduction into uptake into brain regions after intravenous
dosing (Fig. 7). These results suggest a role of PHT1 at the blood-brain barrier. Carl
et al. [44] reported the protein expression of PHT1 in hCMEC/D3 cells, an
immortalized human brain endothelial cell line commonly used for in vitro blood-
brain barrier studies. Those cells showed some evidence of polarized L-His and
carnosine (a dipeptide) transport. The role of PHT1 in di/tripeptide,
peptidomimetic and amino acid transport at the blood-brain barrier merits further
investigation.

In this study, no obvious phenotype was observed when comparing the body
weight, fertility, serum clinical chemistry and routine behavior of wildtype and Pht1
null mice. Indeed, this observation is not unusual during transporter ablation and,
often times, requires that the animals be challenged by a certain stress (e.g., drug,
chemical or disease state). This scenario was clearly demonstrated by the death of
Mdr1(-/-) knockout mice during ivermectin exposure [45] and by the phototoxic ear

lesions observed in Bcrp1(-/-) knockout mice when fed a diet containing alfalfa [46].
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Increased neurotoxicity was also observed in PeptZ2(-/-) knockout mice given
chronic administration of the heme precursor 5-aminolevulinic acid [47] as well as
increased analgesia in Pept2(-/-) knockout mice given the endogenous neuropeptide
L-kyotorphin [48]. While this study represents an analysis of L-His disposition in
the brain of wildtype and Pht1 null mice, as evaluated by in vitro brain slices and in
vivo biodistribution studies, these results allow us to explore subsequently if these
kinetic differences will translate into pharmacological and/or pathological
differences. Still, in their initial study using wildtype and PhtI null mice, Sasawatari
et al. [27] reported that PHT1 promoted a dextran sodium sulfate-induced colitis
through its interaction with Toll-like receptor 9 and NOD1-dependent innate
immune responses.

Taken as a whole, it appears that PHT1 accounted for 50% of the total uptake
of L-His in brain slices and L-amino acid transporters for 30% of the uptake. In
addition, PHT1 ablation significantly affected the in vivo blood to brain distribution
of L-His. These findings are the first of their kind and suggest that PHT1 plays an
important role in histidine transport and perhaps drug delivery to neuronal and

non-neuronal cell types.
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TABLES AND FIGURES

Table 3-1 Quantitative real-time PCR primers in mouse

Gene

Forward Primer (5’-3)

Reverse Primer (5’-3")

Phtl (Slc15a4)
Pht2 (Slc15a3)
Peptl (Slc15a1)
Pept2 (Slc15a2)
Latl1 (Sic7a5)
Snatl (Slc38a1)
Snat3 (Slc38a3)
Ntt4 (Slc6al7)

Hdc

AGCTTTTTCACAGGCTACCTGATT

GCTGAAGCTTGCGTTCCAA

CCACGGCCATTTACCATACG

TGCAGAGGCACGGACTAGATAC

GGATGCCCATCTGTAGGTTTTTAT

GCAGAACTCGACAGTCAGTGCTA

GCTGCCCATATATACAGAGCTCAA

ACGATGAGACGCGCTTCAT

AACCCCATCTACCTCCGACAT

AGGCTTGGTGATGAAGACACTCT

AACAGGTGGGCACTTTCAGAGT

TGCGATCAGAGCTCCAAGAA

GGGTGTGATGAACGTAGAAATCAA

AAAATAGAAAGCACTGGGCAAAAT

GCGATGGTTGGTAAAGCATACA

CAGCAATGGACAGGTTGGAGAT

AGCGTCCGTTGGGATTGTT

GGGATCTGCCAATGCATGA

Hdc, histidine decarboxylase.
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Table 3-2 Body weight and serum clinical chemistry of wildtype and Pht1 null mice?2

Parameter Wildtype mice Pht1 null mice
Body weight
7-8 weeks (g)
Male 24.1+0.5(9) 23.2+1.0(9)
Female 18.6 £ 0.4 (12) 18.5+ 0.3 (10)
Serum
Sodium (mmol/L) 138+ 3 (5) 140 + 4 (6)
Potassium (mmol/L) 9.4 +3.0 (5) 9.2+3.7(6)
Chloride (mmol/L) 111+£1(5) 112+ 2 (4)
Albumin (g/dL) 3.9+0.5(6) 45+0.9 (6)
Protein (g/dL) 8.2+1.9(6) 6.7 +1.5(5)

Creatinine (mg/dL)

0.33 +0.05 (5)

0.56 + 0.34 (6)

Bilirubin (mg/dL) 0.10 + 0 (5) 0.10 + 0 (5)
Glucose (mg/dL) 178 + 21 (6) 153 + 31 (6)
Calcium (mg/dL) 9.2+ 0.3 (5) 9.2+ 0.3 (5)
BUN (mg/dL) 38 +2 (5) 35 + 4 (6)
ALT (U/L) 53 + 4 (5) 50 + 3 (4)
ALP (U/L) 128 + 13 (5) 124 + 9 (5)
AST (U/L) 185 + 53 (5) 181 + 20 (6)

aData are expressed as mean * SE (number of mice). BUN, urea nitrogen; ALT,

alanine aminotransferase;

ALP,

alkaline phosphates; and AST, aspartate

aminotransferase. No statistical differences were observed between the two

genotypes, as determined by a Student’s t-test.
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Table 3-3 Noncompartmental pharmacokinetic analysis of [!*C]L-histidine in

wildtype (WT) and PhtI null (Null) mice after 1 nmol/g intravenous

bolus dose

Parameter Unit WT Null
AUCo-30 uM*min 21.7 (4.8) 24.6 (4.7)
AUCo-oo uM*min 42.0 (8.0) 43.4 (6.3)
CL mL/min 0.71 (0.15) 0.59 (0.10)
Vss mL 8.4 (0.7) 7.5 (0.7)
t1/2 min 13.3(3.8) 11.1 (1.6)
A min-1 0.084 (0.015) 0.083 (0.014)
MRT min 17.9 (4.6) 15.7 (2.3)

Data are expressed as mean (* SE) (n=11 for WT and 12 for Pht1 null mice). No
significant differences were observed between the two genotypes, as determined by

a Student’s t-test.
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650 bp

300 bp
Primer NA Neo Pht1 Neo Pht1
Genotype Marker -/- -/- ++ ++

Figure 3-1 Genotyping results for the identification of Pht1 null mice. NA (Marker),
gene-specific primer not applicable in DNA ladder consisting of 100 bp
repeats; Neo (-/-), neomycin-specific primer in Pht1 null mice; Pht1 (-/-),
Phtl gene-specific primer in Phtl null mice; Neo (+/+), neomycin-
specific primer in wildtype mice; Phtl (+/+), Phtl-specific primer in

wildtype mice.
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Figure 3-2 mRNA expression of POTs (Peptl, Pept2, Phtl, Pht2), select amino acid
transporters (Ntt4, lat1, Snatl, Snat3) and histidine decarboxylase (Hdc)
in brain regions of adult wildtype (WT) and Phtl null mice (Null).
Values are mean * SE (n=4-6). *p < 0.05, **p < 0.01 and ***p < 0.001, as

compared to WT mice, using a Student’s t-test.
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PEPT2
(~81 KDz) " — N -

B-actin '
(43 KD Q) M—————————— ——

Genotype | -/- | +/+ | /- | +/+ | -/- | ++ | -/- | +/+ | -/- | +/+ | +/+

Tissue Cortex Cereb Hippo Hypo cpP Kid
Fold 1.71 1.58 2.76 4.78 1.61 NA
Change (0.35) (0.39) (0.93) (2.85) (0.44)

Figure 3-3 Immunoblots of PEPT2 protein in cerebral cortex, cerebellum,
hippocampus and hypothalamus of wildtype (+/+) and Pht1 null (-/-)
mice. [3-Actin served as a loading control. Kidney from wildtype mice
was a positive control for PEPT2 protein. Fold change represents the
expression ratio of 3-actin-corrected PEPT2 protein in PhtI null mice,

as compared to WT animals (n=4). NA, not applicable.
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Figure 3-4 Uptake of 2 uM L-[3H]histidine in brain slices of adult wildtype (WT)
and Pht1 null (Null) mice as a function of time (A) and under initial-rate
conditions (i.e., 3-min incubation) (B). Values are mean + SE (n = 4). *p
< 0.05, **p < 0.01 and ***p < 0.001, as compared to WT mice, using a

Student’s t-test.
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Figure 3-5 Uptake of 2 uM L-[3H]histidine at 3 min in hypothalamus slices of adult
wildtype (WT) and Phtl null (Null) mice in the absence (control) or
presence of potential inhibitors (5 mM). Values are mean * SE (n=4).
All treatment groups were compared, regardless of genotype, and those
treatments with the same capital letter (i.e., A, B, C, D, or E) were not
significantly different from one another. @ BCH, Z2-aminobicyclo

[2.2.1]heptane-2-carboxylic acid; GlySar, glycylsarcosine.
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Figure 3-6 Plasma concentration-time profiles of L-[1*C]histidine in wildtype (WT)
and Pht1 null (Null) mice after 1 nmol/g intravenous bolus dose. Data

are expressed as mean * SE (n=11 for WT and 12 for Null) in which the

y-axis is displayed on a linear scale (A) and on a logarithmic scale (B).
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Figure 3-7 Tissue and cerebrospinal fluid (CSF) concentrations of L-[1*C]histidine

in brain regions of wildtype (WT) and Phtl null (Null) mice after 1



nmol/g intravenous bolus dose. Data are expressed as mean * SE (n =
3-6). *p < 0.05 and **p < 0.01, as compared to WT mice, using a

Student’s t-test.
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CHAPTER 4
SEMI-MECHANISTIC POPULATION PHARMACOKINETIC MODELING
OF L-HISTIDINE DISPOSITION AND BRAIN UPTAKE IN WILDTYPE

AND PHT1 NULL MICE

4.1 Abstract

Purpose: To develop a semi-mechanistic population pharmacokinetic model to
quantitate the disposition kinetics of L-histidine, a peptide-histidine transporter 1
substrate, in plasma, cerebrospinal fluid and brain parenchyma of wildtype and Pht1
knockout mice.

Methods: L-[1*C]Hisidine (L-His) was administrated to wildtype (WT) and Phtl
knockout (KO) mice via tail vein injection. Serial samples from plasma,
cerebrospinal fluid (CSF) and brain parenchyma were collected. A pharmacokinetic
(PK) model was developed using non-linear mixed effects modeling (NONMEM).
The disposition of L-His between the plasma, brain, and CSF was described by a
combination of PHT1-mediated uptake, passive diffusion, CSF bulk flow and first-
order microrate constants.

Results: The profiles of L-His in plasma, CSF and brain parenchyma were best
described by a four-compartment model. A more rapid uptake of L-His in brain

parenchyma was observed in WT mice due to PHT1-mediated uptake, a process
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characterized by a Michaelis-Menten component (Vmax = 0.14 nmoL/min and Ky =
39.88 uM), accounting for 24% of the total.

Conclusions: A semi-mechanistic population pharmacokinetic model was
successfully developed, for the first time, to quantitatively characterize the
disposition kinetics of L-His in brain under in vivo conditions. The model should
provide useful in predicting the uptake of L-His, and possibly other PHT1
peptide/mimetic substrates, for drug delivery to the brain.

4.2 Introduction

Proton-coupled oligopeptide transporters (POTs) are responsible for
translocating various di/tripeptides and peptidomimetics across biological
membranes [1, 2]. They have a significant influence on the pharmacokinetics (PK)
and pharmacodynamics (PD) of their substrates [3-5]. To date, four mammalian
members of the POT superfamily have been identified, including peptide
transporter 1 (PEPT1) and 2 (PEPT2), and peptide/histidine transporter 1 (PHT1)
and 2 (PHTZ2). Unlike PEPT1 and PEPTZ2, which have been well studied through
experiments and modeling approaches [3-5], there is limited information available
for PHT1, especially regarding its in vivo PK properties.

PHT1 was first been cloned from rat brain in 1997 [6]. It was highly
expressed in the brain and retina of rat, and showed high affinity to L-histidine (L-
His) in Pht1-transfected Xenopus laevis oocytes [6, 7]. Our preliminary studies in rat
and mice showed that PHT1 had a dominant function in brain uptake of the
dipeptide substrate glycylsarcosine [8], as well as in regulating the brain

distribution of L-His [9]. PHT1 has also been found in human and rat intestinal
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tissue segments [10, 11], however, its relevance in substrate absorption is unclear.
Moreover, PHT1 expressed in dendritic cells is intimately involved in immunologic
diseases related to TLR9 stimulation, such as lupus, colitis and persistent viral
infection [12-14]. Recent genome-wide association studies on systemic lupus
erythematosus identified PHT1 variants as an Asian-specific locus for this disease
[15-17].

L-histidine (L-His) was chosen as the model substrate of PHT1 used in this
study. It is one of the essential amino acids, which can be degraded to many
important metabolic products [18]. One of the most important metabolites of L-His
in the brain is histamine, a neurotransmitter. It is known that histamine has
difficulty passing through the barrier systems of the brain [19, 20]. The production
of histamine in the central nerves system (CNS) is not only dependent upon the
activity of histidine decarboxylase (HDC) [19], but also on the availability of its
precursor, L-His. Therefore, the entry of L-His in brain is correlated with histamine
homeostasis [21, 22]. Brain histamine is produced in histaminergic neuronal and
mast cells. There are several transporters responsible for translocating L-His into
the brain cells, including L-amino acid transporters (e.g.,, SNATs, LATs and CATs)
and PHT1 [8, 11, 23-26]. However, it appears that PHT1 accounts for 50% of the
uptake of L-His, as determined in mouse brain slices, while L-amino acid
transporters account for 30% and other unidentified non-saturable processes for 20%
of the uptake [8, 9].

Previous studies suggest that PHT1 may play an important role in

histidine/histamine homeostasis in brain, as well as in neuropeptide regulation.
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Thus, understanding the uptake kinetics of PHT1 substrates could facilitate the
development of drug delivery strategies for the treatment of neurological diseases
related to brain histamine levels. A semi-mechanistic model could provide a useful
tool in predicting the brain entry of PHT1 substrates. In order to construct the
model, a nonlinear mixed effects modeling (NONMEM) approach was performed.
NONMEM is widely used in analyzing population PK data by virtue of addressing
variability with different sources. In this study, a population PK model of L-His was
developed in wildtype and Pht1-deficient mice. By analyzing and comparing the data
collected from the two genotypes, we were able to characterize the PK properties
and relative significance of PHT1 on the disposition of L-His in brain.
4.3 Materials and methods
4.3.1 Animals

Gender- and age-matched Phtl-competent (wildtype or WT) and Phtl-
deficient (knockout or KO) mice (8 to 10 weeks) were used in this study. The
genotype, gender, age and body weight were recorded before the experiments. Pht1
KO mice were a generous gift of Dr. Noriko Toyama-Sorimachi [14]. All animals
were bred on a C57BL/6 background (=299%). The mice were housed in a
temperature-controlled environment with 12 h light and dark cycles, and received a
standard diet and water ad libitum (Unit of Laboratory Animal Medicine, University
of Michigan, Ann Arbor, MI). All animal studies were performed in accordance with
the Guide for the Care and Use of Laboratory Animals as adopted and promulgated

by the U.S. National Institutes of Health.
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4.3.2 In vivo PK and tissue distribution of L-His

The in vivo PK and tissue distribution data were generated previously in our
laboratory [27]. In brief, a 100-pl volume of L-['#C]His solution (1 nmol/g, 0.4
uCi/mouse) was administrated to WT and Pht1 KO mice via tail vein injection. Serial
blood samples (15-20 pl), via tail nicks, were then collected at 0.5, 1, 2, 5, 10, 20, and
30 min after dosing. Heparinized blood samples were centrifuged immediately at
3000 g for 3 min at ambient temperature. Radioactivity of the plasma samples was
measured using a dual-channel liquid scintillation counter. CSF samples (5 pl) were
obtained from the cisterna magna of mice along with brain parenchyma at specified
times (e.g., 2, 5, 10, 20 or 30 min after dosing). The samples were weighed and
dissolved in 330 pl of 1 M hyamine hydroxide and incubated overnight at 37°C. An
intravenous bolus injection of [3H]dextran-MW 70,000 (0.25 pCi/mouse) was
administered just prior to harvesting the tissue samples to correct for vascular
space.
4.3.3 Population PK modeling of L-His in plasma, CSF and brain parenchyma

The concentration-time profiles of these biological fluids and tissue were
analyzed using non-linear mixed effects modeling with NONMEM v7.3 (ICON
Development Solutions, MD, USA). A subroutine ADVAN6 TRANS1 and the first-
order conditional estimation with interaction were used to build the compartment
models throughout the modeling procedure. Model development was guided by the
likelihood ratio test using objective function values, graphical goodness-of-fit, and
non-parametric bootstrap analysis. A stepwise compartmental model building

approach was performed in model development to characterize the disposition
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kinetics of L-His in the plasma, CSF and brain parenchyma. First, a PK model was
developed for the plasma concentration-time data, and one-, two-, and three-
compartment models were compared. Once the model for the plasma concentration-
time data was established, it was expanded to include the CSF and brain
parenchymal compartments as shown in Figure 4-1. The schematic structure model
in brain was adopted and modified based on another model [28].

Mass-balance equations for each compartment were shown in the following
equations:
For the plasma central and peripheral compartments

dA \% X A
—L=—K, XA +K, XA —K XA +K, xA,——22_"1_x Genotype
dt Km,PHTl Vi +A1

_K14 XAI + K41 X A4 +Kbulk ><A4 - KIO XAI

dA
d—t2=K12><A1—K2,><A2

For the brain parenchyma

A \% X A

Q:KB XA — Ky X Ay + "2 x Genotype + K ;; X A, — Ky, X A,
dt m,PHTl'Vl T4

For the CSF

dA,

:K14XA1_K41XA4_Kbu1kXA4_K4%XA4+K34XA3
’ 3

where Aj;, Az Az and As were the amount of L-His in plasma central, plasma
peripheral, brain parenchyma and CSF compartments, respectively. V; was the
volume of distribution of the plasma central compartment. K9, K12, K21, K13, K31, K14,
K1, Kpui, K32 and Ky3 were the first-order microrate constants between the

respective compartments. Genotype was the indicator for the mouse genotype
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(Genotype = 1 for WT, Genotype = 0 for KO). In WT mice, L-His entered the brain via
active transport by PHT1 as described by a Michaelis-Menten term (Vimaxpur: and
Km,pur1), and by other pathways which were simplified as one first-order process
(K13). There was no PHT1 function in the KO mice. There was passive diffusion of L-
His describing its exchange between the brain parenchyma and CSF compartments.
The intercomparment clearance (Q:), which was assumed to be inversely
proportional to the one-half power of molecular weight (MW), was shown in the
following equation [28]:

0.379

0,= W

The distribution of L-His between plasma and CSF was also assumed to be first-
order processes. In addition, L-His was drained from CSF to plasma central
compartment through bulk flow (Qpux = 0.0016 mL/min [29]). Volumes of
distribution of the brain and CSF compartments were set to physiological values (V3
= 0.36 mL, V4 = 0.09 mL) [29]. The relationships between microrate constants (e.g.,
K34, K43 and Kpu) and flows (e.g., Q2 and Qpux) were shown in the following
equations:

0, =Ky, XV, =K,; XV,

Oy = Ky XV,

Inter-animal variability (IIV) of the PK parameters was assumed to follow a
log-normal distribution and described by an exponential error model. Additive,
proportional and mixed error models were evaluated for the residual unexplained

variability. The impact of genotype, gender, age and body weight of animal on PK
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parameters was evaluated. IIVs, residual errors and covariates were included in the
model only if they were associated with a decrease in OFV by at least 3.84 (x2 p
value <0.05).

The final PK model was evaluated by nonparametric bootstrap analysis and
visual predictive checks using Perl-speaks-NONMEM (PsN 4.2.0). Two hundred
bootstrap samples were generated from the original data set and then fitted to the
final population PK model to obtain parameter estimates. The median and 90%
bootstrap confidence interval calculated from the successful bootstrap runs were
compared with final model estimates. For visual predictive checks, 1000
hypothetical patient datasets were simulated using the parameter estimates of the
final model. The 90% prediction intervals were calculated and checked by visual
inspection to see how the intervals overlapped with the observed data.

4.4 Results
4.4.1 Differential brain biodistribution of L-[14#C]His in WT and Pht1 KO mice

As shown in Figure 4-2, brain L-[1#C]His concentrations were significantly
lower in Pht1 KO mice compared to WT animals at early time points (before 10 min)
but less so in later ones, suggesting a difference on the distribution rate of L-[14C]His
from the plasma to brain. The plasma and CSF concentration-time profiles of L-
[1#C]His were comparable in the two genotypes. Based on these findings, genotype
differences would be considered a covariate for the uptake rate constant of L-His in
brain.

4.4.2 Population PK Modeling of L-His in plasma, CSF and brain parenchyma
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A stepwise compartmental model building approach was performed to
characterize the disposition kinetics of L-[1*C]His in the plasma, CSF and brain
parenchyma. The disposition kinetics of L-[1*C]His in plasma was best described by
a two-compartment model. The expanded four-compartment model, including brain
parenchyma and CSF, was shown in Figure 4-1. The estimated PK parameters and
bootstrap results were listed in Table 4-1. Consistent with our previous
noncompartmental analysis [9], the plasma PK parameters of L-[1#C]His were
comparable in WT and Pht1 KO mice. The total plasma clearance (CL) of L-[1*C]His
was 0.31 mL/min, and its volumes of distribution in the central (Vi) and peripheral
(V2) compartments were 4.49 mL and 5.47 mlL, respectively. The distribution
kinetics between plasma and CSF compartments were also similar in the two
genotypes. A more rapid uptake of L-His occurred in the brain parenchyma of WT
mice, as compared to Pht1 KO mice, due to its active transport by PHT1 (Vmaxpur1 =
0.14 nmoL/min, Kwpur1 = 39.88 uM), demonstrating that PHT1 plays an important
role as an uptake transporter for L-[1#C]His in the brain. In the pilot study, L-His
concentrations in brain parenchyma reached a plateau at 20 min post dose, which
was consistent with the literature [30]. Therefore, we only characterized the first 30
min after dosing. The first-order rate constant directing L-['#C]His from brain
parenchyma to the plasma (K31) was fixed as zero in the final model. The impact of
mouse genotype, gender, age and body weight on the PK parameters was evaluated.
Only genotype was incorporated as a covariate in the final model. Additive error

model was used to describe the residual unexplained variability.
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4.4.3 Final model validation

Basic goodness-of-fit plots for the final PK model were displayed in Figure 4-
3. Individual predictions showed a good correlation with observed concentrations in
all of the plasma, brain parenchyma and CSF compartments. Conditional weighted
residuals randomly distributed along the zero ordinate line with no obvious
deviations. As shown in the visual predicted check plots (Figure 4-4), observed
concentrations in all of the compartments were in good agreement with the
prediction intervals of 1000 simulations based on parameter estimates from the
final model. According to nonparametric bootstrap analyses (Table 4-1), all of the
parameter estimates were close to the median and were inside the 90% confidence
intervals of the bootstrap estimates.
4.5 Discussion

There is emerging evidence showing that PHT1 plays an important role in
the brain as an uptake transporter. In particular, the protein expression of PHT1 in
brain increased with age in both mice and rats, and its function dominated the
uptake of glycylsarcosine in brain slices [8]. Moreover, our previous findings
showed that PHT1 was the major transporter in regulating the in vitro distribution
of L-His in brain, where it accounted for 50% of the total uptake of L-His in
hypothalamus slices. In contrast, the L-amino acid transporters accounted for 30%

of the uptake and other nonsaturable pathways for the other 20% [9]. Brain
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distribution of L-His in vivo was also significantly reduced in Pht1-deficient mice, as
compared to wildtype mice.

In the present study, the PK properties of PHT1 in vivo were characterized
for the first time and several new findings were revealed. Specifically, a four-
compartment PK model was successfully developed to define the distribution
kinetics of the PHT1 substrate L-[1#C]His in brain. By comparing wildtype with Pht1
KO mice, we could quantify the PHT1-mediated active transport of L-[1#C]His from
the plasma to brain in vivo with a single Michaelis-Menten term (Vmaxpur1 = 0.14
nmoL/min, Kmpur1 = 39.88 uM). Moreover, the similar disposition kinetics of L-
[1#C]His in plasma and CSF between the two genotypes suggested the absence of
PHT1 at the blood-CSF and the brain parenchyma-CSF interfaces.

Based on the final model, the in vivo Kwpur1 of L-[1*C]His (39.88 uM) was
similar to the in vitro measurement of L-His (Kwn = 17 uM) in rat Phtl-expressing
Xenopus oocytes [6], suggesting the plausibility of the current model regarding the
PHT1-mediated plasma-to-brain uptake of L-His. This result also indicated that
mouse PHT1 was a high affinity transporter, as shown for the rat isoform [6].

Under linear-conditions (i.e., plasma concentrations << Ky, pur1), the PHT1-
mediated uptake of L-[1*C]His, calculated as Vmax/(Vi*Kn), was 7.8%10-4 1/min. The
rate constant representing the uptake mediated by other pathways (K:3) was equal
to 2.5%10-3 1/min (Table 4-1). Using these numbers, the total first-order plasma-to-
brain uptake of L-[14C]His was 3.28*10-3 1/min in wildtype mice, which was close to
the literature values of 0.5%10-3to 13.4*10-31/min in rat [21, 31]. Thus, the PHT1-

mediated uptake of L-[1*C]His was calculated as 23.8% in vivo, which was smaller
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than the 50% value determined previously in vitro in mouse brain slices [9].
Although speculative, this difference may reflect the fact that in vitro brain slice
results are obtained from a stagnant system whereas in vivo brain results are
dynamic with temporal aspects of blood flow and other factors.

A semi-mechanistic model would be more valuable if we were able to
extrapolate these findings in mice to humans. Thus, it would be important to
determine the protein expression levels of PHT1 and related transporters in human
so that brain distribution of L-His or future PHT1-substrate drugs could be
simulated. Moreover, considering the number of PHT1 variants and their
association with lupus systemic erythematosus [15-17], further investigation of
PHT1 localization, structure-function and regulation in the brain is warranted.

In conclusion, a semi-mechanistic population pharmacokinetic model was
developed in mice that successfully characterized the disposition of L-His, a model
PHT1 substrate, in blood, CSF and brain parenchyma. By modeling the data collected
from Phtl-competent and Phtl-deficient mice simultaneously, we were able to
quantitatively describe for the first time the plasma-to-brain uptake of L-His under
in vivo conditions. This model may provide a tool in predicting the brain distribution
of L-His in humans, and PHT1 as a possible target in brain for the delivery of

peptide/mimetic therapeutics.
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TABLES AND FIGURES

Table 4-1 Population pharmacokinetics and bootstrap results of L-[1*C]histidine as

estimated in wildtype and Pht1 knockout mice

Parameters Estimates Bootstrap estimates
(% RSE) Median 90% CI

CL (mL/min) 0.31(10) 0.32 0.29, 0.36
Vi (mL) 4.49 (10) 4.25 3.82,5.35
V, (mL) 5.47 (16) 5.12 4.29,6.75
Qi (mL/min) 2.12.(8) 2.14 1.94,2.65
K3 (1/min) 0.0025 (10) 0.0025 0.0021, 0.0029
K4 (1/min) 0.0033 (26) 0.0029 0.0013, 0.0048
K41 (1/min) 3.12 (26) 2.78 1.92,4.31
Km,pur1 (0M) 39.88 (10) 39.90 39.89, 39.90
Vmax,paT1 (NMoL/min) 0.14 (36) 0.14 0.05, 0.22
ITV %CV (% RSE)

o (CL) 55(28) 55 44, 69

o (Vi) 11 (159) 13 4,19

o (V) 74 (33) 70 55, 87
Residual error

Oplasma (UM) 0.11 (6) 0.10 0.07,0.14

Gprain (NMOL/g) 0.0011 (33) 0.001 0.0005, 0.0019

ocsr (kM) 0.014 (33) 0.013 0.009, 0.017

CL, total plasma clearance; Vi and Vz, volumes of distribution in central and

peripheral compartments; Qi, intercompartmental clearance between the central

and peripheral compartments, Q1 = Ki2xV1 = K21xV2; Ki3, K14 and Kai, the first-order

microrate constants between the respective compartments; Vmaxpur1, the maximum

rate of active transport of L-[1*C]histidine from plasma to brain mediated by PHT1;

Km,pur1, Michaelis-Menten constant for the PHT1-mediated uptake of L-[14C]histidine

from plasma to brain; Oplasma, Obrain and ocsr, residual error; IIV, inter-individual
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variability; CV, coefficient of variation; RSE, relative standard error; CI, confidence

interval.
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Figure 4-1 Schematic structural model of L-[1*C]histidine disposition in mice after

an intravenous (iv) bolus dose. Vmaxput1, and Km,puri, the maximum rate

and Michaelis-Menten constant of PHT1-mediated active transport of L-

[*#C]histidine from plasma to brain; Kio, K12, K21, K13, K31, K14, Ka1, K34

and K3 first-order microrate constants between th

e respective

compartments; Kpuk, first-order microrate constant of CSF bulk flow.

The dashed line indicates a process existing only in wildtype mice.
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Figure 4-4 Visual predictive check of the final pharmacokinetic model of L-
[*#C]histidine in plasma, brain and CSF of wildtype (WT) and Phtl
knockout (KO) mice, based on 1000 simulations. Observed data are
shown as circles. Solid and dashed lines represent the median, and 10th
and 90th percentiles of the observed data. The semitransparent red field
represents the 95% confidence interval of the simulated median. The
semitransparent blue fields represent the 95% confidence interval of the

simulated percentiles.
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CHAPTER 5

FUTURE DIRECTION

Compared with PEPT1 and PEPT2, little is known about the
peptide/histidine transporter PHT1 regarding the expression, localization, function
and pharmacological relevance. Based on previous but limited information, PHT1
protein was expressed in the brain and retina of rat, and showed high affinity for L-
histidine (L-His). PHT1 protein was also expressed in the brain of adult but not
neonatal rats and mice, showing a dominant role in glycylsarcosine brain uptake in
adult rodents. However, the significance of PHT1 in uptake of its amino acid
substrate, L-His, in brain was not evaluated in these studies. Thus, the in vitro brain
slice and in vivo pharmacokinetic/biodistribution studies proposed here for L-His in
brain are a good starting point from which to understand the role and significance of
PHT1 in neuropeptide regulation, histamine homeostasis, and the potential for
targeted drug delivery to neuronal and non-neuronal cell types. In this dissertation,
the localization of PHT1 in different brain regions was confirmed. We also observed
that the depletion of Pht1 gene could cause an up-regulation of PEPT2 in both mRNA
and protein levels. The transcription of several selected L-His amino acid
transporters in brain were up/down-regulated between the genotypes, however,
there is no consistent pattern of change in either a specific amino acid transporter

or a brain region. In the future, a comprehensive evaluation of all the transporters
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and enzymes related to histamine production in the brain is needed in order to
better understand the impact of Phtl depletion on gene regulation, as well as the
compensatory role of the histerminergic system.

One of the most important physiological functions of L-His in the brain is as a
precursor of histamine. The dysfunction of PHT1 may contribute to the reduced
levels of brain histamine under certain pathological conditions. Therefore,
endogenous histamine levels may be a good indicator of PHT1 relevance in the
histaminergic system in the brain. If the endogenous concentration of histamine was
altered by Pht1 ablation, further studies could be performed to test the behavioral
phenotypes in Pht1 null mice (e.g., pain sensitivity, sleep-wake cycle, food intake). In
this dissertation, the significant role of PHT1 in the brain entry of L-His was
demonstrated via in vitro brain slice and in vivo pharmacokinetic/biodistribution
studies. Besides, uptake kinetics of PHT1 was quantified, for the first time, under in
vivo condition via a non-linear mixed effect modeling approach. The substrate used
is L-[3H]His. However, by measuring the overall radioactivity of the biology samples
using scintillation counter, we were not able to differentiate between L-His and its
metabolites. A better separation analysis method is needed in order to quantify the
products of exogenous L-His, such as HPLC coupled to a radioactivity detector. This
information may provide us an insight of the correlation between Phtl gene
polymorphism and neurological diseases.

Based on the substrate specificity study, the transport of L-His by PHT1 could
be inhibited, as expected, by dipeptides (e.g., carnosine and glycylsarcosine) and

excess L-His. However, an interesting finding was that several amino acids
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substantially reduced the uptake of L-His via PHT1. This phenomenon has not been
reported previously. Therefore, the interaction between amino acids with positive
(L-His, L-lysine) or uncharged polar (L-asparagine, L-glutamine) side chains and
PHT1 needs further investigation to test whether other amino acids, in addition to
L-His, are substrates for PHT1. Phtl-transfected cell culture systems could be
applied so that we could directly test the uptake of various amino acids and

peptide/mimetics.
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APPENDIX A

INDIVIDUAL DATA FROM CHAPTER 3

Table A-1 Uptake (uL/10g tissue) of 2 uM L-[3H]histidine in brain slices of adult

wildtype (WT) and Pht1 null (Null) mice.

Time Cortex

(min) WT Null
1 0.37 042 031 037 0.05 0.11 0.11 0.03
3 0.65 0.59 091 065 060 0.21 035 0.62
5 0.81 085 0.72 0.67 064 074 089 0.87
10 1.75 1.73 1.70 240 127 152 140 1.40

Time Cerebellum

(min) WT Null
1 0.28 0.38 0.13 0.17 0.02 0.07 0.02 0.01
3 0.45 0.35 0.55 0,55 023 0.16 0.23 0.29
5 0.55 0.58 045 056 030 061 046 0.70
10 0.90 0.70 0.46 058 0.50 057 098 0.68

Time Hippocampus

(min) WT Null
1 0.49 0.40 0.66 0.27 0.26 0.28 0.20 0.07
3 0.51 1.10 1.02 0.87 028 0.23 048 042
5 0.88 0.83 140 094 092 094 0.72 0.82
10 1.46 1.66 199 159 096 0.87 1.06 0.96

Time Hypothalamus

(min) WT Null
1 0.27 0.38 037 029 0.16 0.20 0.13 0.17
3 1.14 093 113 1.14 059 036 052 0.67
5 1.68 1.54 127 131 058 1.02 099 0.85
10 1.69 1.84 256 271 148 168 150 1.82
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Table A-2 Uptake (uL/10g tissue) of 2 uM L-[3H]histidine at 3 min in hypothalamus
slices of adult wildtype (WT) and Pht1 null (Null) mice in the absence
(control) or presence of potential inhibitors (5 mM). BCH, 2-

aminobicyclo [2.2.1]heptane-2-carboxylic acid; GlySar, glycylsarcosine.

WT Null
Control 1.14 093 113 1.14| 059 036 052 0.67
Histidine 020 0.27 0.21 0.15| 0.21 021 0.22 0.17
Glutamine 0.17 0.5 0.27 0.15| 0.21 0.14 0.19 0.15
BCH 0.14 019 0.26 0.15| 0.17 0.15 0.20 0.18
Lysine 0.18 0.19 0.22 031} 018 0.19 0.18 0.23
Asparagine | 0.24 021 0.22 0.24| 022 0.22 0.24 0.25
Leucine 0.79 0.66 069 082| 036 0.29 0.33 0.30
Carnosine 040 0.72 098 0.75| 0.79 040 0.65 0.40
GlySar 040 040 036 061 044 044 0.52 0.40
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Table A-3 Plasma concentration-time profiles of L-[1*C]histidine (uM) in wildtype

(WT) and Pht1 null (Null) mice after 1 nmol/g intravenous bolus dose.

Time WT

(min) 1 2 3 4 5 6 7 8 9 10 11

0.5 280 367 686 206 317 220 616 219 3.18 3.54
1.0 184 247 333 201 140 155 490 196 282 336 292
2.0 1.65 256 284 174 109 129 421 171 259 3.79
5.0 146 174 202 138 083 073 272 129 191 229 1.26

10.0 1.98 1.07 1.31 1.86 1.03
15.0 1.02 1.42 1.00
20.0 0.95 1.28 0.94
30.0 0.80 0.97 0.55
Time Null
(min) 1 2 3 4 5 6 7 8 9 10 11 12
0.5 3.80 247 384 612 269 274 224 481 582 520 3.69
1.0 264 352 167 2.87 1.67 206 184 239 3.63 493 3.30
2.0 209 246 137 3.04 1.67 184 1.65 2.09 2.07 414
50 185 161 088 198 275 180 150 132 137 1.26 1.69
10.0 209 153 120 1.08 1.03 0.76 1.18
15.0 0.63 053 1.01 1.06
20.0 051 040 154 0.93
30.0 035 0.37 142 0.95
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Table A-4 Tissue and cerebrospinal fluid (CSF) concentrations of L-[14C]histidine in
brain regions of wildtype (WT) and Pht1 null (Null) mice after 1 nmol/g

intravenous bolus dose.

Time Cortex (nmol/g)
(min) WT Null

2.0 0.33 0.41 0.40 0.08 0.25 0.29

5.0 0.45 0.45 0.48 0.33 0.48 0.50 0.28 0.29 0.35 0.19
10.0 0.64 0.41 0.44 0.37 0.43 0.47 0.42 0.34 0.41
20.0 0.42 0.42 0.44 0.32 0.41 0.35

30.0 0.51 0.47 0.45 0.41 0.41 0.47 0.40
Time Cerebellum (nmol/g)
(min) WT Null

2.0 0.34 0.50 0.43 0.21 0.30 0.25

5.0 0.46 0.64 0.52 0.38 0.62 0.70 0.38 0.35 0.39 0.22
10.0 0.65 0.40 0.45 0.42 0.43 0.47 0.42 0.46 0.42
20.0 0.43 0.48 0.47 0.47 0.50 0.45

30.0 0.50 0.49 0.34 0.45 0.38 0.36 0.41
Time Hypothalamus (nmol/g)
(min) WT Null

2.0 0.58 0.42 0.42 0.21 0.28 0.29

5.0 0.66 0.68 0.48 0.43 0.63 0.60 0.35 0.33 0.31 0.22
10.0 0.56 0.41 0.53 0.41 0.42 0.48 0.42 0.49 0.41
20.0 0.44 0.45 0.50 0.40 0.39 0.47

30.0 0.49 0.48 0.49 0.47 0.41 0.47 0.42
Time Hippocampus (nmol/g)
(min) WT Null

2.0 0.30 0.37 0.37 0.21 0.23 0.31

5.0 0.54 0.64 0.43 0.36 0.59 0.59 0.26 0.28 0.37 0.26
10.0 0.62 0.40 0.55 0.37 0.45 0.44 0.43 0.39 0.42
20.0 0.46 0.52 0.45 0.42 0.37 0.42

30.0 0.50 0.48 0.47 0.42 0.41 0.46 0.44
Time CSF (nmol/mL)
(min) WT Null

2.0 0.14 0.18 0.17 0.24 0.14 0.15

5.0 0.03 0.04 0.09 0.12 0.12 0.20 0.08 0.10 0.09

10.0 0.06 0.08 0.14 0.11 0.07 0.09

20.0 0.12 0.07 0.08 0.07 0.06 0.08

30.0 0.11 0.09 0.07 0.09 0.07 0.08 0.08
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APPENDIX B
POPULATION PHARMACOKINETICS OF MYCOPHENOLIC ACID IN
LUNG TRANSPLANT RECIPIENTS WITH AND WITHOUT CYSTIC

FIBROSIS

ABSTRACT

Purpose The objective of this work was to characterize and compare the
population pharmacokinetics (PK) mycophenolic acid (MPA) in adult lung
transplant recipients with cystic fibrosis (CF) and without the disease (NCF)
following repeated oral administration of the prodrug mycophenolate mofetil (MMF)
as an immunosuppressant.

Methods Three separate 12-hr PK visits were conducted for lung transplant
patients with or without CF following repeated MPA treatment with at least a 2-
week break between the visits. A population PK model was developed using
nonlinear mixed effects modeling (NONMEM) and the contribution of physiological
and pathological factors and time dependence of apparent oral clearance (CL/F)
were assessed.

Results For both CF and NCF patients, MPA serum concentration-time profiles
were best described by a two-compartment PK model with first-order absorption.

CF patients had a slower absorption rate (Ka.), and elevated CL/F and volume of
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distribution (Vd/F) compared with NCF patients. There is a significant contribution
of body weight and CF disease to MPA CL/F, and both were included in the final
model as covariates.

Conclusions The population PK model developed from our study successfully
characterizes the absorption, distribution, and elimination of MPA in lung transplant
recipients with or without CF disease. The decrease of MPA absorption and increase
of both oral clearance (CL/F) and volume of distribution (V2/F and V3/F) in the CF
patients would suggest the importance of MPA therapeutic monitoring for this
group.

INTRODUCTION

Mycophenolate mofetil (MMF) has become a mainstay immunosuppressant
in lung transplantation, in which approximately 50% of all lung transplant
recipients worldwide were treated with MMF combined with tacrolimus between
1995 and 2011 [1]. MMF is a prodrug of mycophenolic acid (MPA). It is well known
that the pharmacokinetics (PK) of MPA exhibit high inter-individual variability [2].
Co-morbidities that contribute to the PK parameter variability include severe renal
impairment, hypoalbuminemia, and cystic fibrosis (CF) [2].

CF is the third leading cause for lung transplantation, accounting for 17% of
all lung transplant indications [1]. CF is caused by mutations in the CF
transmembrane conductance regulator gene (CFTR) leading to abnormal sodium
chloride transport in multiple organs including the gastrointestinal tract [3].
Pancreatic ductal epithelium, intestinal epithelium, and the hepatobiliary ductal

system can be affected by CFTR mutations leading to pancreatic insufficiency,
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intestinal obstruction, and focal biliary cirrhosis as well as cholelithiasis and
cholecystitis, all of which can affect drug absorption and metabolism [4]. In recent
years, lung transplantation has been introduced as a treatment for patients with
end-stage lung disease including those patients with CF. However, information
concerning the population PK properties of MPA in lung transplantation is limited,
especially in CF patients.

The objective of this work was to evaluate and compare the population PK
and time-dependent oral clearance of MPA in adult lung transplant recipients with
CF or without the disease (NCF) using nonlinear mixed effects modeling (NONMEM).
Further understanding of MPA population PK in patients with CF undergoing lung
transplantation could help to improve dose optimization and treatment outcomes,
and reduce allograft rejection in this patient population.

METHODS
Patients

Adult lung transplant patients (5 CF and 5 NCF) were enrolled in this pilot,
open-label, PK study. The NCF patients underwent transplantation owing to
idiopathic pulmonary fibrosis, emphysema, or pulmonary hypertension. All patients
were maintained on tacrolimus, MMF and prednisone. Only lung transplant patients
on tacrolimus were included in this PK study to avoid the effect of cyclosporine on
multidrug resistance protein 2 and its subsequent effect on the second peak of MPA
levels. In addition, all the patients were receiving insulin due to diabetes as well as

proton pump inhibitor for gastric acid suppression.
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Patients were given repeated daily oral doses of MMF with dosages ranging
from 500 to 1500 mg twice a day. Three separate 12-hr PK visits were conducted for
each patient with at least a 2-week break between the visits (Supplementary Table
S1). Patients were admitted to the clinical research unit after an overnight fast.
Patients had serial blood samples (5 mL each) drawn at various times at predose
and 0.5, 1, 2, 3, 4, 6, 8 and 12 hours after the MMF morning dose. Serum
concentrations of MPA were determined by a validated liquid chromatography-
tandem mass spectrometry method [5]. Demographic (age, weight, gender) and
clinical (serum creatinine (Scr), albumin, creatinine clearance (CrCL)) data were
collected and summarized in Table S1. CrCl (ml/min) was calculated with the
Cockroft-Gault formula.

This study was approved by our institutional review board (#HUM00020989)
and registered in clinical trials.gov (NCT00908830). Written informed consent was
obtained from all patients.

Non-compartmental pharmacokinetic analysis

Serum concentration versus time curves of MPA was initially fit to a non-
compartmental model, using WinNonlin version 5.0.1 (Pharsight Inc., Mountain
View, CA). Total area under the concentration-time curve (AUCo-12n) was calculated
using the trapezoidal rule. Apparent oral clearance (CL/F), apparent volume of
distribution (Vd/F), maximum plasma concentration (Cmax) and time to reach Cmax
(Tmax) were calculated using standard methods. Since the oral bioavailability (F)
could not be determined, values for clearance and volume of distribution were

expressed as apparent values.
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Population Pharmacokinetics Analysis

Population PK analysis was performed for the MPA serum concentrations
from CF patients and NCF patients. Generally, the population PK modeling was
carried out using a nonlinear-mixed effects modeling approach by NONMEM
software version 7 (ICON Development Solutions, MD, USA). The first-order
conditional estimation (FOCE) method with interaction was used to build the
compartment models throughout the modeling procedure to estimate PK
parameters and variability. Model development was guided by the likelihood ratio
test using objective function values (OFV), graphical goodness-of-fit and potential
clinical plausibility. Graphical and statistical analyses of NONMEM output and
simulations were performed using S-Plus 6.2 and R version 3.0.2 with Xpose
package. The compartmental pharmacokinetic model was built through a stepwise
approach.

First, one-, two- and three-compartment models were performed using log-
transformed or non-transformed serum concentration data. The models with or
without a lag time (tiag) were also evaluated. First-order absorption and elimination
were assumed in our analysis. Basic pharmacokinetic parameters were estimated by
NONMEM using conventional equations, including absorption rate constant (Ka),
apparent volume of distribution of each compartment (Vi/F, i = 1, 2, 3), apparent
clearance (CL/F) and inter-compartmental clearance (Q/F) (i.e, in multi-
compartmental models).

The IIV term of the PK parameters was also assumed to follow a log-normal

distribution and described by an exponential error model:

105



P; = Oxexp(n;)
where P; represents the parameter estimate for the ith individual, 0 is the typical
individual, and 7; is the IIV term. The values of ; were assumed to follow a normal
distribution with mean of zero and estimated variance of w?.

Additive, proportional and mixed error models were evaluated for the

residual unexplained variability using the following equations:
Y =IPRED + ¢
Y = IPREDX(1 + ¢)
Y =IPREDX(1+ &) + &,
where Y is the observed concentration, IPRED is the individual prediction and ¢
represents the residual variability. The values of ¢ follow a normal distribution with
mean of zero and variance of 2.

The impact of patient demographic and clinical covariates on
pharmacokinetic parameters was investigated. Covariates, n and & terms were
maintained in the model only if they can decrease OFV at least by 3.84 (x? p-value <
0.05).

Visual Predictive Check

The final PK model was evaluated by visual predictive checks. One thousand
hypothetical patient data sets were simulated using the parameter estimates of the
final model. The 95% prediction intervals for the simulated median, 5t and 95t

percentiles were calculated and compared with the observed data points.
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RESULTS

Demographic and clinical data of CF and NCF in lung transplantation patients
were summarized in Supplementary Table S1. CF patients recruited in this study
were significantly younger than NCF patients and had lower serum albumin levels.
MPA PK parameters were estimated by both non-compartmental analysis and non-
linear mixed effects modeling (NONMEM), and the results were summarized in
Table B-1 and B-2. The MPA AUCs in lung transplantation patients with CF (133
uMxhr) and without CF (175 uMxhr) were comparable to those reported previously
in the literature [5]. Based on the results of non-compartmental analysis, it appears
that the CF group had a lower MPA Cnax and a longer Tmax, suggesting a slower
absorption in those patients (Table B-1). In addition, both MPA CL/F and Vd/F in
the CF group appear higher than the corresponding values in the NCF group (Table
B-1). When MPA PK parameters from visits 1, 2 and 3 were compared, an increase of
MPA CL/F with time was observed in the CF patients, while no obvious time
dependency of other parameters were observed. The contribution of time to MPA
CL/F in CF patients was further evaluated during population PK model development
using NONMEM.

During the population PK analysis, MPA serum concentration-time profiles
for both CF and NCF patients were best described by a two-compartment model
with first-order absorption. A proportional error model was selected in the final
model for the residual unexplained variability. The contribution of CF disease,

demographic and clinical covariates (e.g., age, gender, body weight, CrCL) was
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evaluated during model development. There is a significant contribution (p < 0.05)
of body weight (WT) and CF disease to CL/F and both were included as covariates in
the final model (Table B-2). As mentioned above, the time-dependency of CL/F was
also evaluated during model development. The final model incorporating time as a
covariate for CL/F in the CF patients significantly improved model prediction (p <
0.05), and increase of CL/F with time in each CF patient was shown in Fig. B-1. The
basic goodness-of-fit plots for the final model was presented in Fig. B-2. One
thousand hypothetical patient data sets were simulated using the parameter
estimates from the final model and the plot was presented in Fig. B-3. The 95%
prediction intervals of the median, 5t and 95t percentiles of simulated results
could cover the observed data percentiles.
DISCUSSION

MMF is widely used in combination with calcineurin inhibitors to prevent
acute allograft rejection in solid organ transplantation. Its PK characteristics are
well investigated in renal and hepatic transplant recipients with therapeutic MPA
AUC ranging from 30 - 60 mgxhr/L as reported in the literature [5-7]. In recent
years, lung transplantation has been introduced as a treatment for patients with
end-stage lung disease including those patients with CF. However, information on
MPA population PK in lung transplantation is limited, especially in CF patients.
Meanwhile, highly variable and unpredictable PK of MPA in solid organ transplant
recipients with various diseases often challenges the optimization of MPA dosage
regimens [7-10]. In this study, MPA PK properties were evaluated and compared in

lung transplant patients with and without CF disease. In the population PK analysis,
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MPA PK profiles were best described by a 2-compartment model in both NCF and CF
patients. In general, the disposition of many drugs is altered in CF patients, and
changes in PK can include decreased absorption, increased volume of distribution,
decreased plasma concentration, and enhanced renal and sometimes non-renal
elimination of drugs. In our study, alterations in MPA absorption, and possibly
distribution and elimination were also observed in the CF patients. Patients with CF
disease had a slower absorption rate (mean K, = 1.05 hr1), along with enhanced
oral clearance (mean CL/F = 17.83 L/hr) and volume of distribution (mean V;/F =
83.68 L, V3/F = 151.6 L) (The mean value of MPA PK parameters in the CF group
were calculated based on the individual PK parameters of all visits estimated from
the final population PK model). Even after correction for body weight, the CL/F
(0.25 L/hr/kg in CF vs. 0.14 L/hr/kg in NCF) (Fig. B-4), V2/F (1.2 L/kg in CF vs. 0.36
L/kg in NCF), and V3/F (2.41 L/kg in CF vs. 1.49 L/kg in NCF) were still higher in the
CF group. According to the NCA, CL/F for CF patients was 12.68 L/hr, which was 71%
of the value obtained from the compartmental model. The discrepancy may due to
different calculation algorithms being used by NONMEM and WinNonlin. For
WinNonlin, CL/F was mainly based on the fit of terminal phase, while for NONMEM,
CL/F was determined according to the overall drug concentration profile. The
reduced K, of MPA in CF patients is possibly due to gastrointestinal malabsorption,
intestinal obstruction, focal biliary cirrhosis, and pancreatic insufficiency associated
with CF disease [11-14]. MPA is primarily eliminated by hepatic oxidative
metabolism followed by conjugation and biliary excretion, and increased hepatic

metabolism has been reported previously in the literature for several other drugs
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(e.g., theophylline, lorazepam, ibuprofen, tobramycin, doxycycline) in patients with
CF [15-19]. The altered CL/F of MPA in CF patients may be explained by several
reasons. First, the CF group had a significantly lower serum albumin level than the
NCF group (Supplementary Table S1). In the blood, approximately 97% of MPA is
bound to serum albumin and other plasma proteins, and albumin concentration is
positively correlated with MPA plasma protein binding [20]. The hepatic
metabolism of MPA is directly affect by its protein binding ratio [21]; in other words,
a lower albumin concentration observed in CF patients may explain the
enhancement of CL/F for MPA if the free fraction of MPA in serum is increased [22,
23]. Second, if the intrinsic hepatic clearance increased in CF patients, an elevated
CL/F might also be observed. Third, MPA is a substrate of p-glycoprotein, and
elevated p-glycoprotein level in the CF patients was reported previously, which may
help to explain the decrease in oral availability, and increase in CL/F and Vd/F of
MPA [24, 25]. Finally, the higher CL/F value may be explained by the reduced
bioavailability due to complications of CF as mentioned previously, which can be
confirmed by studying the kinetics after intravenous dosing. Similarly, the higher
Vd/F of MPA in CF patients may also be explained by relatively lower plasma
albumin level and lower oral bioavailability compared with the NCF patients. In
addition, a lower free fraction of MPA in the tissues of CF patients may increase
Vd/F, as more drug molecules are bound to peripheral tissues.

A significant contribution of time, associated with MPA CL/F in the CF group,
was observed during population PK model development (Fig. B-1). The time-

dependent changes in the PK of patients with CF were also reported in the literature
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for tobramycin, ceftazidime, and other drugs [15, 26, 27]. In our study, the final PK
model incorporating a time-dependent term for the CL/F in CF patients significantly
improved model prediction. However, incorporating time for CL/F in the NCF
patients did not change model prediction. The time dependency for K,, V2/F and
V3/F in both CF and NCF groups was also assessed in model development and no
significant contributions were identified. For lung transplant recipients, a high risk
of allograft failure exists due to acute rejection, which may be caused by insufficient
immunosuppression. The apparent increase of CL/F with time in the CF group, and
the differences of MPA PK parameters in the CF and NCF patients suggest that
therapeutic drug monitoring of MPA may be needed after lung transplantation,
especially for the CF patients, to help reduce the risk of treatment failure and acute
post-transplant rejection [1, 28, 29].

In conclusion, the population PK model developed from our study
successfully characterizes the absorption, distribution, and elimination of MPA in
lung transplant recipients with or without CF disease. The decrease of MPA
absorption and increase of both apparent oral clearance (CL/F) and volume of
distribution (V2/F and V3/F) in the CF patients would suggest the importance of

MPA therapeutic monitoring for this group.
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Fig. B-2 Basic goodness-of-fit plots of population pharmacokinetic parameters in
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Fig. B-3 Visual predictive check of the final pharmacokinetic model of mycophenolic
acid (MPA) in patients based on 1000 simulations. Observed data are
shown as dots. Solid and dashed lines represent the median, 5th and 95th
percentiles of observed data. Semitransparent red field represents the 95%
confidence interval for the simulated median. Semitransparent blue fields

represent the 95% confidence interval for the simulated percentiles.
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Fig. B-4 Comparison of population pharmacokinetic parameters between patients
with cystic fibrosis (CF) or without the disease (NCF). Values are mean *
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Table B-1 Non-compartmental pharmacokinetic parameters in patients with cystic

fibrosis (CF) or without the disease (NCF)

Parameter NCF CF
Mean %CV Mean %CV

Dose range (umol) 577-2307 1153-3460
Tmax (hr) 1.14 82 2.07* 73
Cmax (UM) 449 81  25.0* 37
Cmax /(Dose/100) 2.63 NA 1.24* NA
AUCo-12n (UM xhr) 175 54 133* 35
AUCo-12n /(Dose/100) 15.9 NA 11.6* NA
Vd/F (L) 78.0 58 120%* 69
CL/F (L/hr) 7.32 38 12.7* 52
t1/2 (hr) 8.50 87 7.17 61

%CV coefficient of variation for variability, NA not applicable
*p<0.05 as compared to NCF patients

The parameters were calculated using all of the data from three visits
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Table B-2 Population pharmacokinetic parameter estimates for mycophenolic acid
with time-dependent apparent oral clearance (CL/F) for cystic fibroses

(CF) patients

Parameter Estimates (%RSE) IIV %CV (%RSE)
CL/F = (0, + (0, + TIMEX03)XFLAG)X(WT;/71)%

CL/F (L/hr) 18.7 (34)
04 9.30 (12)

0, 8.53 (21)

0, 2.51x102 (22)

0, 1.59 (29)

V2/F (L) 42.3 (28) 99.5 (49)
Q/F (L/hr) 31.4 (20) 57.3 (56)
V3/F (L) 125 (60) 62.6 (120)
Ka (hr1) 1.19 (44) 76.4 (66)
Residual variability 0.139 (13)

0: is the CL/F for a 71-kg weighing NCF patient, 6: is the difference on CL/F between
CF and NCF patient at the first visit, 83 is the rate at which CL/F increase with time
in CF patients, 0, is the estimated effect of body weight on CL/F. FLAG;is 1 when ith
individual has the CF disease and 0 otherwise, WT body weight (kg), TIME time after
the first visit (day), IIV inter-individual variability, CV coefficient of variation, RSE

relative standard error
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Table B-3 Clinical information [median (range)] of patients with cystic fibrosis (CF)

or without the disease (NCF)

Gender Time intervals ]
Age (years) Weight (kg) ———— between each Scr (mg/dl) (mcl;ﬁhn) Aéb‘/lgl‘)m
male female visit (days) g
96.1

62.4 1.03

CF  27(25-38) (51-92.9) 2 3 21 (14-116) (0.87-1.8) (33.5- 3.8(3.7-4)
128.3)
71.4 1.17 60 4.1 (3.9-
-69)* i

NCE S9(609)  (65.8842) 2 3 17.(14-87) (0.93-1.37)  (52.1-88) 4.3)*

Scr serum creatinine, CrCL creatinine clearance

*p<0.05 as compared to NCF patients
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APPENDIX C
POPULATION PHARMACOKINETICS OF MYCOPHENOLIC ACID AND
ITS GLUCURONIDE METABOLITE IN LUNG TRANSPLANT

RECIPIENTS WITH AND WITHOUT CYSTIC FIBROSIS

ABSTRACT

Cystic fibrosis (CF) is a disease affecting multiple organs that may reduce the
systemic exposure of some drugs. The objective of this work was to characterize and
compare the population pharmacokinetics (PK) of the immunosuppressant
mycophenolic acid (MPA), and its glucuronide metabolite (MPAG) in adult lung
transplant recipients with and without CF (NCF) following repeated oral
administration of the prodrug mycophenolate mofetil (MMF).

A population PK model was developed, with simultaneously modeling of
MPA and MPAG, using nonlinear mixed effects modeling. MPA and MPAG serum
concentration-time data were adequately described by a compartmental model
including enterohepatic recirculation (EHR). Both MPA and MPAG apparent
clearance values were significantly elevated (> 65%) in CF patients (24.1 and 1.95
L/hr, respectively) compared to the values in the NCF patients (14.5 and 1.12 L/hr,
respectively), suggesting a notable influence of CF on MPA absorption and

disposition.
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The population PK model developed from our study successfully
characterized the absorption, distribution, elimination and EHR of MPA and the
metabolite MPAG in lung transplant recipients with or without CF. This model may
help to further understand the impact of CF to the overall clinical effects of MPA
therapy including immunosuppression and gastrointestinal side effects.
INTRODUCTION

Mycophenolate mofetil (MMF) is an immunosuppressant prodrug of
mycophenolic acid (MPA). It has been used widely for the prophylaxis of acute
allograft rejection in solid organ transplantation. For adult lung transplant
recipients, MMF combined with tacrolimus accounts for approximately 50% of
maintenance immunosuppressant therapy [1-3].

After oral administration, MMF was rapidly and nearly completely
hydrolyzed to the active metabolite MPA resulting in undetectable MMF level in
plasma [4]. The MPA was then primarily (~90%) converted to a stable metabolite,
MPA-7-0-glucuronide (MPAG) in the body [3, 5]. MPAG is a pharmacologically
inactive metabolite that may undergo enterohepatic recirculation (EHR), and
converted back to MPA, contributing approximately 40% of MPA area under the
concentration-time curve (AUC) [5, 6]. EHR of MPAG may prolong the exposure of
MPA in intestinal epithelium [7], which is closely linked to significant
gastrointestinal side effects such as leukopenia and diarrhea [8, 9]. Therefore, a
better understanding of the pharmacokinetics (PK) of MPAG EHR is needed
considering its contributions to the systemic exposure and gastrointestinal toxicity

of MPA.
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Cystic fibrosis (CF) is one of the top three leading causes for lung

transplantation, which is caused by a defect in CF transmembrane conductance

regulator (CFTR) in epithelial cells [10]. Lung transplantation may eventually be
required due to progressive respiratory insufficiency, in order to improve survival
and quality of life in patients with end-stage CF [10]. Altered pathophysiology in
epithelial cells of multiple organs, including gastrointestinal tract, heart, liver and
kidney, may affect the disposition and increase inter-individual variability (IIV) of
PK parameters of drugs administered to CF patients through various complications,
including gastric acid hypersecretion, bile acid malabsorption, proximal small
intestinal mucosal injury, hypoalbuminaemia, hepatobiliary dysfunction and renal
dysfunction [2, 11]. In addition, CF disease may also influence the EHR of several
substrates. For example, a preclinical study showed that CFTR deficient mice had
disrupted EHR of bile acids, owing to defects in gallbladder emptying [12]. Oral
vitamin D supplementation also showed less effectiveness in CF patients which was
caused by interruption of the EHR [13]. However, PK studies on MPA and the EHR of
its metabolite, MPAG, in lung transplant recipients are limited, especially in CF
patients [3].

According to our preliminary results [14], patients with lung transplantation
owing to CF show significantly slower absorption and higher apparent clearance for
MPA than NCF patients. However, in this study, the enterohepatic recirculation of
MPAG was not considered. Given the critical association of this process, the back
conversion of MPAG to MPA in the intestine, and the significant contribution to MPA

systemic exposure and gastrointestinal toxicity, our original PK model was refined
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to better integrate this complexity. Therefore, the objective of this work was to
characterize and compared the EHR process in this specific disease population with
other disease populations, and potentially provide useful information for MPA
pharmacotherapy and gastrointestinal toxicity. In this study, a population PK model
was developed, with simultaneously modeling of MPA and MPAG using nonlinear
mixed effects modeling (NONMEM) and the contribution of physiological and
pathological factors on PK parameters was evaluated.

METHODS

Patients

This study was approved by our institutional review board (#HUM00020989)
and registered in clinical trials.gov (NCT00908830). Written informed consent was
obtained from all patients.

Data came from adult lung transplant patients in a pilot, open-label, PK study
as described previously [14, 15]. This study was performed at the University of
Michigan Medical Clinical Research Unit. Briefly, inclusion criteria were: 1) 18-70
years of age; 2) >1 year post-transplant; 3) no evidence of acute rejection at 1 year
post-transplant biopsy or within three months of study entry; 4) stable
mycophenolate mofetil dose; and 5) stable renal function. Exclusion criteria were:
1) >2 mg/dL serum creatinine level; 2) received pulse steroids within 3 months of
the study entry; 3) chronic diarrhea; or 4) concurrently on interacting medications
(e.g., cholestyramine). A total of 270 MPA and 270 MPAG serum concentration-time
data points from 10 patients were available for PK analysis. Five of these patients

underwent transplantation owing to cystic fibrosis and the other five owing to
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idiopathic pulmonary fibrosis, emphysema, or pulmonary hypertension. All patients
were maintained on MMF, tacrolimus and prednisone, and received insulin due to
diabetes as well as a proton pump inhibitor for gastric acid suppression.

Patients were given repeated daily oral doses of MMF (500 mg, 750 mg, 1000 mg or
1500 mg) with 12-hour dosing interval. MMF dose was determined based on the
individual patient’s immunological risk and clinical response by their transplant
team. The dose was not altered for this study and patients were maintained on
same doses throughout the study. After at least one-year post-transplant, three
separate 12-hr PK visits were conducted for each patient with at least a 2-week
break between the visits. There was no significant difference on sampling occasions
since the start of the treatment or since the first PK visit between CF and NCF
groups. Serial blood samples were drawn at predose and 0.5, 1, 2, 3, 4, 6, 8 and 12
hours after the MMF morning dose. No concomitant medication alterations were
made during the PK visits. Time points for blood sampling were determined in order
to characterize the absorption phase, second peak of MPA, and the disposition phase
based on previous knowledge [5]. Serum concentrations of MPA and MPAG were
determined by a validated liquid chromatography-tandem mass spectrometry
method as previously described [15]. The method was validated as stated in the
literature [16]. The inter and intra-day precision were < 11%, and the bias was <
16%. Demographic (age, weight, gender) and clinical (serum creatinine (Scr),
albumin, creatinine clearance (CLcr)) data were collected and summarized in a

previous paper [14].Non-compartmental analysis (NCA) of pharmacokinetics
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Serum concentration versus time curves of MPA and MPAG were initially
analyzed by a non-compartmental approach using Phoenix/WinNonlin version 6.4
(Pharsight Inc, Mountain View, CA). Steady-state area under the serum
concentration-time curve (AUC(o-12n)) was calculated over the 12-hr dosing interval
by trapezoidal rule and normalized by dose. Dose normalized trough concentration
(Ctrough), maximum serum concentration (Cmax) and time to reach Cmax (Tmax) were
estimated by visual inspection.

Population pharmacokinetics modeling

The population PK model with simultaneous modeling of MPA and MPAG
was developed with nonlinear mixed effects modeling by NONMEM software
version 7 (ICON Development Solutions, MD, USA). Model structure selection was
guided by the likelihood ratio test using objective function values (OFV), diagnostic
plots, and potential clinical plausibility. Graphical and statistical analyses of
NONMEM output and simulations were performed using R version 3.2.2 with Xpose
version 4.5.3.

MPA and MPAG serum concentration-time data, after MMF oral
administration, were adequately described by a model including first-order
absorption of MPA from the gastrointestinal tract (GIT), central and peripheral
compartments for MPA disposition, and a compartment for MPAG formation and
enterohepatic recirculation (EHR) (Figure C-1). Several assumptions were made in
model development: (1) the conversion from MMF to MPA was rapid and complete
prior to reaching the systemic circulation; (2) the fraction of MPA metabolized to

MPAG was fixed (90%) based on literature information [5]; and (3) all distribution
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and elimination processes of drug and metabolite were first-order. Furthermore,
MMF doses and MPA and MPAG serum concentrations were transformed into molar
equivalents during the PK modeling procedure.

Inter-individual variability (IIV) of the PK parameters was assumed to follow
a log-normal distribution and described by an exponential error model. Additive,
proportional and mixed error models were evaluated for the residual unexplained

variability using the following equations:

Y=F+¢
Y=Fx(+¢)
Y=Fx(+¢g)+¢g,

where Y is the observed concentration, F is the individual prediction and ¢ is the
residual variability. The impact of patient demographic and clinical covariates on PK
parameters was evaluated. IIVs, residual errors and covariates were included in the
model only if they were associated with a decrease in OFV by at least 3.84 (X2 p-
value < 0.05).

The impact of patient demographic and clinical covariates on Due to the
limited number of patients included in this study (n=10), we had difficulty in
estimation of the IIV for several PK parameters. Serial values for IIV were tested (0-
100%) during the model development. 10% IIV produced the best fit among
successful runs according to OFV and other model diagnostics. Therefore, those IV
values were fixed at 10%.

The final PK model was evaluated by non-parametric bootstrap analysis and
visual predictive checks using Perl-speaks-NONMEM (PsN 4.2.0). The original

dataset was resampled with 100 replicate datasets and the medians and 90%
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confidence intervals of the parameter estimates from bootstrap samples were
compared with final model estimates. For visual predictive checks, 500 hypothetical
patient datasets were simulated using the parameter estimates of the final model.
The 95% prediction intervals for the simulated median, 5% and 95% percentiles
were calculated and compared with the observed data points of MPA or MPAG,
respectively.

RESULTS

Dose normalized Cmnax and AUCss values of MPA and MPAG, and the
corresponding Tmax calculated by NCA, for each clinical visit are presented in Figure
C-2. The Bland-Altman plot of the difference on dose normalized area under the
serum concentration-time curve (AUC) between CF and NCF patients was shown in
Figure C-3. It appears that the Cnax and AUCss of both MPA and MPAG in the NCF
patients were consistently higher than the corresponding values in the CF patients
in all three visits. Dose normalized Cirough and AUC(o-12n) of MPAG and MPA in CF and
NCF patients were listed and compared in Table C-1. AUC(o-12n) values of both MPAG
and MPA were significantly lower in CF patients compared with patients without the
disease. Ciough values were also lower in CF patients, but only showed statistical
significance for MPAG.

Serum MPA and MPAG concentration-time profiles, after MMF oral
administration, were adequately described by the compartmental model shown in
Figure C-1. A mixed error model with both additive and proportional components
was selected as the final model for the residual unexplained variability. The

estimated rate constant describing biliary excretion and EHR of MPAG (K41) is
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comparable to literature values [17]. CF disease was included as a covariate for
CLmpa/F in the final model based on its statistically significant contribution (Table
C-2).

For model diagnosis, goodness-of-fit plots (Figure C-3) did not show
systematic bias for the PK model predictions. As shown in the visual predicted check
plots (Figure C-4), observed MPA and MPAG concentration data were in good
agreement with the 95% prediction intervals of 500 simulations of patient data sets
based on parameter estimates from the final model. All model parameter estimates
were within the 90% confidence intervals obtained by the bootstrap analysis (Table
C-2).

DISCUSSION

MPAG is a major metabolite of MPA in human. Although MPAG may not
directly contribute to the immunosuppression effect, it competes with MPA at
plasma protein binding sites and may cause an increase of the free and
pharmacologically active MPA concentration [5, 6]. Therefore, MPAG may indirectly
contribute to the overall immunosuppression activity of MPA. MPAG is excreted into
the bile where it may be deconjugated back to MPA and reabsorbed in the colon. It
has been estimated that, on average, enterohepatic recycling contributes
approximately 40% (range 10-60%) to MPA exposure [5]. Due to the presence of
EHR, the exposure of MPA intestinal epithelium was prolonged and this effect is
closely linked with side effects such as leukopenia and diarrhea [7-9]. Therefore, a
better understanding of the PK associated with MPAG EHR is needed considering

the gastrointestinal toxicity of MPA as well as its significant contribution to MPA
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systemic exposure. Although several studies on the population PK modeling of MPA
and MPAG have been published in patients with renal or hepatic transplantation [6,
7,17, 18], limited information is available in lung transplant recipients, especially in
patients with CF disease [3]. In the present study, a population PK model was
developed that successfully characterized the absorption, distribution, elimination
and EHR of both MPA and MPAG in lung transplant recipients with or without CF
(Figure C-1). CF was identified as a covariate for CLmpa/F in our current work. A
significant decrease of MPA absorption and increase of both MPA and MPAG
apparent clearance was identified in the CF patients, indicating the urgency of
personalized medicine in MPA immune-suppression therapy especially for those
patients with CF disease.

The model estimated population means of the absorption rate constant K,
(2.36 h'1), apparent clearance CLwpa/F (14.5 L/hr), and volumes of distribution
(Vcmpa/F = 42.1 L, Vpmpa/F = 402 L) in the NCF group are close to the values
reported in the literature (Ka: 2.27 - 4.10 h-1, CL/F: 11.9 - 33.0 L/hr, V/F: 10.3 -
631.8 L) [19, 20]. Similarly, the population means of MPAG CLwmpac/F (1.12 L/hr) and
Vmprac/F (8.9 L) from our model estimation were also consistent with literature
values as reported previously (CL/F = 1.12 - 4.75 L/hr, V/F =392 -891 L) [6, 17-
22]. Shrinkage values of CLmpa/F, V./F, V,/F, Q/F, Kai, CLupac/F, Vmpac/F, K41 and
residual errors were 3.9%, 3.8%, 61.6%, 76.2%, 14.6%, 2.6%, 2.6%, 55%, 2.7% and
2.7%, respectively. Among these numbers, the shrinkage values of V,/F, Q/F and K41
were higher than 30%, which could be an issue when data become sparse and

uninformative, and affect model diagnostics (IWRES) [23]. However, in this study,
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each dosing interval had at least 8 data points, and each patient’s data came from 3
PK visits. In addition, the %RSE values (an index of the accuracy for the estimation
of each parameter) for V,/F, Q/F and K41 were < 20%. As cited above, the population
means of MPA and MPAG PK parameters estimated from our model were consistent
with literature values reported previously. The model estimated rate constant
describing EHR of MPAG (K41 = 0.09 hr'1) was also comparable to literature values
[17]. Therefore, shrinkage on these three parameters should not be a concern in this
kind of circumstances [24].

CF is a genetic, autosomal recessive disorder, which leads to reduced
mucociliary clearance and an increased risk of infections in the lungs. As the disease
progresses, bilateral lung transplantation becomes a viable treatment option.
Besides the lungs, CF affects the gut resulting in gastrointestinal (GI) malabsorption
and pancreatic insufficiency and, therefore, may alter the disposition of both MPA
and MPAG in lung transplant recipients with CF disease following the treatment of
the immunosuppressant MMF. CF can affect the disposition of drugs in various
aspects including decreased absorption, increased volume of distribution, decreased
plasma concentration, and enhanced elimination [25-28]. In the present study, we
have found a >44% decrease of MPA Cmax, AUC, and the absorption rate constant K,
and a 66% increase of MPA CLwmpa/F in CF patients (Figure C-2, Table C-2). The
disposition of the metabolite, MPAG, was also affected by CF disease with a >39%
lower Cmax and AUCssvalues, and a 74% higher CLwvpag/F. CF is caused by a defect in
the cystic fibrosis transmembrane conductance regulator (CFTR) in epithelial cells.

The differences observed in the PK parameters in the CF patients are not
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unexpected. The CFTR protein functions as a cyclic AMP-regulated chloride channel
and genetic mutations in this protein lead to abnormal chloride channel activity in
multiple tissues including the GI tract. Pancreatic ductal epithelium, intestinal
epithelium, and the hepatobiliary ductal system can be affected by CFTR mutations
leading to pancreatic insufficiency, intestinal obstruction, focal biliary cirrhosis, and
alterations in drug absorption and disposition [29]. MPAG is mainly excreted in the
urine via glomerular filtration and/or tubular secretion [2, 5], therefore, renal
function may influence the pharmacokinetics of MPAG to some extent [5]. Changes
in the renal clearance of drugs in CF patients have been widely studied with
conflicting results reported in the literature [11]. In our current study, a linear
correlation between the MPAG apparent clearance and the creatinine clearance
(CLcr) was observed as shown in Figure C-5 (r?=0.65). The CLcr values appear
higher in majority of the CF patients [15], suggesting the increase of MPAG apparent
clearance may be associated with the enhanced glomerular filtration and/or tubular
secretion in the CF group.
CONCLUSIONS

In conclusion, the population PK model developed from our study
successfully characterized the absorption, distribution, elimination and EHR of MPA
and the metabolite MPAG in lung transplant recipients with or without CF. This
model may help to further understand the contribution of both MPA and MPAG to
the overall clinical effects of MPA therapy including immunosuppression and
gastrointestinal side effects, and could potentially be used to project the appropriate

dose of MMF to achieve the targeted MPA efficacious exposure and the
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immunosuppression effect in lung transplantation patients with or without the CF

disease.
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FIGURES AND TABLES
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Figure C-1. Population pharmacokinetic model of mycophenolic acid (MPA) and the
mycophenolic glucuronide (MPAG). CLwpa/F and CLwmpac/F, apparent
clearance of MPA and MPAG; V¢mpa/F and Vympa/F, apparent volume of
distribution of MPA in central and peripheral compartments; Vwpac/F,
apparent volume of distribution of MPAG; Q/F, apparent
compartmental clearance between the MPA central and peripheral
compartments; K,, absorption rate constant of MPA; Fy, fraction of MPA
metabolized to MPAG; K41, rate constant for biliary excretion and

enterohepatic recycling of MPA.
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Figure C-2. Comparison of pharmacokinetic parameters between patients with
cystic fibrosis (CF) or without the disease (NCF) by visit, as determined
by non-compartmental analysis. AUCss, steady-state area under the
serum concentration-time curve, normalized by 1000 mg dose; Cmax,
maximum serum concentration, normalized by 1000 mg dose; Tmax,
time to reach Cmax. Values are mean + SE (n=5). *p<0.05 as compared to

NCF patients.
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Figure C-3. Basic goodness-of-fit plots of population pharmacokinetic parameters in
pooled data from patients with cystic fibrosis (CF) or without the
disease (NCF). MPA, mycophenolic acid; MPAG, MPA-7-0-glucuronide;

CWRES, conditional weighted residual.

138



100 4 !

350 © =
300 —

250 —

e}

200 —

e}

150 -| 898

100 | 8

QoD © O
[

50 -

Prediction corrected observations (uM)

Figure C-4.

Prediction corrected observations (uM)

o -
N
N
(o]
0]
-
o
-
N

Time after dose (hr) Time after dose (hr)

Visual predictive check of the final pharmacokinetic model of
mycophenolic acid (MPA) and metabolite (MPAG) in patients with
cystic fibrosis (CF) or without the disease (NCF) based on 500
simulations. Observed data are shown as dots. Solid and dashed lines
represent the median, 5th and 95th percentiles of observed data.
Semitransparent red field represents the 95% confidence interval for
the simulated median. Semitransparent blue fields represent the 95%

confidence interval for the simulated percentiles.
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Figure C-5. Linear correlation between the mycophenolic glucuronide (MPAG)
apparent clearance (CLmarc/F) and the creatinine clearance (CLcr) in

patients with cystic fibrosis (CF) or without the disease (NCF).
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Figure C-6. Bland-Altman plot of the difference on dose corrected area under the

serum concentration-time curve (AUC) between CF and NCF patients.
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Table C-1. Dose normalized Cirough (¥SE) and AUCo-12n) (+SE) of MPAG and MPA in

patients with cystic fibrosis (CF) or without the disease (NCF)

All NCF CF

MPA
Cirough/dose (LM/mmol) 483 (433) 623(5.74) 3.43(1.25)

AUC(o-12n)/dose (uM*hr/mmaol) 138 (51.4) 159 (50.7) 116*(38.1)

MPAG

Cirough/dose (uM/mmol) 38.7 (16.1) 46.4(16.73) 31.1*(11.6)

AUCo-12n)/dose (uM*hr/mmol) 1476 (1240) 1817 (1657) 1135* (436)
MPA, mycophenolic acid; MPAG, MPA glucuronide metabolite; Cirough, trough

concentration; AUCo-12n), steady-state area under the serum concentration-time

curve; Values are mean (* SE) (n=5); *p<0.05 as compared to NCF patients.
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Table C-2. Population pharmacokinetic parameter estimates for mycophenolic acid
(MPA) and its glucuronide metabolite (MPAG) in patients with cystic

fibrosis (CF) and without the disease (NCF)

Parameters Estimates Bootstrap estimates
(%RSE) Median 90% CI

CLmpa/F  NCF 14.5 (16) 12.5 9.7,21.7
(L/hr) CF 24.1 (19) 20.0 11.2,51.7
Vempa/F (L) 46.2 (33) 51.8 20.9,102.2
Vpmea/F (L) 4010 (16) 4034 progl
Q/F (L/hr) 13.3 (15) 14.8 4.3,40.4
Ka (hr1) 1.4 (44) 1.5 0.5,3.5
CLwmpac/F (L/hr) 1.4 (6) 1.4 1.1,1.8
Vmpac/F (L) 9.7 (16) 7.7 6.3,15.0
K41 (hrt) 0.09 (20) 0.07 0.04, 0.21

IIV %CV (%RSE)
w (CLmpa/F) 28 (43) 25 16, 36
w (Vempa/F) 73 (71) 74 66,123
w (Ka) 107 (139) 89 32,155

Residual error
o1 (additive) (uM) 17 (29) 17 2,33
o2 (proportional) %CV 24% (15) 0.06 0.04, 0.08

CLwmpa/F and CLwmpac/F, apparent clearance of MPA and MPAG; Vcmpa/F and Vpmpa/F,
apparent volume of distribution of MPA in central and peripheral compartments;
Vwmprac/F, apparent volume of distribution of MPAG; Q/F, apparent compartmental
clearance between the MPA central and peripheral compartments; K,, absorption
rate constant of MPA; Kaii, rate constant for biliary excretion and enterohepatic
recycling of MPAG; o1 and o3, residual error; IV, inter-individual variability; CV,
coefficient of variation; RSE, relative standard error; CI, confidence interval. The IIV
(w) for Q/F, Vp,mpa/F, CLmpac/F, Ve,mprac/F, and K41 were fixed based on results from

the pilot runs.
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