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Abstract

The Neurokinin 1 receptor (NK:R) is a G protein-coupled receptor (GPCR) and member of the
tachykinin family expressed in the central nervous system, immune cells, gastrointestinal tract
and vascular endothelia. It is associated with neurogenic inflammation, gastrointestinal
function and nociceptive transmission. Stimulation of NKiR by the endogenous agonist,
substance P, initiates Gog-mediated signalling, receptor phosphorylation and B-arrestin
recruitment to initiate clathrin-dynamin mediated endocytosis. Internalised NKi:R has a
spatially and temporally dynamic signalling profile which has been demonstrated to underlie
pathophysiological outcomes distinct from the plasma membrane. Therefore, endosomal NK1R
populations may be considered a therapeutically distinct target. This thesis explores this
concept, through the characterisation of NKiR signalling from endosomes, and the
development of two novel drug delivery systems: 1) Lipid-conjugation to anchor soluble
molecules into membranes and enhance their targeting; 2) pH-sensitive nanoparticles were
used as a non-covalent method of packaging NK1R antagonists for targeted endosomal drug

delivery.

We investigated the inhibitory potential for lipid-conjugation of Spantide I, a first
generation NK1R antagonist (Spantide-Cholestanol). Assessment of the endosomal signalling
pathways of NK1R suggested that Spantide-Cholestanol inhibited endosomal signalling with
greater potency. We propose a mechanism whereby lipid-conjugation provides sustained
association with membranes and can be directed to endosomes to improve inhibition of

internalised NK1R signalling.

Fluorescence correlation spectroscopy and localisation of a lipid-conjugated
fluorescent probe (Cy5-Cholestanol) suggested that there was enrichment in endosomes, and
at the plasma membrane. Further investigation of this plasma membrane-associated ligand
population revealed that Spantide-Cholestanol has inhibitory effects on receptor trafficking and
some plasma membrane-delimited signalling events. Therefore, while Spantide-Cholestanol
effectively inhibits endosomally localised NK1R signalling, it also has the potential to bind and

modulate plasma membrane localised NK1R.

An alternative approach for endosomal drug delivery is the non-covalent loading of
NK1R antagonists into pH-sensitive, block copolymer nanoparticles (NPs). The nanoparticle

core contained a pH responsive monomer which at acidic pH below the pKa resulted in the

vii



protonation of the monomers, triggering repulsion and drug release. This pH is known to be
achieved in the acidic endosome environment and therefore may be appropriate for endosome-
selective drug release. However, cationic NPs reportedly reduce cell viability. To address this
issue, we incorporated diethylene glycol (DEG) into block copolymer to shield the cell from
toxicity induced by the charged monomeric subunits at endosomal pH. We observed a DEG-
dependent increase in cell health, and internalisation of NPs into Rab5-positive endosomes, to
demonstrate that these pH responsive nanoparticles may offer a suitable approach for selective

delivery drugs into endosomes.

The key findings in this thesis emphasise the importance of considering receptor
trafficking/localisation in the entire receptor signalling profile. We have observed that
lipidation increases drug localisation in endosomes, significantly improving drug potency to
inhibit endosomal signalling. However, some of the drug remains at the plasma membrane and
can antagonise the population of membrane-localised NK:R. This suggests that nanodelivery
of drugs to endosomes may be a more selective therapeutic strategy. Overall, the efficient and
selective delivery of drugs to compartmentalised receptor populations will have important

implications for drug discovery programs.

viii
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Chapter 1

General Introduction



1.1 Compartmentalised signalling of G protein-coupled Receptors

1.1.1 G Protein-Coupled Receptors

G protein-coupled receptors (GPCRs) constitute more than 800 genes in the human genome and
are the largest group of mammalian membrane proteins (Fredriksson et al., 2003, Fredriksson et
al., 2005). Extracellular ligands such as hormones, lipids, neurotransmitters and small molecules
bind to GPCRs to activate the receptor. Subsequently, diverse intracellular signalling events are
initiated to elicit a cellular and physiological response (Pierce et al., 2002). Seven-pass
transmembrane proteins (Figure 1.1), GPCRs, can be subdivided into 5 classes based on the
conserved sequence and structure: rhodopsin (family A), secretin (family B), glutamate (family
C), frizzled/taste2, and adhesion receptor families (Fredriksson et al., 2003, Lagerstrém et al.,
2008). The importance of GPCRs is highlighted by the 40% of market therapeutic drugs targeted
to GPCRs (Tyndall et al., 2005). The rhodopsin-like receptors are the largest GPCR family,
representing 80% of human GPCRs which is reflected in the drug market with the largest number
of receptors targeted clinically (Tyndall et al., 2005).

A B

N-terminus

C-terminus

C-terminus



Figure 1.1. A, Schematic diagram of a seven-transmembrane receptor showing the transmembrane
domains (TM), extracellular loops (ECL) and intracellular loops (ICL). B, A ribbon diagram of

the crystal structure of bovine Rhodopsin (pdb f88). Adapted from Tyndall et. al, 2005.

1.1.2 GPCR signalling transduction, desensitisation and recycling

Signal transduction is an important biological process in which receptors detect extracellular
stimuli and initiate an intracellular response. G protein-coupled receptors mediate a wide range of
signalling events including responses to hormones and neurotransmitters (Ji et al., 1998,
Rosenbaum et al., 2009). Upon agonist binding, GPCRs undergo a conformational change to
recruit the heterotrimeric complex, Go and GBy. The a-subunit is activated, releasing the guanidine
diphosphate (GDP) in exchange for guanidine triphosphate (GTP), leading to the dissociation of
the heterotrimeric complex from the receptor. The heterotrimeric complex subsequently
dissociates into the o-subunit and the Py-complex, which modulate several distinct cellular
signalling pathways (Bourne et al., 1991, Neer 1995). The respective subunits activate or inhibit
downstream effectors such as phospholipases and adenylate cyclase or regulate ion channels (Neer
1995, Hamm 1998, Rosenbaum et al., 2009). After the activation of the a-subunit, the GTP is
hydrolysed to return the subunit to the inactive state and reassociate with the By-dimer. Activated
GPCRs can also recruit G protein-coupled receptor kinases (GRK1-7), which phosphorylate and
desensitise the receptor by preventing further coupling of G-proteins. For many GPCRs,
phosphorylation of the receptor increases the affinity of B-arrestin (B-arr) for the receptor
(Krupnick et al., 1998, Pitcher et al., 1998). B-Arr is an adaptor protein that recruits important
intracellular trafficking proteins such as adaptor protein 2 (AP2) and clathrin, to form a clathrin

coated pit and to initiate the endosomal uptake of cargo, such as an GPCRs, into an endosomal



vesicle (Figure 1.2) (Goodman Jr et al., 1996, Claing et al., 2002). This process also requires a
large GTPase protein known as dynamin, which forms a coil around the vesicle neck, to mediate
vesicle budding and scission from the plasma membrane (Sweitzer et al., 1998, Hinshaw 2000,
Doherty et al., 2009).

The canonical GPCR model suggests that GPCR internalisation decreases the number of
receptors available at the plasma membrane to bind extracellular ligands and limits access to
plasma membrane effectors and thus attenuates signalling (Oakley et al., 1999, Claing et al., 2002).
Further, internalised GPCRs can be redistributed through the endosomal network to be recycled to
the plasma membrane by recycling endosomes or be translocated through the lysosomal pathway

for degradation (Figure 1.2) (Trejo et al., 1999, Shenoy et al., 2001, Di Guglielmo et al., 2003).

I. Ligand binding &

G protein
GDP-GTP exchange Il. G protein
release & GRK
O phosphorylation  lll. Arrestin
o Recruitment ]
Activating : IV. Endocytosis
Ligand Y Plasma
Membrane
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Sem Sorting for
recycling or degradation

Recycling
Endosome

reinsertion into
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H Early endosome
7w Sorting endocytosed cargo
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protein degradation
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Figure 1.2. Canonical GPCR activation and trafficking pathways. An extracellular ligand mediates
a conformational change in the GPCR, leading G-protein stimulation and release, GRK
phosphorylation, arrestin recruitment and clathrin/dynamin-mediated endocytosis into early
endosomes. Ligand degradation and sorting in late endosomes results in two GPCRs fates:
degradation in lysosomes or translocation to recycling endosomes to be trafficked to the plasma

membrane.

1.1.3 Compartmentalised GPCR signalling from Endosomes

In the canonical signalling dogma, GPCRs are activated by extracellular ligands to signal from the
plasma membrane and subsequent BArr-mediated receptor internalisation is terminates receptor
signalling by either dismantling GPCR signalling complexes before recycling receptor cargo back
to the cell surface or by permanently downregulating GPCR via lysosomal degradation. However,
with the advancement of new tools to study GPCRs, additional mechanisms of GPCR signalling
have been identified leading to a shift in this GPCR signalling paradigm. Endosomes, endoplasmic
reticulum, nuclei and Golgi have been revealed as spatially and temporally distinct platforms for
GPCRs to regulate second messengers and mediate unique physiological processes.

The endosomal microenvironment contains small volumes, favouring ligand-receptor
binding and slow endosomal sorting to promote long residence times of active receptors. BArr first
emerged as a pleiotropic scaffolding protein when it was revealed that BArr 1 interacts with the
non-receptor tyrosine kinase (Luttrell 1999). Further studies of BArr have identified numerous
binding partners, some of which include extracellular signal regulated kinase (ERK1/2),

phosphatidylinositol-3 kinase (PI3K), rapidly accelerated fibrosarcoma kinase (Raf), c-Jun N-



terminal kinase 3 (Jnk3), Ca?*/calmodulin kinase 1l (CaMKII) and exchange protein directly
activated by cAMP 1 (Epac 1) (Daaka et al., 1998, Tohgo et al., 2002, Povsic et al., 2003, Song et
al., 2009, DeFea 2011). These binding partners may also include the direct or downstream
activation of transcription factors. pArr-dependent endosomal signalling has since been shown to
mediate intracellular signalling of numerous receptors such as the neurotensin 1 receptor and
proteinase activated receptor 2 (DeFea et al., 2000, Law et al., 2012). With the development of
nanobody based biosensors such as nanobody 37, which detects the active conformation of Gas
and nanobody 80, which binds the active conformation of the [, adrenergic receptor, the spatial
and temporal profiles of these proteins have been probed (Irannejad et al., 2013). This has led to
the detection of agonist-dependent B, adrenergic receptor activation and subsequently, the
detection of recruitment and activation of Gas at the plasma membrane and in endosomes
(Irannejad et al., 2013). This suggests that GPCR signalling may also be mediated by G-proteins
in the endosome after BArr-dependent internalisation. BArr-dependent receptor internalisation into
endosomes provides a physical platform for the recruitment of binding partners to generate large
signalling complexes or signalosomes.

Another way in which signalling of receptors from endosomes are distinguished from
plasma membrane-delimited signals is by the duration of receptor signalling. This has previously
been investigated with the parathyroid hormone receptor type 1 (PTHR). The activation of the
receptor by the PTHR agonists, PTHrPi3 (plasma membrane-restricted) and PTHi-a4
(internalising) initiated two distinct cAMP signalling profiles (Figure 1.3). Both agonists elicited
maximal cCAMP responses (Ferrandon et al., 2009). A transient cAMP signal was recorded using
the non-internalising agonist and a persistent response was recorded when the PTHR was

stimulated with the internalising agonist (Ferrandon et al., 2009). These data indicated that the



sustained CAMP signal originated from endosomal compartments. Further investigation using a
dominant negative form of dynamin to block internalisation of the receptor by PTH1.a4 elicited a
transient CAMP response, which supported the hypothesis of different temporal signalling profiles
being initiated by temporally distinct sites (Ferrandon et al., 2009). The spatial and temporally
distinct signalling of receptors have also been investigated using compartment-specific biosensors.
Forster resonance energy transfer (FRET) biosensors for ERK1/2 localised to the cytoplasm and
nucleus were used to measure plasma membrane and endosomal delimited signalling of the
calcitonin gene-related receptor (Calcitonin receptor-like receptor; CLR) respectively (Yarwood
et al., 2017). This was also further investigated using the dynamin inhibitor, Dyngo 4a and a
dominant negative dynamin, Dynamin K44E to confirm the location of CLR signalling (Yarwood
etal., 2017).

Together, the roles of BArr and endocytosis in GPCR signalling revealed diverse functions
beyond the signal termination, internalisation, desensitisation, and downregulation. Endosomes
can provide a unique platform for GPCR-scaffold protein complexes which generate signals that

are spatially and temporally distinct from the plasma membrane.
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Figure 1.3. Classical and endosomal (sustained) signalling of GPCRs using PTHR as a model 1)
Agonist activation of the receptor and the recruitment of the heterotrimeric complex. 2)
Phosphorylation of the receptor by GRKs and subsequent binding of B-Arr. 3) B-Arr initiates
clathrin and dynamin-mediated endocytosis of the receptor. The receptor- -Arr complex interacts
with binding partners to mediate endosomal signalling. 4) The agonist is removed from the binding
pocket. 5) The receptor is recycled to the plasma membrane for activation. Adapted from Pavlos

and Friedman, 2017.

1.1.4 Physiological implications of compartmentalised signalling
The identification of endosomes as receptor signalling platforms has led to research efforts to

determine the effect of endosomally-derived signalling on physiology and disease. Multiple



studies have been conducted, revealing the relationship between endocytosis and
neurodegenerative disorders, cancer, and pain (Simons et al., 2000, Nixon 2005, Mellman et al.,
2013, Yarwood et al., 2017). Cancer cells, for example, commonly have dysfunctional signalling
caused by genetic changes to receptors such as integrins and receptor tyrosine kinases (Wiley et
al., 2001, Caswell et al., 2009). Expression of mutant p53, which has been implicated in many
cancers, can enhance the recycling of cell surface receptors, including integrins (Muller et al.,
2009). Disruption to the trafficking of integrin receptors has been identified as a contributing
factors in cancer. A mechanism of dysfunctional trafficking exhibited in cancers is the
upregulation of the Rab-family of small GTPases which regulate endosomal maturation and
sorting (Porther et al., 2015). The upregulation of Rab proteins associated with early endosomes
and recycling such as Rab25 and Rab35 have been shown to promote receptor recycling (Caswell
et al., 2009, Johnson et al., 2015, Porther et al., 2015). Dynamin 1 which is involved in vesicular
fission has also been implicated in cancer and is up-regulated in lung tumour cell lines (Schmid
2017).

With the emerging roles of endosomal platforms in receptor signalling and disease, the
effect of internalising, or “location biased” drugs on different phenotypes are have been explored.
For the regulation of the PTHR, the comparison of the agonists PTHrP1.3s (non-internalising) and
PTH1.34 (internalising) on serum calcium, plasma 1,25-dihydroxyvitamin D, and fractional calcium
were measured in healthy human volunteers (Horwitz et al., 2003). Both peptides had similar
effects on the serum calcium and fractional calcium. Interestingly, the PTH1.32 was also more
effective in the renal production of 1,25-dihydroxyvitamin D (Horwitz et al., 2003). These data
indicated that the internalising PTH1.34 peptide and intracellular signalling of PTHR is responsible

for renal production of 1,25-dihydroxyvitamin D.



Similarly, permeable and impermeable clinical antagonists of the 1 adrenergic receptor
(BzAR) have also been studied in the context of compartmentalised signalling. The application of
an impermeable antagonist prior to a permeable agonist resulted in the inhibition of cell surface-
dependent cAMP production. In contrast, the permeable antagonist attenuated B1AR signalling
from the cell surface and the Golgi (Irannejad et al., 2017). Clinically, the permeable antagonist
reduces the heart rate and the force of contractions, whereas the impermeable antagonist only
reduces heart rate (Seipel et al., 1993, Holubarsch et al., 1995). These observations demonstrated
that the cell surface signalling of the receptor regulates the heart rate, whereas the Golgi localised
receptor plays a role in regulating the force of contractions.

Overall, the effect of distinct receptor signalling platforms can be translated into
physiological effects, creating new targets for drug design. Therefore, studying current and new
clinical drugs in the context of endosomal signalling may provide valuable insight into the specific

physiological outcome of targeting receptors in different platforms.

1.2 Tachykinins and the Neurokinin receptor family

The tachykinins are a family of peptides involved in nociception, cancer and inflammation
(Bowden et al., 1994, Hokfelt et al., 2001, Mayordomo et al., 2012, Mufioz et al., 2014). The first
discovered member of the tachykinin family, substance P (SP), is an undecapeptide associated
with multiple physiological roles including pain transmission, microvascular permeability and
gastrointestinal regulation of motility, secretion, and inflammation (Gaddum 1931, Lu et al., 1997,
Nichols et al., 1999, Shimizu et al., 2008). Many other neuropeptides, neurokinins, hemokinins
and endokinins have since been identified in the tachykinin family peptides, of which the most

potent mammalian tachykinins are SP, neurokinin A (NKA), and neurokinin B (NKB) (Steinhoff
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et al., 2014). The tachykinins are derived from three Tac genes. Tacl encodes for SP and NKA

and Tac3 encodes for NKB. The tachykinins have conserved sequences that are required for the

activation of tachykinin receptors (Phe-X-Gly-Leu-Met-NH2) (Almeida et al., 2004). The

tachykinin receptors are GPCRs and are classed as family A rhodopsin-like receptors (Steinhoff

et al., 2014). There are three receptors that bind tachykinin peptides, known as neurokinin

receptors (NK1:R, NK2R, and NK3R). The different affinities of tachykinins peptides for each

receptor have been reported and investigated in detail (Steinhoff et al., 2014). The amino terminal

sequence of the tachykinins impart specificity for the receptors (Figure 1.4). For the NK{R, SP has

the greatest affinity, followed by NKA and NKB (Regoli et al., 1994, Pennefather et al., 2004). At

the NK2R, NKA has the greatest affinity (Pennefather et al., 2004). Lastly, NKB has the greatest

affinity at the NK3R, followed by NKA and SP (Pennefather et al., 2004). The most commonly

studied of the tachykinin receptors is NK1R (SP receptor).
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Figure 1.4. A, Neurokinin 1 receptor snake diagram. B, Common NK:R agonists amino acid
sequences. Underlining denotes the conserved sequences necessary for receptor activation (Phe-

X-Gly-Leu-Met-NH>).

1.2.1 Neurokinin 1 receptor structure

The NK1R is encoded in the TACR1 gene and has been cloned from multiple mammalian species,
all of which lead to expression of a protein 407 amino acids in length (Yokota et al., 1989, Gerard
etal., 1991, Hershey et al., 1991, Takeda et al., 1991, Sundelin et al., 1992). An additional splice
variant of the receptor has also been identified, and compared to the full-length NK1R, it has been
identified as a truncated protein, lacking 96 residues of the C-terminus (truncation at residue 311).
The rat NK1R has 94.5% homology to the human receptor has been extensively studied to
understand important motifs (e.g. conserved glycosylation sites) and arrestin interactions at the N
and C-terminal tails (Yokota et al., 1989, Almeida et al., 2004). These studies have demonstrated
that the N-terminal sequence is required for high affinity binding with SP insertion into the
hydrophobic binding pocket (transmembrane Il and VII), while the C-terminal sequence
determines the G-protein specificity of the receptor (Fong et al., 1992, Fong et al., 1992, Huang et
al., 1994). Further, the carboxyl tail and the third intracellular loop also determine interactions

with BArrs (Schmidlin et al., 2003, Lai et al., 2008).

1.2.2 Signal transduction of the NK:R
SP-mediated activation of NK1R couples to the pertussis toxin-insensitive Gog protein, leading to
the activation of phospholipase C isoforms (e.g. PLCP) (Torrens et al., 1989, Khawaja et al., 1996).

As summarised in Figure 1.5, PLC cleaves phosphatidylinositol 4, 5-bisphosphate to produce
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diacylglycerol (DAG), which activates protein kinase C (PKC) and enhances the production of
inositol 1, 4, 5-triphosphate (IP3), to stimulate IP3 receptors and mobilise calcium (Ca?*) from
intracellular stores (Quartara et al., 1997, Sorkin et al., 2009, Pelayo et al., 2014, Steinhoff et al.,
2014) (Nakajima et al., 1992). PKC activity at the plasma membrane can also promote
transactivation of epidermal growth factor receptor (EGFR) to stimulate extracellular signal-
regulated kinase (ERK) (Jensen et al., 2014). The stimulation of the NK{R also leads to the
activation of AC generating CAMP (Nakajima et al., 1992). The mechanism by which the NK;R
mediates AC has been associated with the Gog-mediated activation of the Ca?*-dependent PKC

pathway (Jensen et al., 2017).
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Figure 1.5. Neurokinin 1 receptor activation, signal transduction and physiological outcome. 1)

The neurokinin 1 receptor (NK:R) is activated by substance P (SP). NKiR recruits the
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heterotrimeric G-proteins and initiates plasma membrane-delimited signalling to activate
phospholipase CB (PLCP); inositol 1, 4, 5-triphosphate (IP3); intracellular calcium (Ca?";
diacylglycerol (DAG); protein kinase C (PKC); adenylate cyclase (AC); cyclic AMP (CAMP);
protein kinase A (PKA); Phospholipase A2 (PLA>); prostaglandins (PGs); leuokotrienes (LXSs);
thromboxane Az (TXA); Rho; Rho-associated coiled-coil kinase (ROCK); and myosin regulatory
light chain (MLC). 2) The NK1R activates a disintegrin and metalloproteinase (ADAM) cleaves
epidermal growth factor receptor agonist to activate the receptor (EGFR). EGFR activation and
phosphorylation leads to the ERK1/2 via a SHC and growth factor receptor bound 2 (Grb2)
complex. 3) The physiological consequences of pathways in the NKiR signalling repertoire.

Adapted from Steinhoff et. al., 2014.

Phospholipase A is also activated in response to NKiR activation, leading to the
production of arachidonic acids and precursors to inflammatory mediators including
prostaglandins, leukotrienes and thromboxane (Katsube et al., 2001). Concomitantly, the
activation of NK{R leads to Rho/Rho-associated coiled-coil kinase (ROCK)-dependent plasma
membrane blebbing to form cell-derived vesicles or exosomes, as a mechanism for intercellular
communication that is not well understood (Meshki et al., 2009, Chen et al., 2012). The signal
transduction can be terminated at the plasma membrane by the depletion of the agonist due to the
enzymatic degradation of SP by the membrane-bound neutral endopeptidase, neprilysin
(Roosterman et al., 2007, Cattaruzza et al., 2009). In addition, as summarised in Figure 1.6, the
agonist-bound receptor can be phosphorylated by GRKSs to promote the recruitment of BArr 1/2 to

the receptor and terminate plasma membrane-delimited signalling by initiating the internalisation
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of the receptor by clathrin-dynamin mediated endocytosis (Mantyh et al., 1995, Barak et al., 1999,
McConalogue et al., 1999).

Following receptor internalisation, the SP-NK:R-BArr signalling complex stimulates
pathways that are distinct from plasma membrane-delimited events, including cytosolic CAMP,
cytosolic PKC activity and the recruitment of Src and MEKK to activate nuclear ERK,
independently of EGFR, in multi-protein scaffolding complexes (signalosomes) (DeFea et al.,
2000, Jafri et al., 2006, Cottrell et al., 2009, Murphy et al., 2009, Jensen et al., 2014). FRET
biosensors localised in the cytosol and in the nucleus have been used to measure increases and
decreases in activated ERK. Using this tool, cytosolic ERK signals were revealed to originate from
plasma membrane signalling of the receptor, while the nuclear ERK was dependent on
internalisation, these data support previous studies investigating BArr dependent signalling (DeFea
et al., 2000, Jafri et al., 2006). Interestingly, the treatment of Gogq (UBO-QIC) and PKC
(GF109203X) inhibitors in NK1R expressing cells attenuated both plasma membrane and nuclear
ERK signalling while an EGFR inhibitor (AG14718) attenuated the plasma membrane delimited
only, having no significant effect on the endosomal ERK signal (Jensen et al., 2014).

Termination of the endosomal signal, receptor recycling and resensitisation can be initiated
by the removal of SP from the NKiR binding pocket, leading to the disassembly of the
signalosome. Previous studies demonstrated that endosomal acidification was required for the
recycling and resensitisation of the receptor, to promote the removal of SP from the receptor
binding pocket. SP-NKiR interactions are highly pH-dependent, and a neprilysin related zinc-
metalloendopeptidase known as endothelin converting enzyme 1 (ECE1) requires acidic pH for
the proteolytic cleavage and deactivation of SP (Roosterman et al., 2007, Cattaruzza et al., 2009,

Cottrell et al., 2009, Jensen et al., 2014).
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Figure 1.6. Compartmentalised signalling of NK{R. 1) Activation of the NK:R by SP initiates
plasma membrane delimited signalling. 2) Receptor phosphorylation leads to the recruitment of
BArr, the subsequent recruitment of clathrin coated pits. 3) The receptor is internalised by clathrin-
dynamin mediated endocytosis. Within the endosome, the NK1R can have a unique subset of

signalling distinct from the plasma membrane.

1.2.3 NK1R expression, distribution and associated pathophysiology
Substance P is expressed in the central nervous system and in peripheral tissues. In adult rats and
humans, SP is expressed in and released from central projections of nociceptors in the dorsal horn

and from various regions in the brain including: the medulla, the amygdala, the hypothalamus, the
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ventral striatum, the dorsal striatum, the raphe nuclei, the substantia nigra, the nuclei of the pontine
tegmentum, and the medial habenular nucleus (Cooper et al., 1981, Harlan et al., 1989, Marchand
et al., 1991, Chawla et al., 1997, Uhlén et al., 2015). SP is expressed in enteric neurons of the
myenteric plexus and submucosal plexus, as well as the extrinsic primary afferent fibres of the gut
(Shimizu et al., 2008). SP has also been detected in peripheral sites including glandular cells, the
respiratory tract, the urogenital system, skin, and lymphoid organs (Candenas et al., 2005, Uhlén
et al., 2015, Mashaghi et al., 2016, Szallasi et al., 2017, Kaczynska et al., 2018). The NK1R has a
similar distribution profile throughout the CNS and peripheral tissues. The expression and
distribution of NK1R have been extensively studied and while much is known about tachykinin
signalling, new roles continue to be revealed. The following describes the central nervous system
and the gastrointestinal system as two key examples of characterised physiological studies, to
illustrate the importance of NK:R and other neurokinin receptors in disease, and therefore
demonstrate the importance of developing potent-selective drugs to target conditions where NK1R

cell signalling is a key contributor to disease etiology and ongoing pathology.

1.2.4 Central nervous system

The NK1R is widely expressed in the CNS and has been localised in mammalian models including
the guinea pig and rats, where high levels of expression were detected in the striatum, nucleus
accumbens, the lateral nucleus of the hypothalamus, hippocampus, habenula, the interpeduncular
nucleus (Maeno et al., 1993, Otsuka et al., 1993, Yoshifumi et al., 1994, Lai et al., 2008). In the
brain stem, NK{R was expressed in the nucleus of the tractus solitarius, the raphe nuclei and the
medulla oblongata (Otsuka et al., 1993). In the spinal cord, NK1R has also been well characterised

and shown by fluorescence confocal microscopy to undergo receptor internalisation in neurons
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within laminae | and Il, following and the application of SP peptide or excitatory postsynaptic
potential (Marvizén et al., 1997, Marvizon et al., 1999).

The NK:R signalling in the CNS is an important mechanism for central pain transmission
and inflammation. When noxious stimuli excite primary sensory nerves in the periphery (e.g.
innervating skin or viscera), this promotes simultaneous release of SP in peripheral tissues and the
dorsal horn of the spinal cord, where sensory neurons synapse with second-order neurons of the
CNS (Mantyh et al., 1995). In the periphery, SP activation of NK{R on endothelial cells and
epithelial cells to cause plasma extravasation, granulocyte infiltration and cytokine release (Greeno
et al., 1993, Bowden et al., 1994, Bai et al., 1995, Renzi et al., 2000). In the spinal cord, NK1R
stimulation leads to neuronal excitation and central pain transmission. SP stimulation of the NK1R
achieves these physiological outcomes via Goq dependent signalling followed by rapid
internalisation and recycling of the receptor in the spinal cord (Mantyh et al., 1989, Mantyh et al.,
1995, Mantyh et al., 1995, Pelayo et al., 2011) and in vasculature (Greeno et al., 1993).
Importantly, this has been observed in clinically relevant settings. For example, patients with
chronic visceral pain conditions, a reduction in NK1R availability in regions of the brain associated

with nociception was measured (Bergstrom et al., 2004, Jarcho et al., 2013).

1.2.5 Gastrointestinal system

The distribution of NK1R in the gastrointestinal tract has been investigated using autoradiography,
immunohistochemistry and fluorescent ligand binding (Mantyh et al., 1989, Boutaghou-Cherid et
al., 2006). The expression of NKiR has previously been identified, localised and
pharmacologically studied in mammalian gastrointestinal tracts of rats, guinea pigs, murines and

humans (Grady et al., 1996, Lavin et al., 1998, Lomax et al., 1998, Vannucchi et al., 1999,
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Salmhofer et al., 2001, Boutaghou-Cherid et al., 2006, Chen et al., 2007). NK:R has been
localised to extrinsic enteric neurons and nerve fibres from the dorsal root ganglia and vagal
ganglia which receive sensory information from the gut and have been implicated in neurogenic
inflammation (Baron et al., 1983, Grady et al., 1996, Harrison et al., 2001). Activation of NK1R,
as well as NK3R contribute to slow excitatory transmission in enteric neurons (Johnson et al.,
2004). NK2R localised in intrinsic enteric neurons innervate smooth muscle and NKiR is
distributed in interstitial cells of Cajal (ICC) (Lavin et al., 1998, Shimizu et al., 2008). SP-
dependent activation of NK1R leads to the modulation of ion channels on the ICC to mediate the
coordination of rhythmic contractions in the gut, to modulate gut motility (Lavin et al., 1998, M.
etal., 2004, Maria-Simonetta 2006, Kim et al., 2012). Fluid secretion, which facilitates propulsion,
is mediated by the activation of neurokinin receptors on epithelial cells, enteric neurones or
immune relate cells including lymphocytes (Boutaghou-Cherid et al., 2006). In addition to the role
of neurokinin receptors in the modulation of neurotransmission, motility, fluid secretion and
motility of the intestine, NK:R has also been extensively studied as an inflammatory mediator in
the gut (M. et al., 2004, Koon et al., 2006, Maria-Simonetta 2006). NK1R is expressed on
lymphocytes of the lamina propria and on macrophages in the intestine (Castagliuolo et al., 1997,
Maggi 1997, Goode et al., 2000). Therefore, the dysregulation or dysfunction of NK;:R and
tachykinins can underlie many inflammatory bowel diseases such as Crohn’s disease and
ulcerative colitis (Neunlist et al., 2003, J. et al., 2007). Clostridium difficile-dependent production
of toxin A results in inflammation, has been demonstrated to induce pseudomembranous colitis.
Further histological examination detected an upregulation of NK:R in the blood vessels and
lymphoid structure in the intestine (Mantyh et al., 1996). Similar results were observed in Crohn’s

disease and ulcerative colitis, in which NK{R expression was upregulated in arterioles, venules
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and in lymph nodules (Mantyh et al., 1988). The contribution of NK:R to inflammatory bowel
disease was supported in NK:R knockout studies in which clostridium difficile did not induce
secretory and inflammatory mechanisms, or toxin A induced epithelial damage in the intestine
(Castagliuolo et al., 1998). Similar results were also achieved using an NK1R antagonist which

reduced toxin A-dependent histological and physiological damage of the colon.

1.3 Drug Delivery

1.3.1 Targeted drug delivery

Traditionally, many areas of drug delivery have focused on techniques to increase solubility and
permeability as a means of increasing drug absorption and systemic exposure (Allen et al., 2004).
However, the non-selective increase in systemic drug concentrations can lead to off target toxicity
since drug exposure is increased in both target and non-target sites. A solution to this is to increase
tissue specificity, thereby concentrating a drug to target tissues, cell types or organs. In order to
achieve this, many formulation and delivery approaches have been explored, including the use of
surface functionalised nanoparticles, liposomes, and dendrimers (Maurer et al., 2001). Currently,
these approaches have focussed on drug targeting at a systemic level and show significant promise
in drug targeting to specific organs. Due to the complexity and limited understanding of the
chemical-biological interface where these drug targeting strategies are applied, less effort has been
directed towards refining drug targeting strategies to subcellular target sites, to achieve highly
selective targeting to specific intracellular locations such as organellar compartments (Allen et al.,

2004, Stone et al., 2009).
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1.3.2 Intracellular Drug Delivery

Viruses can deliver genes into host cells for replication in an efficient manner. Synthetic drug
delivery design aims to mimic viral delivery efficiency, increasing specificity and subsequently
decreasing off target drug effects (Allen et al., 2004, Petros et al., 2010). Advancements in
nanotechnology and cell biology have been informative in the development of surface
functionalised nanoparticles for targeted delivery as well as stimuli responsive nanoparticles
(Benns et al., 2000, Duncan 2003, Johnston et al., 2006, Ganta et al., 2008, Zhou et al., 2011,
Mura et al., 2013). Subcellular regions contain distinct microenvironments and can be utilised as
stimuli for cargo release mechanisms, which may include the reduction of covalent bonds (Meng
et al., 2009), pH (Ganta et al., 2008, Gao et al., 2010, Zhou et al., 2011), enzymatic cleavage and
temperature (Bae et al., 1987, Nakayama et al., 2006).

Lipid-tethered drugs have recently been explored as an alternative delivery method for
improved cellular drug uptake and intracellular targeting by anchoring a drug to the cell membrane
(Rajendran et al., 2008, Rajendran et al., 2010, Rajendran et al., 2012). Lipid-tethered drugs are
expected to more avidly associate with the plasma membrane and subcellular compartments and
may direct the movement of a drug through the endosomal trafficking pathway. In addition, this
may also increase the potency of an agonist or antagonist, by increasing its local concentration
(Saftig et al., 2009, Sorkin et al., 2009). This concept was initially investigated for targeting
inhibitors to B secretase, as a potential treatment option for Alzheimer’s disease. The secretase is
an enzyme that cleaves amyloid precursor protein (APP) and catalyses the formation of B-amyloid.
B-amyloid is an insoluble peptide that aggregates in the brain resulting in the plaques which are
associated with the development of Alzheimer’s disease symptoms (Vassar et al., 1999, Yan et al.,

1999, Luo et al., 2001). B-secretase resides on the plasma membrane; however, it only cleaves
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APP at an acidic pH in the endosome (Vassar et al., 1999, Yan et al., 1999). Lipidation of the
otherwise soluble inhibitor of B-secretase results in an increased accumulation of the inhibitor
within endosomes (Rajendran et al., 2008). Importantly, this accumulation translated to an 80%
decrease in B-secretase cleavage of APP relative to a vehicle treatment (Rajendran et al., 2008).
Comparatively, a PEG-linked inhibitor without a lipid-anchor present showed limited activity
(Rajendran et al., 2008, Schieb et al., 2010). Lipidation was therefore shown to target drugs into
endosomal compartments. This has led to significant improvements in the therapeutic potential of
drugs to target receptors, enzymes and proteins within endosomes, which may have implications

in pathophysiology (Rajendran et al., 2008, Folk et al., 2012, Linning et al., 2012).

1.3.3 Drug internalisation via Endocytic pathways

Endocytosis is one of the many dynamic processes that mediate the uptake of drugs from the
extracellular matrix into the cell and is responsible for sorting, recycling and degrading both
peptidic and synthetic drugs (Gruenberg 2001, Kobayashi et al., 2001, Gruenberg 2003, Murphy
et al., 2009). Drug uptake mediated by endosomal processes can occur constitutively, for example
through bulk fluid uptake via macropinocytosis or phagocytosis, or can be ligand triggered, for
example via ligand-receptor binding (Doherty et al., 2009, Zhang et al., 2015).

Ligand-mediated uptake can occur through the well characterised clathrin-dependent
pathway or via clathrin-independent pathways including caveolar, Rho A-dependent, and clathrin-
independent carriers/GPI-AP (CLIC/GEEC) endocytosis (Johannes et al., 2015). The primary
vesicles internalised through these pathways can undergo homotypic fusion or fuse with
sorting/early endosomes (Parton et al., 2013, Di Fiore et al., 2014, Irannejad et al., 2014, Mayor

et al., 2014). Molecules can then be sorted and translocated via recycling endosomes back to the
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plasma membrane, towards lysosomes for degradation, or towards the trans-Golgi network

(Huotari et al., 2011, ElKin et al., 2016).

1.3.4 Lipid composition of the plasma membrane

The plasma membrane has a diverse and heterogenous composition of lipids that can interact with
membrane-bound proteins (van Meer 2005, Lu et al., 2018). The lipids in the plasma membrane
have previously been separated into detergent-soluble and detergent-resistant fractions (Yu et al.,
1973). Further research of the lipid compositions have led to the identification of
glycosphingolipids, cholesterol and saturated phospholipids comprising the detergent-resistant
fraction (Amigo et al., 1999, van Meer 2005, Van Meer et al., 2008). Previously, these detergent-
resistant lipids were hypothesised to form rigid and organised lipid raft microdomains. However,
with the development of more sensitive techniques with greater resolution, these lipids have been
observed to have transient, energetically favourable interactions (Simons et al., 2004, Lu et al.,
2018). The depletion of sterols using methyl-B-cyclodextrin resulted in altered signal transduction
as well as protein trafficking (Simons et al., 2000). Cholesterol has been implicated as an allosteric
regulator of signalling and may also play a role in the organisation of signalling molecules through
adaptor and scaffolding proteins such as the post-synaptic density 95, disc large 1, and zonular
occludens 1 (PDZ) proteins (Sheng et al., 2012, Song et al., 2014). The depletion of cholesterol
by methyl-B-cyclodextrin resulted in the loss of caveolae and the formation of unstable or aborted
clathrin coated pits which were recovered with the replenishment of cholesterol (Sinha et al., 2011,
Kim et al., 2017). These observations indicated that the enrichment of cholesterol in caveolae and

clathrin coated pits are required for stable vesicle formation and subsequent internalisation.
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1.3.5 Endosomal acidification

Endosomes are highly-regulated dynamic tubule-vesicular networks that exchange membranes
and protein cargo throughout the cell to regulate most cell processes. Each endosomal subtype is
closely related but occupy distinct intracellular regions and favour distinct cargo due to differences
in protein composition and pH (Doherty et al., 2009, Huotari et al., 2011). Complex, membrane-
associated proton pumps, V-ATPases, regulate the luminal pH of endosomal compartments. V-
ATPases increase positive ions within the lumen and hence acidify vesicles (Beyenbach et al.,
2006, Marshansky et al., 2008). Distribution of VV-ATPase concentrations on different endosomal
membranes account for the asymmetry in pH between early endosomes, late endosomes, and
lysosomes (Beyenbach et al., 2006, Marshansky et al., 2008, Huotari et al., 2011). Furthermore,
asymmetric pH environments provide another means by which molecules that are endocytosed can
be sorted and trafficked, due to its influence on interactions with respective targets (Huotari et al.,
2011). For example, acidification of endosomes can promote ligand protonation to provide
favourable conditions for hydrolytic reactions and the binding or release of ligands by receptors
and enzymes. The metallopeptidase, endothelin converting enzyme 1 and the protease, B-secretase
are just some examples that highlight the importance of distinct pH environments. Both proteases
are membrane bound; however, they only exist in an active conformation when they are in the
acidic environment of an endosome (Roosterman et al., 2007, Rajendran et al., 2008). During
endosomal maturation, endosomal compartments are acidified to a pH of 6.1-6.8 in early
endosomes, 6.0-4.8 in late endosomes and approximately 4.5 in lysosomes (Figure 1.7). These
differences provide distinct pH environments between each endosomal compartment and other

intracellular organelles (Mellman et al., 1986, Doherty et al., 2009, Huotari et al., 2011)
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1.3.6 Endosomal protein composition

The plasma membrane and endosomal compartments have unique compositions of regulatory
proteins for sorting. The Ras-like proteins in the brain (Rab) family consist of 61 members and
comprise the largest subfamily of small GTPases of the Ras family (Pereira-Leal et al., 2001). Rab
proteins are localised across the entire endosomal network for the regulation of vesicle budding,
endosomal tethering, fusion and motility (Zerial et al., 2001, Huotari et al., 2011). The spatial
separation and localisation of the Rab proteins correlate with their functions (Zerial et al., 2001).
For example, the Rab22 protein localised in early endosomes is associated with membrane and
protein trafficking to recycling endosomes (Mohrmann et al., 1999, Kauppi et al., 2002). Given
the distinct localisation of the Rab proteins, they are commonly used as fluorescent fusion proteins

and have been useful tools for the identification of endosomal compartments.
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endolysosomes to the transgolgi network (TGN) to be shuffled to the endoplasmic reticulum (ER)

or plasma membrane for recycling (Mercer et al., 2010). Adapted from Mercer et. al., 2010.

1.4 Drug molecule design

To direct a drug into the endosomal network by associating it with a membrane, the overall
construct must consist of three main components: a water-soluble drug, a linker and a lipid. The
construct is a simple concept, however, there are many factors to consider in the construct design
to ensure the drugs are delivered to the correct intracellular compartment, as well as retaining, or

optimising the potency of the drug.

1.4.1 Lipid modifications to peptidic drugs

Membrane associated proteins account for 25-40% of proteins in the cell membrane. These
associations with cellular membranes are attributed to either proteinaceous or lipid-anchors that
partition into the phospholipid bilayer (Levental et al., 2010). Typically, for a protein to partition
into the hydrophobic environment of the plasma membrane, protein anchors are required that
comprise of a-helices or -sheets where the hydrophobic chains of the amino acids face outwards
(Lodish et al., 1995, Levental et al., 2010). It has been hypothesised that transient, but distinct
distributions of lipids are involved in the promotion of signalling and protein interactions by
dictating the spatial organisation of membrane bound proteins (Simons et al., 1997, Simons et al.,
2000, Simons et al., 2000, Allen et al., 2007). An example of the spatial organisation of lipids is
during endocytosis, in which caveolae and clathrin-coated pits have a high density of cholesterol
which has supports lipid packing to allow for pit formation (Sinha et al., 2011, Kim et al., 2017).

Selectivity of transfer of lipids into different regions of the plasma membrane can be used to
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influence the partitioning of peptides into specific regions of the plasma membrane and to direct
peptides to different endosomal fates (Levental et al., 2010, Lingwood et al., 2010).

The lipid moiety increases the affinity of the drug for the plasma membrane (Rajendran et
al., 2008, Rajendran et al., 2012). The lipid embeds into the lipid bilayer of the plasma membrane
and therefore can be internalised by endocytic processes. Cholestanol, a sterol, is expected to be
enriched in membranes forming clathrin coated pits and caveolae, thereby increasing the likelihood
of endocytic uptake (Levental et al., 2010, Rajendran et al., 2012). Linning et al. explored the
effect of lipid variations on the potency of an inhibitor GL189 to target the membrane-bound f-
secretase, which is localised in lipid rafts (Linning et al., 2012). Calculated EC50 values from
concentration response data for dihydrocholesterol and cholesterol, lipid raft anchors, were 0.74
nM and 0.39 nM respectively (Schieb et al., 2010, Linning et al., 2012). Long chained lipid
alcohols, myristyl (C14) and lignoceryl (C24) were significantly less potent than the sterol anchors,
with calculated values of 177.01 nM 7.66 nM respectively (Linning et al., 2012). The changes in
potency of the inhibitor from different membrane anchors emphasise the potential of targeting by

lipid-conjugation and the importance of selecting an appropriate anchor.

1.4.2 Drug substitution position

The main objective of this strategy is to deliver the drug without compromising its activity.
Therefore, the linker should be conjugated at a position on the drug that will not interfere with
drug-target binding. The importance of linker substitution location was examined by Linning et
al. who demonstrated the importance of this concept by testing three lipidated molecules that
varied only in the linker substitution position on the drug molecule, a 3-secretase inhibitor (Linning

et al., 2012). Of the three variants of the B-secretase inhibitor construct, two of the constructs
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increased the potency of the drug; one of which increased the potency by ~9 fold from EC50= 863
nM to EC50= 9.7 nM. In contrast, the last variant of the inhibitor rendered the molecule inactive

(Linning et al., 2012).

1.4.3 Linker selection

For a given drug, the linker and the lipid are structural determinants of utility and can be optimised
to target specific substructures. The linker essentially tethers the drug and lipid components
together. It has previously been hypothesised that optimising the chain length should improve the
proximity of the drug and the target (Miriam et al., 2011, Folk et al., 2012). Rajendran et al.
demonstrated the necessity of the PEG linker in a study by directly conjugating the B-secretase
inhibitor to cholestanol for comparison with a cholestanol tethered inhibitor via an 89 A PEG
chain. B-secretase is responsible for the cleavage of APP into sSAPPJ fragments and changes in
sAPPp produced were attributed to inhibition by the drug construct (Rajendran et al., 2008). The
results showed that the B-secretase inhibitor directly conjugated to the cholestanol was inactive
relative to a vehicle control. Comparatively, the inhibitor tethered to the cholestanol via an 89 A
PEG chain elicited a decrease in SAPPB by 80% (Rajendran et al., 2008). However, more recent
investigations of variations in linker types and lengths between 26 and 96 A has indicated no
significant correlation between linker properties and response to a the -secretase inhibitor (Schieb
etal., 2010). Therefore, findings in previous studies of the role of the linker suggests that the linker
IS a necessary structural component of a lipid-conjugated drug, however, the function of the
construct is tolerable to variation in linker length and type (Rajendran et al., 2008, Schieb et al.,

2010).
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1.5 Scope of thesis

NK:R is widely expressed in mammals and is a key contributor to many important physiological
functions including wound healing, gut motility and pain transmission. However, the dysregulation
of NK1R signalling and distribution has been demonstrated to contribute to disease etiology and
ongoing pathology. Currently, there are high affinity, potent and selective NK1iR antagonists
available. However, many antagonists have been unsuccessful clinically, possibly due to the
distribution of NK1R into endosomes, lack of species selectivity, lack of efficacy for unknown
reasons or due to unwanted side effects profiles (Steinhoff et al., 2014). This hypothesis is
supported by cell-based experiments which indicate that the NKiR can continue to signal
endosomally, leading to sustained ERK signalling (Cottrell et al., 2009, Cattaruzza et al., 2013,
Jensen et al., 2014). Further, positron emission tomography of [*F]SPA-RQ in the brains of
patients suffering two forms of chronic pain demonstrated a reduction in the density of NKiR
which may be due to constitutive activation and internalisation (Jarcho et al., 2013). Although the
physiological effects of intracellular signalling of the NK1R remain unknown, the lack of drugs
available for chronic pain and inflammatory diseases may be due to limited access to the
internalised receptor. Therefore, it is important to design drugs and delivery methods to enhance
the delivery of NK1R antagonists to endosomal compartments for treating chronic pain diseases.
Methods for targeting drugs to specific tissues and organs are well established and can improve
drug uptake at the site of action. However, the therapeutic potential of using delivery devices to
target drugs to specific subcellular compartments has not been explored. Therefore, the focus of
this thesis was to investigate and characterise lipid conjugation and pH-dependent nanoparticles
as endosomal drug delivery strategies to improve cellular uptake, promote distinct patterns of

intracellular localisation and ultimately improve drug action.
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In chapter 2, blocking the internalisation of NK:R attenuated the intracellular signalling
in cell lines, prompting an investigation into the role of NK1R internalisation in the signalling of
primary DRG and nociception in vivo. The internalisation of NK1R was determined as a necessary
cellular mechanism for sustained nociception. Here, we also characterise lipid-conjugate drugs and
demonstrate the improved localisation, distribution, affinity and potency of Spantide I in cell lines,
primary DRGs and in mouse models.

To characterise lipid-conjugated compounds in the context of their biophysical and
molecular dynamic properties, in chapter 3, FCS was used to determine the concentration and
diffusion of the probes. Experiments in solution revealed that the lipid-conjugated, and a lipid-free
control probe non-specifically bind to reduce measured concentrations. Although the addition of
FBS prevented non-specific binding, not all the lipid-conjugate probe concentrations were
recovered. Together with the data from chapter 2, these FCS results suggest that despite the lower
concentration of the lipid-conjugated NK:R antagonist in solution, the probe can still access the
NK:R and inhibit NK1R intracellular signalling.

Given the localisation of lipid-conjugated probes in multiple intracellular locations,
including the plasma membrane, the use of pH responsive nanoparticle as endosomal drug carriers
was investigated in chapter 4. However, many polymeric pH-responsive nanoparticles have been
demonstrated to induce polycation-dependent cytotoxicity. Therefore, in this thesis a protective
diethylene glycol monomer has been investigated and identified which prevents cytotoxicity to
demonstrate that these pH responsive nanoparticles may offer a suitable approach for selective

delivery drugs into endosomes.
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Chapter 2

Investigating lipid-conjugation as a tool for delivering drugs
to internalised Neurokinin 1 Receptors

In this chapter, the signalling and translocation of the NK1R is explored in depth to elucidate the
complete signalling repertoire. The spatial and temporal profile has been studied in the context of
cell lines, primary tissue, and isolated primary cells. To understand the physiological consequences
of intracellular NK1R signalling, behavioural studies were performed in mice. This chapter also
explores the use of lipid-conjugation to promote the delivery of a soluble NK:R antagonist to
endosomes to inhibit intracellular NK:R signalling and subsequent physiological effects. The
chapter has been divided into two parts. Part |, consists of a published paper titled, “Neurokinin 1
receptor signaling in endosomes mediates sustained nociception and is a viable therapeutic target
for prolonged pain relief,” which focuses on the intracellular signalling cascade of the NKR and
the physiological consequences of compartmentalised signalling. In this paper lipid-conjugation
was demonstrated as an approach to targeting drugs toward endosomes to inhibit intracellular
NK1R signalling. In Part Il, the focus is on the characterisation of lipid-conjugated probes to extend
the study in Part | and allow for a more comprehensive understanding of lipid-conjugation as a
drug delivery tool. This includes the characterisation of the drug binding, activity, and distribution
properties at the plasma membrane and in a range of organelles. To investigate the effect of lipid-
conjugation on endocytosis and drug kinetics, two different administration protocols were applied.
Together, the two parts of this chapter provide a comprehensive understanding of intracellular

NK1R signalling and lipid-dependent drug delivery.
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Part I: Neurokinin 1 receptor signalling in endosomes
mediates sustained nociception and is a viable therapeutic
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Typically considered to be cell surface sensors of extracellular signals, heterotrimeric GTP-binding protein (G protein)-
coupled receptors (GPCRs) control many pathophysiological processes and are the target of 30% of therapeutic
drugs. Activated receptors redistribute to endosomes, but researchers have yet to explore whether endosomal re-
ceptors generate signals that control complex processes in vivo and are viable therapeutic targets. We report that the
substance P (SP) neurokinin 1 receptor (NK;R) signals from endosomes to induce sustained excitation of spinal neu-
rons and pain transmission and that specific antagonism of the NK;R in endosomes with membrane-anchored drug
conjugates provides more effective and sustained pain relief than conventional plasma membrane-targeted antago-
nists. Pharmacological and genetic disruption of clathrin, dynamin, and B-arrestin blocked SP-induced NK;R endocy-
tosis and prevented SP-stimulated activation of cytosolic protein kinase C and nuclear extracellular signal-requlated
kinase, as well as transcription. Endocytosis inhibitors prevented sustained SP-induced excitation of neurons in spinal
cord slices in vitro and attenuated nociception in vivo. When conjugated to cholestanol to promote endosomal tar-
geting, NK;R antagonists selectively inhibited endosomal signaling and sustained neuronal excitation. Cholestanol
conjugation amplified and prolonged the antinociceptive actions of NK;R antagonists. These results reveal a critical
role for endosomal signaling of the NK;R in the complex pathophysiology of pain and demonstrate the use of en-

dosomally targeted GPCR antagonists.

INTRODUCTION
Whereas acute pain allows avoidance of injury and is essential for sur-
vival, chronic pain accompanies disease (for example, inflammatory
diseases and neuropathies) and therapy (for example, chemotherapy),
afflicts 20% of individuals at some point of their lives, and is a major
cause of suffering (1). The mechanisms that underlie the transition be-
tween acute (physiological) and chronic (pathological) pain and that
sustain chronic pain are unknown. Current therapies for chronic pain
are often ineffective or produce unacceptable side effects. The opioid
epidemic, a leading cause of medication-induced death, highlights the
need for improved pain therapy (2).

With almost 1000 members in humans, heterotrimeric GTP-
binding protein (G protein)-coupled receptors (GPCRs) are the largest
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receptor family, participate in most physiological and patho-
physiological processes, are the target of ~30% of therapeutic drugs
(3), and control all steps of pain transmission (1, 4). GPCRs at the
peripheral terminals of primary sensory neurons detect ligands from
inflamed and injured tissues, and GPCRs control the activity of
second-order spinal neurons that transmit pain signals centrally. Al-
though GPCRs are a major therapeutic target for chronic pain, most
GPCR-targeted drugs for pain have failed in clinical trials, often for
unknown reasons (4, 5).

GPCRs are conventionally viewed as cell surface receptors that de-
tect extracellular ligands and couple to G proteins, which trigger plas-
ma membrane-delimited signaling events (second messenger
formation, growth factor receptor transactivation, and jon channel
regulation). Activated GPCRs associate with p-arrestins (BARRs),
which uncouple receptors from G proteins and terminate plasma
membrane signaling. BARRs also couple receptors to clathrin and
adaptor protein-2 and convey receptors and ligands to endosomes
(6). Once considered merely a conduit for GPCR trafficking, endo-
somes are a vital site of signaling (4, 7, 8). BARRs recruit GPCRs and
mitogen-activated protein kinases to endosomes and thereby mediate
endosomal GPCR signaling (9, 10). Some GPCRs in endosomes acti-
vate Ga, G proteins, suggesting endosomal cyclic adenosine monophos-
phate (cAMP)-dependent signaling (11, 12). GPCR/G protein/BARR
complexes also contribute to sustained signaling by internalized receptors
(13). Although a growing number of GPCRs can signal from endosomes,
the mechanisms and outcomes of endosomal signaling are incompletely
understood, and its relevance to complex pathophysiological processes
in vive is unexplored. Drug discovery programs aim to identify ligands for
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cell surface GPCRs, and whether endosomal GPCRs are a therapeutic
target remains to be determined.

We examined the contribution of endocytosis of the neurokinin 1 re-
ceptor (NK,R) to substance P (SP)-mediated nociception. Painful
stimuli release SP from the central projections of primary sensory neu-
rons in the dorsal horn of the spinal cord, where SP induces endocytosis
of the NK|R in second-order neurons, which integrate nociceptive
signals (5, 14). The NK;R may also be internalized in pain-sensing re-
gions of the brain of patients with chronic pain (5, 15). We hypothesized
that endosomal signaling is a critical but unappreciated contributor to
pain transmission and that targeting NK;R antagonists to sites of endo-
somal signaling might provide an effective route to pain relief. Thus, the
clinical failure of conventional NK;R antagonists for the treatment of
chronic pain and other chronic conditions associated with NK;R endo-
cytosis (5) might relate to their inability to target and antagonize the
NK;R within multiprotein signalosomes of acidified endosomes.

RESULTS

Clathrin, dynamin, and BARRs mediate NK;R endocytosis
To quantify NK;R endocytosis, we used bioluminescence resonance
energy transfer (BRET) to assess NK;R proximity to BARRs and resi-
dent proteins of plasma membranes (KRAS) and early endosomal
membranes (RAB5A) in human embryonic kidney (HEK) 293 cells
(fig. S1A). SP (1 or 10 nM) increased NK,R-RLUC8/BARR1/2-yellow
fluorescent protein (YFP) BRET (fig. S1, B and C), which is consistent
with BARR-mediated NK,R endocytosis (16). SP decreased NK,R-
RLUCS8/KRAS-Venus BRET and concomitantly increased NK;R-RLUCS/
RAB5A-Venus BRET (fig. S1, D to G), indicating NK;R endocytosis.
The dynamin inhibitor Dyngo-4a (Dy4) (17), the clathrin inhibitor
Pitstop-2 (PS2) (18), and a dominant-negative version of dynamin (K44E)
(19) inhibited NK| R endocytosis, whereas inactive analogs (Dy4 inact and
PS2 inact) and wild-type (WT) dynamin had no effect. Dynamin K44E
increased the NK;R-RLUC8/BARR1/2-YFP BRET, suggesting that
dynamin-dependent translocation of the NK;R/BARR from the plas-
ma membrane to endosomes initiates NK;R/BARR dissociation (fig.
S1H). Dy4 and PS2 also inhibited endocytosis of fluorescent Alexa Fluor
568-SP in HEK-NK;R cells, causing retention in punctate structures
(fig. S1I). These structures may represent ligand/receptor clusters in in-
vaginated pits in cells treated with Dy4 or at the plasma membrane in
cells treated with PS2. Thus, BARRs, clathrin, and dynamin mediate SP-
induced NK;R endocytosis.

NK;R endocytosis mediates SP signaling in

subcellular compartments

To study the link between GPCR endocytosis and signaling in sub-
cellular compartments with high spatiotemporal fidelity, we expressed,
in HEK293 cells, the NK; R and fluorescence resonance energy transfer
(FRET) biosensors for cytosolic (CytoEKAR) or nuclear (NucEKAR)
extracellular signal-regulated kinase (ERK) activity, plasma membrane
(pmCKAR) or cytosolic (CytoCKAR) protein kinase C (PKC) activity,
and plasma membrane (pmEpac2) or cytosolic (CytoEpac2) cAMP (fig.
S2A) (20). SP (1 nM) induced a gradual and sustained activation of nu-
clear ERK (Fig. 1, A to C) and a rapid and sustained activation of cyto-
solic PKC (Fig. 1, D to F) and cAMP (Fig. 1, G to I). SP rapidly and
transiently activated cytosolic ERK (fig. S2, B and C), did not affect plas-
ma membrane PKC (fig. S2, D and E), and increased plasma membrane
cAMP (fig. S2, F and G). Inhibitors of clathrin (PS2) and dynamin
(Dy4) abolished SP stimulation of nuclear ERK (Fig. 1, A to C), cytosolic

Jensen et al., Sci. Transl. Med. 9, eaal3447 (2017) 31 May 2017

PKC (Fig. 1, D to F), and cytosolic cAMP (Fig. 1, G to I), indicating a
requirement for endocytosis. In contrast, PS2 and Dy4 did not affect SP
activation of cytosolic ERK (fig. S2, B and C) or plasma membrane
cAMP (fig. S2, F and G), which do not require endocytosis, but ampli-
fied plasma membrane PKC activity (fig. S2, D and E). Expression of
dynamin K44E, but not dynamin WT, prevented SP stimulation of
nuclear ERK (Fig. 1, ] to L). Dynamin K44E did not prevent SP stimu-
lation of cytosolic ERK but caused the response to become sustained
when compared to dynamin WT (fig. S2, H to J). Knockdown of dyna-
min-1 and clathrin heavy chain with small interfering RNA (siRNA)
(fig. S2, K and L) prevented SP activation of nuclear ERK (Fig. 1, M
and N).

Transcription is a major endpoint of GPCR signaling, including ac-
tivation of nuclear ERK. The B,-adrenergic receptor signals from en-
dosomes to regulate transcription (21). To investigate the contribution
of NK;R endocytosis to SP-stimulated transcription, we expressed in
HEK-NK;R cells a reporter encoding secreted alkaline phosphatase
(SEAP) under control of the serum response element (SRE) tran-
scription factor. SP (10 nM) stimulated SRE-SEAP secretion after 4
and 24 hours, indicating stimulated transcription (Fig. 10). Dynamin
K44E abolished SP-stimulated transcription at both times. Dynamin
K44E reduced the efficacy but not the potency of SP-induced
transcription, measured after 24 hours (fig. S2M). Thus, NK;R endocy-
tosis is required for SP stimulation of transcription.

We have previously shown that BARRs mediate NK;R endosomal
signaling and nuclear ERK activation (9, 22, 23). To examine the con-
tribution of G proteins to endosomal NK| R signaling, we used BRET to
study SP-induced trafficking of Ga, subunits to early endosomes
containing RAB5A. SP (0.1 to 10 nM) decreased NK;R-RLUCS8/
KRAS-Venus and increased NK;R-RLUC8/RAB5A-Venus BRET,
demonstrating endocytosis, and decreased Goy-RLUC8/Gy,-Venus
BRET, consistent with G protein activation (Fig. 2, A to C, and fig.
$3, A to C). SP increased Go,-RLUC8/RAB5A-Venus BRET, which
indicates Go,q translocation to early endosomes that contain the inter-
nalized NK;R (Fig. 2D and fig. S3D). In SP-stimulated cells, NK,R-
immunoreactivity (IR) and Ga,-IR colocalized with early endosomal
antigen 1 (EEA1)-IR (Fig. 2, E and F); IR was detected using immu-
nofluorescence and super-resolution microscopy.

The Ga,y inhibitor UBO-QIC prevented SP activation of nuclear
ERK (Fig. 2G and fig. S3E), which also depends on BARRs and PKC
but not on epidermal growth factor receptor transactivation (9, 22, 23).
UBO-QIC, the phospholipase C (PLC) inhibitor U73122, and the Ca**
chelator EGTA prevented activation of cytosolic PKC (Fig. 2H and
fig. S3F), which is consistent with a Gag, PLC, and Ca**-dependent
PKC pathway. UBO-QIC, the PKC inhibitor GF109203X, and EGTA,
but not the Go, inhibitor NF449, prevented SP generation of cytosolic
cAMP (Fig. 21 and fig. S3G), supporting a role for Go-mediated ac-
tivation of Ca®*-dependent PKC in the generation of cAMP. UBO-QIC
did not affect NK;R endocytosis (fig. S3H). In addition to inhibiting
PKCa (4% control), GF109203X (Bis-1) also inhibits other kinases
(24), which may also contribute to SP signaling. These results sup-
port the hypothesis that SP and the NK; R signal from endosomes by
Gog-mediated mechanisms to activate nuclear ERK and cytosolic
PKC and cAMP.

Endocytosis mediates sustained SP-evoked excitation of
spinal neurons

The NK;R mediates nociceptive transmission in second-order spinal
neurons, where painful stimuli induce SP release, NK;R endocytosis,
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and ERK activation (5, 14, 25). SP causes persistent NK;R-dependent
excitation of spinal neurons by unknown mechanisms (26). To evaluate
whether NK,R endosomal signaling mediates this sustained excitation,
we made cell-attached patch clamp recordings from NK;R-positive
neurons in lamina I of the dorsal horn in slices of rat spinal cord. SP
(1 pM, 5 min) stimulated NK;R-IR endocytosis in spinal neurons
(Fig. 3, A and B, and movies S1 to $4). Brief exposure to SP (1 uM,
2 min) triggered rapid-onset action potential firing that was sustained
after washout (Fig. 3, C to E). Dy4 but not Dy4 inact inhibited NK;R
endocytosis. Dy4 did not affect the initial onset of SP-induced firing
but prevented the sustained response, reducing both the firing rate and
firing time, whereas Dy4 inact had no effect. The SP-induced firing
rate (events per 2 min, normalized to rate at 2 min) was 342.1 +
120.7 with Dy4 and 569.0 + 187.6 with Dy4 inact [P < 0.05, analysis
of variance (ANOVA), SidaK’s test].

To define the signaling pathway that mediates SP-evoked excitation
of spinal neurons, slices were preincubated with inhibitors of mitogen-
activated protein kinase kinase (MEK) (U0126), PKC (GF109203X), or
vehicle (control). U0126 inhibited the SP-induced firing time of lamina
I neurons by 67.5 + 8.3% (control: 10.01 + 1.8 min, n = 10 cells from
eight rats; U0126: 3.2 + 0.8 min, n = 6 cells from six rats; P < 0.05,
ANOVA, Dunn’s test) (Fig. 3, F to H). GF109203X reduced SP-induced
firing time of lamina I neurons by 56.8 + 8.2% (control: 10.01 + 1.8 min,
n =10 cells from eight rats; GF109203X: 4.33 + 0.82 min, n =7 cells from
four rats; P < 0.05, ANOVA, Dunn’s test). U0126 and GF109203X re-
duced the number of SP-stimulated action potentials by 84 + 5% and
61 + 15%, respectively, compared to controls.

Dy4 did not affect the generation of excitatory postsynaptic currents
(EPSCs) in lamina I/II, neurons in response to primary afferent stim-
ulation (Fig. 3, Iand J). PS2 and Dy4 did not affect capsaicin-stimulated
release of SP or calcitonin gene-related peptide (CGRP) from segments
of mouse dorsal spinal cord (Fig. 3, K and L). Thus, NK;R endocytosis
and resultant ERK and PKC signaling mediate sustained SP-induced
firing of spinal neurons. The effects of dynamin and clathrin inhibitors
in the spinal cord are unrelated to changes in glutaminergic-mediated
fast synaptic transmission or the exocytosis of neuropeptides.

Clathrin, dynamin, and BARRs mediate NK;R endocytosis
and nociception in vivo

To determine the involvement of dynamin and clathrin in NK,R endo-
cytosis in vivo, we injected Dy4, PS2, inactive analogs, or vehicle intra-
thecally (L3/L4) to rats. After 30 min, vehicle or capsaicin was
administered by intraplantar injection. The spinal cord was removed
10 min later, and the NK;R was localized by immunofluorescence
and confocal microscopy. In vehicle-treated control rats, the NK;R-
IR was mostly at the plasma membrane of lamina I neurons (%
NK;R-IR within 0.5 um of plasma membrane, 80.7 + 1.6; n = 3 rats,
6 neurons analyzed per rat) (Fig. 4, A and C, and movie S5). Intraplantar
injection of capsaicin stimulated NK;R endocytosis (42.1 + 5.6; P =
0.0027 to control, Student’s ¢ test) (movie S6). Intrathecal injection of
Dy4 or PS2, but not inactive analogs, inhibited capsaicin-stimulated
NK;R endocytosis [Dy4 (59.6 + 0.2) versus Dy4 inact (49.9 + 0.8), P =
0.0004 (Student’s ¢ test); PS2 (69.0 + 1.1) versus PS2 inact (51.9 +
1.3), P = 0.0135 (Student’s ¢ test)] (movies S7 to S10 and Fig. 4, A
and C). Painful peripheral stimuli activate ERK in NK;R-expressing
spinal neurons, which contributes to hyperalgesia (25). Intraplantar
capsaicin stimulated ERK phosphorylation in lamina I/IT dorsal horn
neurons (Fig. 4, B and D). Dy4 or PS2 prevented capsaicin-stimulated ERK
activation in spinal neurons. Thus, painful stimuli induce clathrin- and
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dynamin-dependent NK;R endocytosis in spinal neurons, which is re-
quired for ERK signaling.

Does NK;R endocytosis in spinal neurons mediate pain transmis-
sion? To evaluate the importance of the NK;R, clathrin, and dynamin
for nociception, we injected vehicle, NK;R antagonist SR140,333 (27),
Dy4, PS2, or inactive analogs intrathecally (L3/14) to mice. After 30 min,
vehicle or capsaicin was administered by intraplantar injection into one
hindpaw. Withdrawal responses were measured to stimulation of the
plantar surface of the ipsilateral (injected) and contralateral (nonin-
jected) hindpaws with von Frey filaments, and edema was assessed by
measuring thickness of the ipsilateral paw. In vehicle (intrathecal)-treated
mice, capsaicin caused mechanical allodynia and edema for 4 hours.
SR140,333 caused a partial and transient inhibition of capsaicin-induced
allodynia, whereas Dy4 and PS2, but not inactive analogs, caused a large
and sustained inhibition of allodynia (Fig. 4E and fig. S4A). Paw edema
was unaffected, confirming that after intrathecal injection, the drugs act
locally in the spinal cord (fig. S4B).

Dy4 and PS2 did not affect withdrawal responses of the contralateral
paw or rotarod latency, suggesting normal motor behavior (Fig. 4, F and
G). Intrathecal Dy4 also inhibited capsaicin-evoked mechanical allody-
nia in rat, which supports a role for dynamin in nociception in different
species (fig. S4C).

Intrathecal injection of dynamin-1 siRNA knocked down dynamin-
1-IR (fig. $4D) and inhibited capsaicin-evoked allodynia after 24
and 48 hours in mice (Fig. 4H and fig. S4E). Intrathecal BARR1/2
siRNA knocked down BARR1/2 mRNA (fig. S4F) and inhibited
capsaicin-evoked allodynia at 36 hours (Fig. 41). siRNAs did not affect
withdrawal responses of the contralateral paw (fig. $4, G and H),
consistent with normal motor function.

Endocytosis and subsequent recycling mediate resensitization and
sustained signaling of several GPCRs, including the NK;R (28). Thus,
the antinociceptive actions of endocytic inhibitors could be due to dis-
rupted resensitization of plasma membrane signaling rather than to im-
paired endosomal signaling. Endothelin-converting enzyme-1, which is
coexpressed with the NK|R in spinal neurons (22), degrades SP in en-
dosomes and thereby promotes recycling and resensitization of the
NK|R (29). However, intrathecal injection of SM-19712, an inhibitor
of endothelin-converting enzyme-1 that prevents NK;R recycling and
resensitization (29), had no effect on capsaicin-induced allodynia (Fig.
4]). These results suggest that the analgesic actions of endocytic inhibi-
tors are unrelated to disrupted resensitization. Consistent with a role for
NK;R endocytosis and BARRs in SP-evoked nuclear ERK signaling (9),
intrathecal MEK inhibitor U0126 inhibited capsaicin-evoked allodynia
(Fig. 4K) (25).

The effects of inhibitors of dynamin and clathrin on non-
inflammatory and inflammatory pain were examined. Intrathecal
injection of Dy4 and PS2 blunted both the early (noninflammatory)
and late (inflammatory) phases of the nocifensive response to intra-
plantar formalin (Fig. 4L). When injected intrathecally 36 hours after
intraplantar injection of complete Freund’s adjuvant (CFA), which
causes sustained inflammatory pain, inhibitors of dynamin and
clathrin reversed preexisting mechanical hyperalgesia (Fig. 4M).
The NK;R was robustly internalized in spinal neurons of mice after
intraplantar injection of capsaicin, formalin, and CFA (fig. S5, A to
D). Intrathecal injection of Dy4 prevented capsaicin- and formalin-
induced NK;R endocytosis and reversed CFA-induced NK;R endo-
cytosis. These results suggest that clathrin and dynamin mediate
pain-evoked endocytosis of NK;R in spinal neurons, which is re-
quired for nociception.
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Fig. 3. NK;R endocytosis and neu-
ronal excitation in spinal cord slices.
(A) Effect of Dy4 and Dy4 inact on
SP-induced endocytosis of NK;R-IR
in rat spinal neurons. Arrows, inter-
nalized; arrowheads, cell surface
NK;R. (B) Quantification of endocy-
tosis. ¥*%P < 0,0001. Eighteen neu-
rons per group (six neurons in slices
from n = 3 rats). (C to H) Effects of
Dy4, Dy4 inact, U0126 (MEK inhibi-
tor), and GF109203X (PKC inhibitor)
on SP-induced firing of rat spinal neu-
rons. (C and F) Representative traces.
(D and G) Firing rate normalized to
2 min. (E and H) Firing duration to last
action potential. Six to 7 neurons per
group from n = 8 to 17 rats. *P < 0.05,
**pP < 0.01. (I and J) Effect of Dy4
and Dy4 inact on EPSC in lamina V/ll,
induced by primary afferent stimula-
tion, n = 11 neurons. (K and L) Effects
of Dy4, PS2, and inactive analogs on
capsaicin-stimulated SP-IR (K) and
CGRP-IR (L) release from segments of
mouse spinal cord. n = 6 experiments.
ANOVA, Tukey’s test (B); Sidak’s test
(D and G); Dunn’s test (E and H).

Disruption of NK;R/BARR
interactions inhibits NK;R
endocytosis and
nociception in vivo

To substantiate involvement of
NK;R endocytosis in nocicep-
tion, we devised a pharmaco-
logical approach to inhibit
NK,R/BARR interactions and
NK;R endocytosis. G protein
receptor kinases (GRKs) phos-
phorylate $/T-rich regions in
the C terminus of GPCRs,
which interact with BARRs
(30). A deletion mutant
NK;R58311 lacks the C termi-
nus and corresponds to a natu-
rally occurring NK;R variant
(Fig. 5A) (5). NK;R8311 was
normally expressed at the plas-
ma membrane of HEK293 cells
but did not associate with
BARRSs or internalize (Fig. 5, B
and C, and fig. S6, A to C). In
HEK-NK;R8311 cells, SP stim-
ulated cytosolic but not nuclear

ERK and did not affect transcription activity, consistent with endocytosis-
dependent nuclear ERK signaling and transcription (Fig. 5, D and E).
Peptides corresponding to predicted phosphorylation sites in the C ter-
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minus of mouse NK;R were conjugated to membrane-penetrating Tat
peptide (Fig. 5A). A combination of three peptides inhibited SP-induced
NK;R-RLUC8/BARR2-YFP BRET and prevented SP-induced NK;R
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Fig. 4. NK;R endocytosis,
ERK signaling, and noci-
ception in vivo. Effects of
intrathecal (i.t.) injections of
inhibitors or siRNA. (A and
B) Localization of NK;R-IR
(A) and pERK-IR (B) in rat spi-
nal neurons 10 min after in-
traplantar (i.pl.) vehicle or
capsaicin (Cap). L, lamina.
(A) Arrowheads show cell
surface and arrows show en-
dosomal NK;R. (B) Arrows
show pERK-IR (green) and
red shows NeuN (neuronal
marker). (C and D) Quantifi-
cation of NK;R endocytosis
(C) and pERK-expressing neu-
rons (D). **P < 0.01, **P <
0.001. Neuronal numbers: Veh,
54; capsaicin, 52; Dy4, 28; Dy4
inact, 18; PS2, 22; PS2 inact,
19 (=6 neurons in sections
from n = 3 rats). (E, F, H, to
K) Nociception in mice after
intrathecal injection of endo-
cytic inhibitors (Dy4, PS2),
NK;R antagonist (SR140,333;
SR), dynamin-1 siRNA, BARR1/2
siRNA, endothelin-converting
enzyme-1 inhibitor (SM-19712;
SM), or MEK inhibitor (U0126).
von Frey withdrawal responses
of capsaicin-injected (E and H
to K) or contralateral (F) paw.
(G) Rotarod latency. (L) Forma-
lin (form) nocifensive behavior.
(M) von Frey withdrawal re-
sponses of the CFA-injected
paw. *P < 005, ¥P < 001, **P <
0.001, ****P < 0.0001, to con-
trol. Student’s t test (C and D);
ANOVA, Dunnett’s test (E to M).

endocytosis, compared to
a control peptide, suggest-
ing effective disruption of
NK;R/BARR interactions
(Fig. 5, F and G). When
injected intrathecally, in-
hibitors of NK;R/BARR
interactions suppressed
capsaicin-evoked allody-

nia and formalin-induced nociceptive behavior and reversed CFA-
induced hyperalgesia (Fig. 5, H to J). Together, these results support
a role for BARR-mediated NK;R endocytosis and endosomal signaling

in nociception.
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Lipid conjugation delivers NK;R antagonists to endosomes
and selectively blocks sustained endosomal signals
We observed that clathrin, dynamin, and BARR inhibitors and siRNA,

including selective inhibitors of NK,;R/BARR interactions, suppress
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SP-induced NK;R endocytosis, compartmentalized signaling,
transcription, and neuronal excitability, and have antinociceptive
actions. These findings support the hypothesis that endosomal
NK;R signaling underlies sustained neuronal excitation and nocicep-
tion. Thus, selective antagonism of endosomal receptors could be
an effective treatment for pain. To investigate this possibility and
to provide direct evidence for the importance of endosomal signaling
for nociception, we devised an approach to deliver and concentrate
GPCR antagonists in early endosomes.

Lipid conjugation anchors drugs at membrane surfaces and pro-
motes endosomal delivery (31). We synthesized tripartite probes com-
posed of cholestanol (Chol; promotes membrane insertion and
anchoring) or ethyl ester (control; no membrane anchoring), a flexible
polyethylene glycol (PEG) linker, and a cargo of either cyanine 5 (Cy5)
for localization or spantide I (Span), a peptidic membrane-impermeant
NK;R antagonist (Fig. 6A) (32). In addition, we synthesized a probe
incorporating Span and Cy5 (Span-Cy5-Chol). When incubated with
HEK293 cells, Cy5-Chol inserted into the plasma membrane within
5 min, whereas Cy5-ethyl ester remained entirely extracellular (Fig. 6B
and movies S11 and S12). After 4 hours of continuous incubation,
Cy5-Chol was concentrated in RAB5A-positive early endosomes,
although Cy5-Chol was also detected at the plasma membrane
(Fig. 6C). When incubated with HEK-NK;R-green fluorescent protein
(GFP) cells for 4 hours, Cy5-Chol also colocalized with NK;R-GFP in
endosomes (cells were stimulated with SP to induce NK; R endocytosis)
(Fig. 6C). When HEK-NK;R-GFP cells were pulse-incubated with
Cy5-Chol for 30 or 60 min, washed, and allowed to recover for 4 hours,
Cy5-Chol was gradually removed from the plasma membrane and ac-
cumulated in NK;R-GFP-positive endosomes, although some probe
remained at the plasma membrane (fig. S7, A and C). Cy5-ethyl ester
was not taken up by cells after pulse incubation (fig. S7B). Quantifica-
tion of Cy5-Chol uptake after a 30-min pulse incubation indicated that
69% of cell-bound probe was internalized at 4 hours and 79% was inter-
nalized at 8 hours after washing (fig. S7D). After pulse incubation, Cy5-
Span-Chol trafficked to NK;R-GFP-positive endosomes (Fig. 6C). Dy4
inhibited uptake of Chol-conjugated tripartite probes, consistent with
constitutive dynamin-mediated endocytosis (fig. S7E).

We used FRET to quantify association of tripartite probes with the
NK;R in endosomes. NK;R with extracellular N-terminal SNAP-Tag
was expressed in HEK293 cells, and cell surface NK; R was labeled with
membrane-impermeant SNAP-Surface-549 (SNAP-549). SP (10 nM,
30 min) evoked translocation of SNAP-549-NK;R to endosomes
(Fig. 6D). Cells were treated with Cy5-Chol, and FRET between
SNAP-549-NK;R and Cy5-Chol was measured in regions of interest
within the cytosol. Cy5-Chol/SNAP-549-NK;R FRET was detected
after 5 min and increased for 60 min (Fig. 6, D and E, and movie S13).
FRET was not detected in control cells lacking NK;R (Fig. 6E).

Span-Chol antagonized SP [3 nM; 80% effective concentration
(ECg)]-stimulated Ca®* signaling in HEK-NK;R cells [minus log of
half maximal inhibitory concentration (pICs), 8.23 + 0.21 (Span)
and 8.44 + 0.29 (Span-Chol)] and thus retained activity. Because the
tripartite probe was concentrated in endosomes after 4 hours, we
examined NK;R endosomal signaling 4 hours after preincubation with
antagonists. When HEK-NKR cells were preincubated with Span-
Chol, Span, or SR140,333 for 30 min and then immediately challenged
with SP, all antagonists blocked nuclear ERK (Fig. 6, F and H) and
cytosolic ERK (fig. S8, A and C) activity, indicating effective antagonism
of cell surface NK;R. When cells were pulse-incubated with antagonists
for 30 min, washed, and stimulated with SP 4 hours later (to allow
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lipidated antagonists to concentrate in endosomes), Span-Chol alone
inhibited nuclear ERK (derives from endosomal NK;R) (Fig. 6, G
and H), and no antagonist inhibited cytosolic ERK (derives from plasma
membrane NK;R) (fig. $8, B and C). Span-Chol also prevented SP-
induced transcription. HEK-NK; R cells were incubated with Span or
Span-Chol for 30 min, washed, recovered for 4 hours, and then stimu-
lated with SP for 20 hours. Span-Chol abolished SP-stimulated SRE-SEAP
secretion (derives from endosomal NK;R), whereas unconjugated Span
was ineffective (Fig. 6I). However, when continuously incubated with
antagonists, both Span-Chol and Span inhibited transcription. Span-Chol
did not affect isoprenaline-induced activation of nuclear ERK, which is
mediated by the endogenous B,-adrenergic receptor (fig. S8D). Thus,
the effects of tripartite antagonists are not mediated by a nonspecific
disruption of endosomal signaling.

The results show that lipid conjugation promotes the effective deliv-
ery and retention of antagonists to endosomes containing the NK;R.
After pulse incubation, Span-Chol caused sustained and selective antag-
onism of endosomal but not plasma membrane NK;R. Unconjugated
Span and SR140,333, a potent small-molecule antagonist, were unable
to effectively inhibit persistent NK;R signaling in endosomes.

Endosomally targeted NK;R antagonists block nociception
To assess whether antagonism of the endosomal NK; R blocks sustained
SP-induced excitation of spinal neurons, we incubated slices of rat spi-
nal cord with Span-Chol or Span for 60 min, washed them, and chal-
lenged them with SP 60 min later. In vehicle- or Span-treated slices, SP
caused brisk firing that was sustained after washout (Fig. 7, A to C). As
observed with endocytic inhibitors, Span-Chol did not suppress the ini-
tial excitation but prevented sustained excitation. The SP-induced firing
rate (normalized to 2 min, events per 2 min) was 196.6 + 81.6 for Span-
Chol and 242.6 + 95.9 for Span (P < 0.05, ANOVA, SidaK’s test).

To evaluate whether endosomal targeting improves the efficacy and
duration of action of NK;R antagonists for the treatment of pain, we
administered cholestanol-conjugated or conventional antagonists by in-
trathecal injection 3 hours before intraplantar injection of capsaicin.
This time was selected to allow endosomal accumulation of lipidated
antagonists. When Cy5-Chol was injected intrathecally, probe was de-
tected in laminae I to III neurons after 6 hours, confirming delivery and
retention in pain-transmitting neurons (Fig. 7D). Cy5-Chol did not af-
fect nociception, which excludes nonspecific actions of cholestanol (Fig.
7E). Span-Chol, but not Span or SR140,333, inhibited capsaicin-evoked
mechanical allodynia (Fig. 7E). When administered 30 min after capsa-
icin, intrathecal Span was transiently antinociceptive, whereas Span-
Chol caused a delayed (3 hours), persistent (6 hours), and substantial
(>50%) antinociception (Fig. 7F).

The small-molecule NK;R antagonist L.-733,060 (33) conjugated to
Chol antagonized SP (3 nM; ECg)-stimulated Ca¥ signaling in HEK-
NK;R cells [% inhibition against 1 nM SP: 40.8 + 8.9 (10 nM L-733,060)
and 71.1 £ 9.2 (10 nM L-733,060-Chol)] and thus retained activity.
When injected intrathecally 3 hours before intraplantar capsaicin,
L-733,060-Chol was antinociceptive from 1 to 4 hours, whereas L-733,060
was antinociceptive only at 1 hour (Fig. 7G).

When injected intrathecally 3 hours before intraplantar formalin,
Span-Chol inhibited both phases of nocifensive behavior more com-
pletely than Span or SR140,333 (Fig. 7H). When injected intrathecally
36 hours after intraplantar CFA, Span-Chol inhibited mechanical
hyperalgesia from 1 to 6 hours, whereas the antinociceptive actions
of Span and SR140,333 were minor and transient for Span (Fig. 7, I
and J).

8of 15

41

/102 ‘61 aunp uo 1sanb Aq /610" Bewasousios’wis)/:diy woiy papeojumoq



SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

A

YGRKKRRQRRR
(TAT peptide)

NK,R-RLUC8 + pARR2-YFP

-+ Veh
Ems
[5s]

Jo.10

iced

3005
0.00 7 -
SP, 10 nM

0 2 4 6 8
Time (min)

Ligand-ind

==

Control peptide  -®- NK;R peptides

Extracellular

S3B3SFYSNMAS
S3ONSKTMTE?”
L¥2TSNGSSR38
MSNSYSFS (control)

Cell surface NK,R (OD,g, nm)m

‘— Intrathecal injections (-30min)

NK;R-RLUCS8 + BARR2-YFP

C NK,R-RLUC8 + RAB5A-Venus

4.0- 0.041
I 351 5
T 301 T 0.03
g 2.54 2
3 2.0 B 002
3 1.54 3
kS € 0.014
5 1.01 5
S 0.5+ £
@ Y T 0.00
2 g0 g
-0.5- ——T—TT -0.01-
o120 9 8 7 6 wr 8311
& [SP] (log M)
D NK,R8311 EKAR E NK,R8311
0.5 35
Eé 04 T 3.04 10nMSP
2 0 hours
£ 03 g2s !4hour5
T : 24 hours
g 02 E 20
> £
Z o1 %15
8 oo} : - + @ 4
¥ w10
& 0.1 &5
w @5
o2 W veh @ SP. 1M
. . 0.0
Cyto Nuc
EKAR EKAR

I Control [ Control peptide

B veh [l NK,R peptides
100
so [ ... =
40

0

)
-]

Intrathecal injections (-30 min)

Control peptide/Form (5)

@125 - NKR peplides/Form (5)

Formalin

wan *
/\;*\‘ N

I T .

e,

+

[

Intraplantar CFA (0 hours)
r Intrathecal injections (36 hours)
i CFA/control pepide (6)

-+ CFA/NK;R peptides (6)

nawn

owo
[=1=1=1

&
S

o
=1

=}

B 125 Control peptide/Cap (6) 150
8 -+ NK;R peptides/Cap (6) 5%
S 100 =]
&£ £ %10
g 14

e g 75
& 5 =8
a 0=
2 52 50
S o2 5L
> 85 25
© Z<
c 0 0
g 0 1 2 4

Time (hours)
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(B and €) SP-induced BRET between WT NK;R-RLUC8 or NK,R8311-RLUC8 and BARR2-YFP (B) or RAB5A-Venus (C). Triplicate observations, n > 3 experiments. (D) SP-induced
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hyperalgesia (J) in mice. *P < 0.05, **P < 0.01, **P < 0,001, ****P < 0.0001 to control. ANOVA, Sidak’s test (D and G); Dunnett's test (H to J).

The enhanced potency and duration of action of lipidated antago-
nists could be due to improved metabolic stability rather than to ap-
propriate targeting of endosomal NK;R. Membrane peptidases
rapidly degrade neuropeptides, including SP, and could also degrade
peptidic antagonists (5). Membranes prepared from mouse spinal
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cord rapidly degraded SP, but not Span or Span-Chol (Fig. 7K). Span
and Span-Chol were also stable in human cerebrospinal fluid (Fig.
7L). These results suggest that enhanced stability does not account
for the sustained antinociceptive actions of cholestanol-conjugated
antagonists.
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Fig. 6. Antagonism of endosomal NK;R. (A) Structure of tripartite probes. (B) Cy5—ethyl ester or Cy5-Chol uptake in HEK293 cells. (C) Cy5-Chol or Cy5-Span-Chol (red)
trafficking to RAB5A-red fluorescent protein (RFP)-positive (blue) and NK,R-GFP-positive (green) endosomes. Asterisk, extracellular; arrowheads, plasma membrane;
arrows, endosomes. (D and E) Cy5-Chol:SNAP549-NK;R FRET, indicating localization of SNAP549-NK;R, Cy5-Chol, and FRET signals (D) and time course of FRET in the
cytosol (E). Six to nine cells, n = 3 experiments. (F to H) FRET assays of nuclear ERK activity (NucEKAR) immediately after (0 min) (F) or 4 hours after (4 hours) (G) 30 min
of preincubation with Span, Span-Chol, or SR140,333 (SR). (H) AUC of (G). **P < 0.01, ***P < 0.001, to vehicle; AAAP < 0.001, to antagonists. Thirty-one to 417 cells,n =3
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experiments. ANOVA, Sidak’s test (H).
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DISCUSSION
QOur results support a reinter-
pretation of the notion that the
primary physiological actions of
GPCRs in vivo are mediated by
cell surface receptors. By study-
ing the NK|R as a prototypical
GPCR that traffics to endo-
somes, we show that endosomal
receptors convey sustained
signals that underlie excitation
and nociceptive transmission
in spinal neurons and that tar-
geting these receptors in endo-
somes is required for optimal
pharmacological intervention.

We report that endosomal
GPCRs generate a spectrum of
signals in subcellular compart-
ments. Clathrin and dynamin
disruption prevented NK,R en-
docytosis and inhibited activa-
tion of nuclear ERK, cytosolic
PKC, and cytosolic cAMP. Dy-
namin inhibitors also blocked
SP-induced transcription,
which is likely mediated by nu-
clear ERK. A C-terminally trun-
cated mutant, NK;R8311, was
also unable to internalize, acti-
vate nuclear ERK, or stimulate
transcription. Gy inhibition
blocked NK;R endosomal sig-
nals, and endosomes contained
both activated NK;R and Gu.
QOur results are consistent with
the hypothesis that the NK,;R
in endosomes signals by Ga,-
dependent processes that acti-
vate nuclear ERK, cytosolic
PKC, and cytosolic cAMP to
cause nociception (Fig. 8A and
movie S14). By delivering acti-
vated NK,R to endosomes and
serving as a scaffold for sig-
naling complexes, BARRs facili-
tate these signals (9, 22, 23). Our
findings add to the growing
number of GPCRs, including
B,-adrenergic and thyroid-
stimulating hormone receptors
(11, 12), known to signal from
endosomes by G protein-
dependent processes, and pro-
vide in vivo evidence that this
endosomal mechanism is phys-
iologically relevant.

Together, our findings sug-
gest that endosomal NK;R
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Fig. 8. Endosomal platforms for signaling pain. (A) Nociceptive signaling. NK,R
couples to Gug (1), PLC-dependent Ca?* mobilization (2), and a disintegrin and metal-
loproteinase (ADAM)-dependent epidermal growth factor receptor (EGFR) transactiva-
tion (3), which stimulates cytosolic ERK (4). Ca®* activates PKC, which stimulates
adenylyl cyclase (AC) to produce plasma membrane cAMP (5). GRK-phosphorylated
NK;R interacts with BARRs (6), which scaffold clathrin and adaptor protein 2 (AP2),
leading to SP/NK;R endocytosis (7). Endosomal SP/NK;R (8) stimulates cytosolic PKC
activity, cytosolic cAMP, and nuclear ERK activity (9), which drive neuronal excitation
and nociceptive transmission. (B) Antinociception, endocytic inhibitors. Inhibition of
dynamin (1), clathrin (2), or BARRs (3) prevents SP/NK;R endocytosis, endosomal
signaling, and nociceptive transmission. (C) Antinociception, tripartite antagonists. Tri-
partite antagonists incorporate into the plasma membrane (1) and traffic to endosomes
(2), where they suppress SP/NK;R nociceptive signaling.

signaling is necessary for sustained excitation of spinal neurons and noci-
ceptive transmission in the spinal cord, reveal a vital link between endo-
somal signaling and nociception, and provide information about the
contribution of clathrin and dynamin to SP-induced excitation of spinal
neurons and nociceptive transmission (Fig. 8B). The observations that dy-
namin and clathrin inhibitors attenuate NK; R endocytosis in spinal neu-
rons and suppress neuronal excitation and nociception are consistent with
a role for NK,R endocytosis in pain. The finding that selective disruption
of NK;R-BARR interactions using membrane-permeant peptides and spe-
cific antagonism of endosomal NK R with lipidated antagonists effectively
suppress neuronal excitation and nociception in several models provides
direct support for a major contribution of the endosomal NK;R to pain.

The discovery that endosomes are platforms for compartmentalized
GPCR signaling that underlies pathophysiologically important pro-
cesses in vivo has therapeutic implications. Delivery of antagonists to
endosomes might facilitate the disruption of sustained signals from en-
dosomal GPCRs that underlie disease and could provide enhanced ef-
ficacy and selectivity for treating pain (Fig. 8C). The accumulation of
tripartite probes in NK;R-positive endosomes demonstrates the feasi-
bility of endosomal delivery. The capacity of Span-Chol and L-733,060-
Chol, but not unconjugated antagonists, to specifically antagonize en-
dosomal NK;R signaling and sustained excitation of spinal neurons and
to cause prolonged and more effective antinociception demonstrates the
importance of endosomal signaling for pain and illustrates the thera-
peutic utility of endosomally directed drugs.

Limitations of the use of pharmacological inhibitors of endocytosis
include the widespread roles of dynamin and clathrin in vesicular

Jensen et al., Sci. Transl. Med. 9, eaal3447 (2017) 31 May 2017
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transport and synaptic transmission (34, 35) and possible off-target
actions of dynamin inhibitors (36). Thus, the actions of clathrin and
dynamin inhibitors on excitation of spinal neurons and on nociceptive
behavior might be unrelated to impaired NK;R signaling in endo-
somes and instead due to disrupted endocytosis or exocytosis of other
GPCRs, ion channels, and transmitters that control pain transmission,
or an artifact of abnormal motor function. However, clathrin and dy-
namin inhibitors did not affect fast synaptic transmission in the spinal
cord or capsaicin-evoked neuropeptide release from spinal terminals
of nociceptors and had no effect on motor coordination in vivo. These
results suggest that synaptic transmission and vesicular transport were
unaffected. The finding that dynamin 1 knockdown in the spinal cord
also inhibited nociception suggests that off-target actions of dynamin
inhibitors do not account for their antinociceptive properties. The ob-
servation that inhibitors of NK;R-BARR interactions and lipidated
NK;R antagonists replicate the antinociceptive effects of endocytosis
inhibitors supports a role for NK;R signaling in endosomes for noci-
ception. Additional studies will be required to assess the selectivity of
peptide inhibitors of NK;R-BARR interactions. The antinociceptive
actions of lipidated NK;R antagonists are unlikely to be related to
enhanced stability, given the similar rate of metabolism of un-
conjugated and cholestanol-conjugated spantide, although detailed
pharmacokinetic studies will be required to define the tissue
distribution and degradation of lipidated NK,R antagonists in vivo.
Evaluation of the therapeutic value of cholestanol-conjugated NK;R
antagonists will require investigation of their potency and efficacy in
disease-relevant models of pain.

Nucleus.
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NK;R redistributes from the plasma membrane to endosomes in
chronic inflammatory and neurological diseases that are associated
with persistent SP release (5). We propose that the inability of
conventional antagonists to effectively target the NK;R in endosomes,
where the receptor assembles a multiprotein signalosome in an acidic
environment, contributes to their lack of clinical success (5). Our
study suggests that therapeutic targeting of endosomal GPCRs is a
paradigm of drug delivery that offers more effective and selective treat-
ments for pathophysiological conditions, including chronic pain.

MATERIALS AND METHODS
See the Supplementary Materials for full details of Materials and
Methods.

Study design

The study was designed to examine the contribution of SP-induced en-
docytosis of the NK;R to signal transduction in subcellular compart-
ments, excitation of spinal neurons, and nociception. Endocytosis of
the NK;R was examined in HEK293 cells by using BRET to assess
the proximity between the NK;R and proteins resident in the plasma
membrane and early endosomes and by localizing fluorescent SP by
confocal microscopy. BRET was also used to examine the assembly of
signaling complexes, which were localized in endosomes by immuno-
fluorescence and super-resolution microscopy. Signaling in subcellular
compartments of HEK293 cells was studied by expressing genetically
encoded FRET biosensors, which allowed analysis of signaling with high
spatial and temporal fidelity. NK;R endocytosis was studied in spinal
neurons in slice preparations and in vivo by immunofluorescence and
confocal microscopy. To examine the excitation of pain-transmitting
neurons, cell-attached patch clamp recordings were made from
second-order neurons in slices of rat spinal cord. Nociceptive behavior
was evaluated in conscious mice after intraplantar administration of
capsaicin, formalin, or CFA. To examine the contribution of NK,R en-
docytosis to signaling, neuronal excitation, and nociception, HEK293
cells, rat spinal cord slices, or mice were treated with pharmacological
or genetic inhibitors of clathrin, dynamin, or BARRs, or with peptide
inhibitors of NK,;R/BARR interactions. Peptidic and small-molecule an-
tagonists of the NK;R were conjugated to the lipid cholestanol, which
facilitated endosomal targeting and retention of antagonists. Cholestanol-
conjugated antagonists were used to directly evaluate the contribution of
NK;R signaling in endosomes to SP-induced compartmentalized
signaling in HEK293 cells, excitation of spinal neurons, and nociception.
Institutional Animal Care and Use Committees approved all studies.

Statistical analyses

Data are presented as means + SEM, unless noted otherwise. Differ-
ences were assessed using Student’s ¢ test for two comparisons. For
multiple comparisons, differences were assessed using one- or two-
way ANOVA followed by Dunnett’s multiple comparison test, Tu-
key’s multiple comparison test, Sidak’s multiple comparisons test, or
Dunn’s multiple comparisons test. Table S1 provides full details of sta-
tistical tests and replicates for each experiment.

SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/9/392/eaal3447/DC1
Materials and Methods

Fig. S1. Clathrin- and dynamin-dependent NK;R endocytosis.

Fig. S2. NK;R compartmentalized signaling.
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Fig. S3. G protein-dependent NK;R signaling in endosomes.

Fig. S4. Nociception and inflammation in vivo.

Fig. S5. NK;R endocytosis in spinal neurons in vivo.

Fig. S6. NK,R3311 expression and trafficking.

Fig. S7. Uptake of tripartite probes.

Fig. S8. Effects of NK;R tripartite antagonists on ERK signaling.
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Movie S2. Three-dimensional projections of NK;R-IR in neurons in spinal cord slices incubated
with Dy4 inact and SP.

Movie S3. Three-dimensional projections of NK;R-IR in neurons in spinal cord slices incubated
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Movie S7. Three-dimensional projections of NK;R-IR in neurons in spinal cord 10 min after
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intraplantar injection of capsaicin, with PS2 injected before capsaicin.
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Movie S6 (.mp4 format). Three-dimensional projections of NK R-IR in neurons
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Movie S8 (.mp4 format). Three-dimensional projections of NK R-IR in neurons
in spinal cord 10 min after intraplantar injection of capsaicin, with Dy4 inact
injected before capsaicin.

Movie S9 (.mp4 format). Three-dimensional projections of NK;R-IR in neurons
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Movie S11 (.mp4 format). Plasma membrane incorporation and endocytosis of
CyS-cholestanol by HEK293 cells.
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Materials and Methods

Animals. Institutional Animal Care and Use Committees approved all studies. Rats (Sprague-
Dawley, males, 3-8 weeks) and mice (C57BL/6, males, 6-10 weeks) were from the Monash
Animal Research Platform, the Animal Resources Centre, Western Australia, and Harlan
Laboratories. Animals were maintained in a temperature-controlled environment with a 12 h
light/dark cycle and free access to food and water. Animals were sacrificed by inhalation of
isoflurane or carbon dioxide, or with sodium pentobartitone (200 mg/kg, i.p.), followed by
bilateral thoracotomy or decapitation. Animals were randomized for treatments, and no animals
were excluded from studies.

Tripartite probes. Cyanine 5, spantide I, and L-733,060 were conjugated to cholestanol or
aspartate ethyl ester via a flexible PEG linker by standard Fmoc solid-phase peptide synthesis
(SPPS) on Fmoc-PAL-PEG-PS resin (Life Technologies, 0.17 mmol/g resin loading) (fig. S9A,
fig. S10A). Fmoc deprotection reactions were carried out using 20% v/v piperidine in N,N-
dimethylformamide (DMF). Coupling reactions were carried out using Fmoc-protected amino
acids with O-(6-chlorobenzotriazol-1-yl)-N,N,N',N'-tetramethyluronium hexafluorophosphate
(HCTU) as coupling agent and N,N-diisopropylethylamine (DIPEA) as activating agent. Cy5-
Chol [Cy5-PEG4-PEG3-PEG4-Asp(OChol)-NHz] was prepared by manual SPPS using Fmoc-
Asp(OChol)-OH, Fmoc-PEG4-OH, Fmoc-PEG3-OH, and Fmoc-PEG4-OH as the amino acids.
After the final deprotection step, the N-terminus was capped using a mixture of Cy5 acid, HCTU,
and DIPEA in DMF, and the peptide construct was then cleaved from resin using 95:2.5:2.5
trifluoroacetic acid (TFA)/triisopropylsilane (TIPS)/water. Cy5-Ethyl ester [Cy5-PEG4-PEG3-
PEG4-Asp(OEt)-NHa] was prepared as for Cy5-Chol, except for replacement of Fmoc-

Asp(OChol)-OH with Fmoc-Asp(OEt)-OH in the first coupling step. Spantide T [PArg-Pro-Lys-
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Pro-Gln-GIn-PTrp-Phe-"Trp-Leu-Leu-NHz] was prepared by automated SPPS using the
appropriate side-chain protected Fmoc-amino acids. After the final deprotection step, a portion of
the material was cleaved from resin using 92.5:2.5:2.5:2.5 TFA/TIPS/1,2-ethanedithiol
(EDT)/water and suspended in a 1:1 mixture of acetonitrile (ACN)/water containing 0.1% TFA
to ensure complete side-chain deprotection. Spantide-cholestanol [Ac-Asp(OChol)-PEG4-PEG3-
PEG4-Spantide-NHz] was prepared from resin-bound spantide I by manual SPPS using Fmoc-
PEG4-OH, Fmoc-PEG3-OH, Fmoc-PEG4-OH, and Fmoc-Asp(OChol)-OH as the amino acids
(fig. S9A). After the final deprotection step, the N-terminus was capped using a mixture of acetic
anhydride and DIPEA in DMF, and the peptide construct was then cleaved from resin using
92.5:2.5:2.5:2.5 TFA/TIPS/EDT/water. Spantide-ethyl ester [Ac-Asp(OEt)-PEG4-PEG3-PEG4-
Spantide-NHz] was prepared as for spantide-cholestanol, except for replacement of Fmoc-
Asp(OChol)-OH with Fmoc-Asp(OEt)-OH in the final coupling step (fig. S9A). L-733,060-
cholestanol [L-733,060-C8-PEG4-PEG3-PEG4-Asp(OChol)-NHz2] was prepared by manual
SPPS using Fmoc-Asp(OChol)-OH, Fmoc-PEG4-OH, Fmoc-PEG3-OH, and Fmoc-PEG4-OH as
the amino acids, respectively (fig. SI0A). After the final deprotection step, the N-terminus was
extended by coupling with 8-bromooctanoic acid, HCTU and DIPEA in DMF for 45 minutes.
Finally, the bromo-terminated peptide was coupled with L-733,060-HCI, TBAI, and DIPEA for
three days, and the construct was then cleaved from resin using 95:2.5:2.5 TFA/TIPS/water.

Purification and LC-MS analysis: Constructs were purified by reverse-phase high-performance

liquid chromatography (HPLC) using a Luna 5 pum C8, 250 x 21.2 mm column (Phenomenex),
eluting with gradient mixtures of 0.1% TFA/water and 0.1% TFA/ACN, at a flow rate of 20
ml/min and detection at 214 and 254 nm. Combined fractions were freeze-dried for two days to

give the target peptides as TFA salts with 5-10% overall yield (based on initial resin loading).
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The identity of the final products were confirmed by liquid chromatography-mass spectrometry
(LC-MS) using a Luna 3 pum C8(2), 100 x 2.0 mm column (Phenomenex), eluting with gradient
mixtures of 0.05% TFA/water and 0.05% TFA/ACN, at a flow rate of 0.2 ml/min and detection
at 214 nm. Mass spectra were acquired in positive ion mode with a scan range of 200-2000 m/z.
Spantide I: gradient = 0-80% ACN over 25 min; r = 15.1 min; caled for C7sHi10N20013 [M +
2H"] m/z 749.90; obs. m/z 749.95. Spantide-cholestanol: gradient = 20-100% ACN over 20 min;
fr = 14.9 min; caled for Ci39H223N24031 [M + 3H'] m/z 908.80; obs. m/z 908.95 (fig. S9B).
Spantide-ethyl ester: gradient = 0-60% ACN over 20 min; fr = 14.8 min; caled for
Ci114Hi81N24031 [M + 3H'] m/z 794.60; obs. m/z 794.90 (fig. S9C). L-733,060-cholestanol:
gradient = 60-100% ACN over 20 min; fr = 16.1 min; caled. for CooH 44FsNsO1o [M + 2H]*" my/z
865.05, obs. m/z 865.35 (fig. S10B).

Alexa568-SP. AlexaFluor568 NHS ester (Invitrogen; 6.3 pmol) was incubated with SP (1.48
umol) and triethylamine (2.9 umol) in DMF (500 pl) (15 h, room temperature, RT). Alexa568-
SP was purified by reverse-phase HPLC. The product was confirmed by mass spectrometry: m/z
1012.8, caled for CosHi27N19024S3 [M + 2H™] m/z 1012.9.

Cell-penetrating NKiR peptides. Putative GRK2 phosphorylation sites within the intracellular
C-terminus of the mouse NK|R were predicted using Group Based Prediction System
(http://gps.biocuckoo.org/wsresult.php?p=1). Peptides corresponding to these domains
(S*BSSFYSNM*® | $3NSKTMTE?, L*¥*TSNGSSR*) or control peptide (MSNSYSFS) with
the N-terminal Tat membrane permeant sequence (YGRKKRRQRRR) were from American
Peptide Company.

c¢DNAs. BRET probes NK|R-RLUCS8, KRas-Venus, RAB5A-Venus, PARRI-YFP, BARR2-

YFP, Gag-RLUCS, and Gy2-Venus have been described (37, 38). CytoEKAR and NucEKAR
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(39) and CytoCKAR and pmCKAR (40) were from Addgene (plasmids 18680, 18681, 14870,
14862, respectively). CytoEpac2-camps (41) was from M. Lohse (University of Wurzburg) and
pmEpac2-camps (42) was from D. Cooper (University of Cambridge). GFP-dynamin and GFP-
dynamin K44E have been described (/9). Human NK R with extracellular N-terminal Snap-Tag
was from Cisbio. Full length and truncated 8311 rat HA-NK;R have been described (43). RLUC8
fusions of these constructs were generated by removal of the stop codon by PCR and subcloning into
a pcDNA3.1-RLUCS vector.

Cell lines, transfection. HEK293 cells stably expressing rat or human NK|R with N-terminal
HA11 epitope have been described (29). HEK293 cells were grown in 6-well plates and
transiently transfected using polyethylenimine (Polysciences) or FuGene (Promega) (23). Cells
were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 5% FBS
(37°C, 5% CQy). Cells were routinely checked for mycoplasma infection.

BRET. HEK293 cells were transfected with the following ¢cDNAs (per well): 1 pg NK;R-
RLUCS + 4 pg KRas-Venus, 4 ug RAB5SA-Venus, 4 ug BARRI-YFP, or 4 ug PARR2-YFP; or 1
pg NKiR + 0.5 pg Gag-RLUC8 + 1 pg GB1 + 4 pg Gy2-Venus; or 1 pg NKiR + 0.5 pug Gog-
RLUCS + 1 pg GB1 + 1 pg Gyz2 + 4 ng RABSA-Venus. After 48 h, cells were equilibrated in
Hank’s balanced salt solution (HBSS) at 37°C, and incubated with the RLuc substrate
coelenterazine h (5 pM, 15 min). BRET ratios were determined using a microplate reader
LUMIstar Omega (BMG LabTech) before and after challenge with SP (0.1-10 nM) or vehicle
(dH20) (23).

FRET biosensors of compartmentalized signaling. HEK293 cells were transfected with 55
ng/well rat NKiR with N-terminal HA.11 epitope tag (HA-NKiR) and 40 ng/well FRET

biosensors. FRET was assessed 48 h after transfection, after serum restriction (0.5% FBS
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overnight). For experiments using clathrin or dynamin siRNA, cells were transfected with 55
ng/well rat HA-NK|R, 40 ng/well FRET biosensor, and 25 nM scrambled (control), clathrin
heavy chain (Product #67300), or dynamin-1 (Product #13429) ON-TARGETplus SMARTpool
siIRNA (GE Dharmacon). FRET was assessed 72 h after transfection, after serum restriction
(0.5% FBS overnight). Cells were equilibrated in HBSS at 37°C, and FRET was analyzed using
a GE Healthcare INCell 2000 Analyzer (20, 23). For GFP/RFP emission ratio analysis, cells
were sequentially excited using a FITC filter (490/20) with emission measured using dsRed
(605/52) and FITC (525/36) filters, and a polychroic filter set optimized for the FITC/dsRed
(Quad4). For CFP/YFP emission ratio analysis, cells were sequentially excited using a CFP filter
(430/24) with emission measured using YFP (535/30) and CFP (470/24) filters, and a polychroic
filter set optimized for the CFP/YFP (Quad3). Cells were imaged every 1 min, allowing image
capture of 14 wells per minute. Baseline emission ratio images were captured for 4 min. Cells
were challenged with an ECso concentration of SP (1 nM) or vehicle, and images were captured
for 20 min. Cells were then stimulated with the positive control (200 nM phorbol 12,13-
dibutyrate for ERK; 200 nM phorbol 12,13-dibutyrate with phosphatase inhibitor cocktail for
PKC; 10 uM forskolin, 100 uM 3-isobutyl-1-methylxanthine, 100 nM PGE; for cAMP) for 10
min to generate a maximal increase, and positive emission ratio images were captured for 4 min.
Data were analyzed as described and expressed as emission ratios relative to baseline for each
cell (F/Fo) (20, 23). Cells with >10% change in F/Fy after stimulation with positive controls were
selected for analysis.

FRET assays of endosomal NKiR targeting. HEK293 cells were transfected with 50 ng/well of
human NKiR with extracellular N-terminal SNAP-Tag. After 48 h, the cell-surface NK|R was

labeled with SNAP-Surface 549 photostable fluorescent substrate (New England Biolabs) (1 uM, 30
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min, 37°C in DMEM, 0.5% BSA). Cells were washed, recovered in DMEM for 30 min, and
stimulated with SP (10 nM, 30 min, 37°C) to induce NKiR endocytosis. Cells were incubated with
Cy5-Chol (200 nM, 37°C). SNAP-549/CyS5 sensitized emission FRET was analyzed by confocal
microscopy using sequential excitation with Argon (514 nm)/HeNe (633 nm) lasers and emission at
570-620 nm (SNAP-549 donor) and 670-750 nm (Cy5 FRET and Cy5 acceptor) before (Fo) and after
(F) addition of Cy5-Chol. Untransfected HEK293 cells (acceptor only) were used as controls. To
measure FRET within the cytosol (in endosomes), a region of interest was drawn in the cytosol to
exclude the plasma membrane. FRET was measured in the region of interest, and expressed as
emission ratios relative to controls (F/Fo). Results are from N=3 separate experiments, with 7-9 cells
analyzed per experiment.

Transcription assays. HEK293 cells were transfected with 70 ng/well human or rat NK;R or
NK R8311 and 250 ng/well secreted alkaline phosphatase (SEAP) reporter gene under the
control of the specific transcription factor consensus sequence for Serum-Response Element
(SRE) (44). Some cells were also transfected with 70 ng/well dynamin WT, dynamin K44E, or
PcDNA3. After 24 h, cells were placed in phenol-red free DMEM containing 0.5% FBS, 1 mM
sodium pyruvate, and 50 units/ml penicillin/streptomycin. The following day, a sample of
medium was collected from each well. Cells were then stimulated with vehicle or SP (0.1-100
nM) for 4 or 20 h before collection of a second sample. Samples (5 pl) were mixed with SEAP
buffer (45 pl, 2 M diethanolamine, 1 mM MgCls, pH 10.3) and heat-treated (65°C, 30 min) to
denature any endogenous alkaline phosphatases. Samples were cooled to room temperature,
mixed with SEAP substrate (5 pl 2 mM 4-methylumbelliferyl phosphate in SEAP buffer). After

1 h of incubation in the dark, the fluorescence intensity (Ex/Em = 360 nm/440 nm) was
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measured. The data were analyzed by subtracting the basal from the SP-stimulated SEAP
secretion.

Ca?* assays. [Ca’']; was measured as described (23). HEK293 cells transiently expressing HA-
NK|R or HA-CLR/Myc-RAMP1 were loaded with Fura2-AM (2 pM). To compare the
antagonistic capacity of Span and Span-Chol, cells were preincubated for 30 min with
antagonists, and then challenged with SP (3 nM, ECso). L-733,060 and L-733,060-Chol (10 nM)
were similarly tested for their ability to inhibit SP (1 nM)-stimulated Ca®" signals.

Cell-surface ELISA. HEK293 cells transiently transfected with HA-NK ;R or HA-NK Rd311
were fixed in 4% paraformaldehyde, 100 mM PBS pH 7.4 (PFA, 30 min, 4°C). For analysis of
total expression, cells were permeabilized using 0.5% NP-40 in TBS (30 min) after fixation.
Cells were incubated in blocking buffer (1% skim milk powder, 0.1 M NaHCO3, 4 h, RT), and
then anti-HA (1:5,000, Sigma; overnight, 4°C). Cells were washed and incubated with anti-
mouse horseradish peroxidase-conjugated antibody (1:2,000, 2 h, RT). Cells were washed and
stained using the SIGMAFAST substrate (SigmaAldrich). Absorbance at 490 nm was measured
using an EnVision plate reader (PerkinElmer Life Sciences). Values were normalized to
HEK293 cells transfected with pcDNA3 or to untreated cells.

NKiR trafficking in cell lines. HEK-NK R cells were plated on poly-D-Lysine coated glass
chamber slides or coverslips and cultured for 48 h. To examine uptake of fluorescent SP, cells
were incubated in HBSS with Alexa568-SP (100 nM, 20 min, 4°C), washed, incubated for 30
min at 37°C, and fixed in PFA. Cells were examined by confocal microscopy. To examine NK R
and Guoyq trafficking, cells were incubated in HBSS with SP (100 nM, 15 min) or vehicle and
fixed. Cells were blocked in PBS, 0.2% saponin, 3% normal goat serum (1 h, RT). Cells were

incubated in primary antibodies: rat anti-HA (1:1,000; Roche), rabbit anti-Gag (1:2,000, C-19;
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Santa Cruz Biotechnology), mouse anti-EEA1 (1:100, 610457; BD Biosciences) (overnight,
4°C). Cells were washed and incubated with donkey anti-rat Alexad488 (1:500), donkey anti-
rabbit Alexa568 (1:1,000), and donkey anti-mouse Alexa647 (1:1,000) (Life Technologies or
Jackson ImmunoResearch) (1 h, RT). Cells were examined by super-resolution microscopy.
Inhibitors. HEK293 cells were preincubated for 30 min with 30 uM each of Dy4, Dy4 inactive
(17), PS2, PS2 inactive (/8), 100 nM UBO-QIC (Institute of Pharmaceutical Biology, University
of Bonn, Germany), 1 pM U73122, 10 uM NF449 (Merck Millipore), 1 pM GF109203X, 100
uM EGTA, 30 uM each of cell-penetrating NKR peptides (Tat-conjugated S***SSFYSNM*,
S¥ONSKTMTE, L3¥**TSNGSSR**), 100 uM control peptide (Tat-conjugated MSNSYSFS), or
vehicle (dH20 or 0.1% DMSO). Pitstop and Dyngo are trademarks of Children’s Medical
Research Institute, Newcastle Innovation, and Freie Universitat Berlin.

CyS tripartite probe uptake. HEK293 cells were plated on poly-D-lysine-coated glass
coverslips. Cells were infected with CellLight RAB5A-RFP (Life Technologies) or were
transfected with rat NK|R-GFP. After 24 h, cells were equilibrated in HBSS, imaged at 37°C by
confocal microscopy, and incubated with Cy5-Chol, Cy5-Ethyl ester, or Cy5-Span-Chol (1.5
uM). Cells expressing NKiR-GFP were incubated with SP (10 nM).

Spinal cord slices. Parasagittal slices (340-400 pm) were prepared using a vibratome from the
lumbar region of the rat spinal cord in ice-cold sucrose-based artificial CSF (sACSF) (mM: 100
sucrose, 63 NaCl, 2.5 KCI, 1.2 NaH2PO4, 1.2 MgCls, 25 glucose, 25 NaHCO3; 95% 02/5% COz).
Slices were transferred to N-Methyl-D-Glucamine (NMDG)-based recovery ACSF (rACSF)
(mM: 93 NMDG, 93 HCl, 2.5 KCI, 1.2 NaH2PO4, 30 NaHCO3, 20 HEPES, 25 glucose, 5 Na
ascorbate, 2 thiourea, 3 Na pyruvate, 10 MgSOa, 0.5 CaClz; 95% 02/5% CO2, 15 min, 34°C).

Slices were transferred to normal ACSF (mM: 125 NaCl, 2.5 KCI, 1.25 NaH2POq, 1.2 MgCla,
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2.5 CaCly, 25 glucose, 11 NaHCOs3; 95% 02/5% COz) containing 10 uM MK-801 (45 min,
34°C), then maintained at RT.

Electrophysiology. Slices of rat spinal cord were transferred to a recording chamber and
superfused with normal ACSF (2 ml/min, 36°C). Dodt-contrast optics were used to identify large
(capacitance > 20 pF), putative NK;R-positive neurons in lamina [ based on their position, size,
and fusiform shape with dendrites that were restricted to lamina I (45). Slices were preincubated
with Dy4 or Dy4 inact (30 pM, 0.03% DMSO) for 10 min before recording, or were
preincubated with Span-Chol or Span (1 uM, 0.01% DMSO) for 60 min, washed, and incubated
in antagonist-free ACSF for a further 60 min before recording. PS2 was not soluble in the low
concentrations of DMSO required for electrophysiology. To investigate the signaling
mechanisms underlying excitation, slices were incubated with the MEK inhibitor U0126 or the
PKC inhibitor GFX109203X (1 pM, 0.01% DMSO) for 30-45 min before recording. Large,
NKR-positive, presumed nociceptive lamina | neurons were visually identified as described
(46). Spontaneous currents were recorded in cell-attached configuration (Multiclamp 700B,
Molecular Devices), sampled at 10 kHz, high pass filtered at 1 Hz, and capacitatively coupled
action potential events were analyzed using Axograph X, V 1.4.4 (Axograph). Patch electrodes
(resistance 2.5-3.5 MQ) contained KMES-based internal solution (mM: 105 KMES, 20 NaCl, 5
HEPES, 10 BAPTA, 1.5 MgCly, 4 MgATP, 0.4 NaGTP, 0.1% biocytin; 285-295 mosmol/l) to
facilitate subsequent recordings of action potential properties in whole-cell configuration.
Recordings were made in the presence of CNQX (6-cyano-7-nitroquinoxaline-2,3-dione) (10
uM; AMPA/kainate receptor antagonist), picrotoxin (100 uM; GABAAa receptor antagonist),
strychnine (0.5 puM; glycine and acetylcholine receptor antagonist), and AP5 ((2R)-amino-5-

phosphonovaleric acid; (2R)-amino-5-phosphonopentanoate) (100 pM; NMDA receptor
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antagonist) to minimize presynaptic influences on action potential properties. Slices were
challenged by superfusion with SP (1 uM) for 2 min. Recordings were sampled at 10 kHz and
tiltered with a high pass filter at 1 Hz, and firing rate was measured in two-minute interval bins.
At the end of each cell-attached recording, whole-cell recordings were made in current-clamp
mode to confirm retention of normal action potential firing. Data were only included in the
analysis if cells had action potential amplitudes that were =50 mV above threshold to ensure
viable neurons were included. Cells were filled with biocytin, and sections were processed to
confirm NK|R expression by immunofluorescence. The firing rate for each cell was normalized
to the response at the 2 min time point, which was not significantly different between groups.
The firing time was determined as the duration of the response to last action potential. To assess
synaptic transmission, whole-cell configuration recordings were made under control conditions
or after exposure to Dy4 or Dy4 inact; a bipolar stimulating electrode was placed at the dorsal
root entry zone, and electrically-evoked excitatory postsynaptic currents recorded as described
(46). To assess NK|R endocytosis, spinal cord slices (400 um) were incubated with SP (1 uM, 5
min), fixed in PFA (4 h, RT), cryoprotected, and were processed to localize NK R.

Neuropeptide release. Slices (0.4 mm) of mouse dorsal spinal cord (combined cervical,
thoracic, lumbar-sacral segments) were superfused (0.4 ml/min) with Krebs” solution (mM: NaCl
119, NaHCO; 25, KH2PO4 1.2, MgS0O4 1.5, CaCly 2.5, KCl 4.7, D-glucose 11 mM; 95%
CO2/5% Oz, 37°C) containing 0.1% BSA, 1 uM phosphoramidon, and 1 pM captopril (47).
Tissues were superfused with Dy4, PS2, inactive analogues (30 pM), or vehicle (0.3%
DMSO/saline) for 30 min. Tissues were then superfused with capsaicin (0.3 uM, 10 min) in the
presence of inhibitors or controls. Superfusate (10 min collections, 4 ml) was collected before,

during, and after capsaicin stimulation, and analyzed for SP-IR and CGRP-IR (Bertin Pharma).
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Endocytic inhibitors did not interfere with immunoassays. Detection limits of the assays were 2
pg/ml for SP-IR and 5 pg/ml for CGRP-IR. Results are expressed as fimol/g/20 min.

NKiR endocytosis in rat spinal neurons. Dy4, Dy4 inact, PS2, PS2 inact (all 50 pM), or
vehicle (1% DMSO/saline) was injected intrathecally (10 pl, L3/L4) into conscious rats. After 30
min, rats were sedated (5% isoflurane) and capsaicin (12.5 pg) or vehicle (20% ethanol, 10%
Tween 80, 70% saline) was injected subcutaneously into the plantar surface of one hindpaw (25
ul). After 10 min, rats were transcardially perfused with PBS and then 4% PFA. The spinal cord
was removed, immersion-fixed in PFA (2 h, 4°C), and cryoprotected (30% sucrose, PBS, 24 h,
4°C). The spinal cord (T12 to L4) was embedded in OCT, and 30 um serial coronal sections
were cut into 48-well plates containing PBS. Free-floating sections were blocked in PBS
containing 10% normal horse serum (1 h, RT). Sections were incubated with mouse anti-NeuN
(1:20,000; AbCam) and either rabbit anti-NK; R (48) (1:5,000, #94168) or rabbit anti-pERK
(1:200; Cell Signaling Technology) in PBS containing 3% normal horse serum (48 h, 4°C).
Sections were washed (4 x 20 min in PBS) and incubated with donkey anti-rabbit Alexa488
(1:2,000-1:8,000) and donkey anti-mouse Alexa568 (1:2,000 (Life Technologies) (1 h, RT).
Sections were washed, incubated with DAPI (10 pg/ml, 5 min), and mounted in Vectashield
(Vector Laboratories).

Nociception in mice and rats, NKiR endocytosis in spinal neurons in mice. Mice and rats
were acclimatized to the experimental apparatus and environment for 1-2 h on 2 successive days
before experiments. Mechanical allodynia and hyperalgesia were assessed by paw withdrawal to
stimulation of the plantar surface of the hind-paw with graded von Frey filaments (49). On the
day before the study, von Frey scores were measured in triplicate to establish a baseline for each

animal. To assess edema of the paw, hindpaw thickness was measured using digital calipers
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before and after treatments (50). For intraplantar injections, mice and rats were sedated (5%
isoflurane). Capsaicin (5 pg), Complete Freund’s Adjuvant (CFA, 2 mg/ml), or vehicle
(capsaicin: 20% ethanol, 10% Tween 80, 70% saline; CFA: saline) was injected subcutaneously
into the plantar surface of the left hindpaw (10 pl). von Frey scores (left and right paws) and paw
thickness (left paw) were measured at 30 or 60 min intervals from 30-240 min after capsaicin,
and 36-42 h after injection of CFA. Results are expressed as percent pre-injected values. For
assessment of nocifensive behavior, mice were sedated (5% isoflurane), and formalin (4%, 10
ul) was injected subcutaneously into the plantar surface of the left hindpaw. Mice were placed in
a Perspex container, and nocifensive behavior (flinching, licking, biting of the injected paw) was
recorded for 60 min. The total number of nocifensive events was subdivided into acute (I, 0-10
min) and tonic (I, 10-60 min) phases. At the end of experiments, mice were transcardially
perfused with PBS and PFA, and the spinal cord was removed and processed to localize the
NK;R by immunofluorescence, as described for rats. Investigators were blinded to test agents.

Intrathecal injections in mice. Intrathecal injections (5 pl, L3/L4) were made into conscious
mice. Dy4, Dy4 inact, PS2, PS2 inact (all 50 uM), SR-140333 (15 pM), SM-19712 (8 mM),
U0126 (100 pM), 30 uM each of cell-penetrating NKiR peptides (Tat-conjugated
SSSFYSNM*S,  S¥ONSKTMTE?, L3*TSNGSSR*’), 100 uM control peptide (Tat-
conjugated MSNSYSFS), or vehicle (1% DMSO/saline) was injected intrathecally 30 min before
intraplantar injection of capsaicin or formalin, or 36 h after CFA. Span (50 uM), Span-Chol (50
uM), L-733,060 (100 nM), L-733,060-Chol (100 nM), or Cy5-Chol (10 uM) was injected
intrathecally 3 h before or 30 min after intraplantar injection of capsaicin, 3 h before formalin, or

36 h after CFA.
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Intrathecal siRNA in mice. Cationic liposome and adjuvant anionic polymer (polyglutamate)
were used to deliver siRNA (57). siRNA targeting mouse dynamin-1 (5 (S-S) UAA GUG UCA
AUC UGG UCU C dTdT 3°) or control siRNA (5° (S-S) CGU ACG CGG AAU ACU UCG
AUU dTdT) (52), or siRNA targeting mouse PARRI1 (sense 5' AGC CUU CUG CGC GGA
GAA U dTdT 3', antisense 5' dTdT U CGG AAG ACG CGC CUC UUA 5') plus mouse PARR2
(sense: 5' CCU ACA GGG UCA AGG UGA A dT dT 3', antisense: 5' UUC ACC UUG ACC
CUG UAG G dT dT 3') or control siRNA (sense: 5' AAG GCC AGA CGC GAA UUA U dT dT,
3" antisense: 5' AUA AUU CGC GUC UGG CCU U dT dT 3') (Dharmacon) (50 ng, 0.5 pl of
100 ng.ul” stock) was mixed with 0.5 ul of adjuvant polyglutamate (0.1 pg/ul stock) and 1.5 ul
sterile 0.15 M NaCl. Liposome solution, cationic lipid 2- {3-[bis-(3-amino-propyl)-amino]-
propylamino}-N-ditetradecylcarbamoylmethyl-acetamide =~ (DMAPAP) and L-o-dioleoyl
phosphatidylethanolamine (DOPE) (DMAPAP/DOPE, 1/1 M:M) (2.5 pl of 200 pM) was added
to siRNA/adjuvant, vortexed for 1 min, and incubated (30 min, RT). The siRNA lipoplexes were
administered to mice by intrathecal injection (L1-L4, 5 ul). After behavioral testing (24-48 h),
the spinal cord (L1-L4) was collected for analysis of dynamin-1 expression by Western blotting
and BPARR1 and PARR2 expression by q-PCR.

Western blotting. Cell lines. HEK293 cells were lysed in 150 pl of RIPA buffer containing
HALT protease and phosphatase inhibitors (Thermo Scientific). Samples were sonicated on ice,
centrifuged, and supernatant (20 pg protein) was fractionated by 10% SDS-PAGE and
transferred to PYDF membranes. Membranes were blocked (1 h, RT) in Odyssey blocking buffer
(LI-COR Biosciences), and incubated with sheep anti-dynamin-1 (53) (1:1,000) or rabbit anti-
clathrin (1 pg/ml, AbCam) antibodies in PBS, 0.2% Tween-20, 50% Odyssey blocking buffer

(16 h, 4°C). Membranes were washed and incubated with donkey anti-goat 680 or goat anti-

63



rabbit 680 (1:10,000; LI-COR Biosciences) (1 h, RT). Membranes were washed and imaged with
the LI-COR Odyssey infrared scanner. Membranes were stripped and re-probed with rabbit anti-
B-actin (1:1,000; Cell Signaling Technology, 16 h, 4°C), washed, incubated with goat anti-rabbit
800 (1:10,000, 1 h at RT, LI-COR), and re-imaged. Signals were quantified using ImageJ (NIH).
Spinal cord. The dorsal half of the spinal cord was placed in 100 pl of ice-cold RIPA buffer
containing HALT protease and phosphatase inhibitors (Thermo Scientific). Tissues were
homogenized, centrifuged, and supernatant (20 pg protein) was separated by 10% SDS-PAGE
and transferred to PVDF membranes. Membranes were processed to detect dynamin-1 and -
actin as described above.

q-PCR. Mouse lumbar spinal cord (L1-L4) was placed in RNA/ater (Qiagen), and total RNA
was isolated using RNeasy RNA Isolation kit (Qiagen). Total RNA (500 ng) was reverse-
transcribed using Superscript III ¢cDNA Synthesis Kit (Invitrogen). cDNA was amplified using
Eppendorf RealPlex Real Time PCR System. Twenty microliters of amplification reaction
included cDNA template, TagMan Universal Master Mix, and TagMan Gene Expression Assays
for one of the following genes (catalog no.): Arrb2 (MmO00520666 gl), Arrbl
(Mm00617540_ml), Aectb (Mm02619580 gl), Gapdh (hs00363153 ml). Samples were
amplified in triplicates. For real-time quantitative PCR, the AACt method (Applied Biosystems)
was used to calculate relative changes in mRNA abundance. The threshold cycle (Ct) values for
the housekeeping genes Actb and Gapdh were subtracted from the Ct value for the gene of
interest (ACt). Data were expressed as relative abundance using the equation: 2 ~A¢
1000, where ACt = Ct gene of interest — Clacth,capts. The Tesults are presented as mRNA abundance

(fold-change or percentage of housekeeping genes).
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Rotarod latency. Mice were acclimatized by three trials on two successive days before
experiments. Mice were trained to remain on the rotarod for three consecutive periods. On the
experimental day, three baseline time trials (cut-off 120 s) were recorded. Dy4, PS2, inactive
analogues (50 pM), or vehicle was injected intrathecally (5 pl, L3/L4). After 30 min, mice were
placed on the rotarod with accelerating velocity for up to 120 s. Times were recorded in three
successive trials, and latency time to fall was determined at 30, 90, and 120 min.

Confocal microscopy, image analysis. Tissues and cells were examined using a Leica SP8
confocal microscope using HCX PL APO 40x (NA 1.30) and HCX PL APO 63x (NA 1.40) oil
objectives. Z stacks were collected of NK R-positive neurons in lamina I of the dorsal horn.
Video projections of Z stacks were made using Imaris Software (Bitplane). NK;R endocytosis
and pERK expression were quantified using Imagel. To quantify NK R internalization in lamina
1 neurons, the border of the cytoplasm of the neuronal soma was defined by NeuN fluorescence,
and NK;R fluorescence within 5 pixels (0.5 um) of the border was defined as plasma membrane-
associated receptor. The ratio of plasma membrane to cytosolic NKiR-IR fluorescence was
determined in >6 lamina [ neurons per animal per condition. To quantify ERK activation, the
ratio of the number of pERK-IR neurons to total NeuN-N-positive neurons in lamina T was
determined in >6 fields (x40 objective) per condition.

Super-resolution microscopy. Coverslips were mounted and sealed on a concave slide
containing 100 mM cysteamine (MEA). Cells were observed using a Leica DMI6000 Ground
State Depletion microscope with a HCX PL APO 100x (NA 1.49) objective, a SuMo Stage, an
Andor iXon 3 897 camera using LAS AF software (version 3.2.0.9652, Leica). Fluorophores
were imaged sequentially starting with the 647 channel to avoid photo bleaching of lower

wavelength channels. Pumping occurred at 100% laser power for each fluorophore until the
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frame correlation dropped to <0.2. Channels were acquired at 50% laser power, and 27,000-
30,000 frames per channel were captured. The number of EEA-IR endosomes per cell containing
NK;-IR and Gog-IR was determined. A 300 nm diameter region of interest (average size of
EEAT1 positive structures) was drawn around all EEA1-IR endosomes in an image using Image).
The proportion of regions of interest that contained detectable NKiR-IR and Gog-IR was
determined. Results are expressed as the percentage of EEAI-IR endosomes containing NK R-
IR, Gag-IR, or both NK|R-IR and Gog-IR. Images were analyzed from 20 (SP, 37°C) or 22 (SP,
4°C) cells.

Metabolic stability of tripartite probes. Membranes were prepared from mouse spinal cord as
described (54), with final centrifugation at 40,000 g. Normal human cerebrospinal fluid was
provided by Dr. Paul Myles, Alfred Hospital Melbourne. To assess stability, SP, Span, or Span-
Chol (10 pgml™') was incubated with mouse spinal cord membranes (40 pg/ml protein) or
human cerebrospinal fluid (0-4 h, 37°C), and then snap frozen. Proteins were precipitated using
ACN. Samples were analyzed by LC/MS using a Waters Xevo TQ triple quadrupole mass
spectrometer coupled to a Waters Acquity UPLC. Chromatographic separation of peptides was
achieved on a Merck Millipore Chromolith RP-18e monolithic column (50 x 2 mm; mouse spinal
membranes) or a Supelco Ascentis Express Peptide ES C18 column (50 x 2.1 mm, 2.7 pym
particle size; human cerebrospinal fluid) using 0.05% formic acid in H20 and ACN as solvents.
Peptides were quantified using positive electrospray ionization by comparison to a calibration
standard (10-20,000 ng/ml) and by Multiple Reaction Monitoring using an internal standard
(6.25 ng/ml diazepam in 50% ACN-water).

Statistical analyses. Data are presented as mean=SEM, unless noted otherwise. Table S1

indicates the statistical tests and the cell replicates for each figure.
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Fig. 81. Clathrin- and dynamin-dependent NKiR endocytosis. A. Schematic of BRET assays
for BARR recruitment and NK R trafficking. B to D. SP (1 or 10 nM) -induced changes in BRET
between NKjR-RLUCS and PARRI-YFP (B), BARR2-YFP (C), KRAS-Venus (D), or RABSA-
Venus (D) in HEK293 cells. E to H. Effects of inhibitors of dynamin (Dyngo4a; Dy4) or clathrin
(Pitstop-2; PS2), inactive (inact) analogues, or dominant negative dynamin K44E (K44E) and
wild-type (WT) dynamin on SP-induced changes in BRET between NKi;R-RLUC8 and KRas-
Venus (E and G), or RAB5A-Venus (F and G), or BARR2-YFP (H) at 15 min. I. Alexa568-SP
endocytosis in HEK-NK;R cells preincubated with vehicle (Veh), Dy4, PS2, or inactive
analogues. Arrowheads, cell surface; arrows, endosomes. *P<0.05, **P<0.01, ***P<0.001.

Triplicate observations, N>3 experiments. ANOVA, Dunnett’s test (E-H).

68



A ERK
CytoEKAR, NucEKAR
ww ERK docking
domain domain,

Substrate
peptide
ERK activity ( )

Substrate
peptide l

NK,R CytoEKAR

Phosphatases

FRET

0.07q® Veh
~3 0.061® SP, 1nM
0.05{¢ SP+Dy4
0.04{® SP+Dy4
0.03{ nact

ERK activity (F/F,

No FRET

0.02
0.01
0.0 B\
-0.01 Veh or SP
-0.02:
-5 0 5 10 15 20
C Time (min)
~ NK;R CytoEKAR
o "
8 1.6
<
£ 12
E
= %
2 04
8
S oof.— i B . B0 LN .
o Veh
w B SP.1nM
Control Dy4 Dy4 PS2 PS2
H inact inact
NK,R+Dynamin WT CytoEKAR
0.08:
~ 0.07{® Veh
w006 ® SP.11M
£y
2
=
S
©
N4
4
w
-5 5 10 15 20
Time (min)
K‘: =~ 1.5
9 ©
g 1.0
3= O Veh
g - W Control SIRNA
c
£ £ 05 Bl Dynamin-1 SiRNA
g5
58
o~ .04
siRNA  Veh Con Dynamin-1
Dynamin-1 # | s -
B-actin B> | fe—w ——

PKC:
pmCKAR, CytoCKAR

Phosphatases
peptide
Y ) b

No FRET

FHaz
lomain
YFP
N5
FRET PKC activity
D NK;R pmCKAR
0.057 Veh
- * SP,1nM
w004, SP+Dy4
L 0.03{= SP+Dy4
>
£ 002
B8 001
% 0.001--
£0.01 fVeh or
-0.02
-5 0 5 10 15 20
Time (min)
—~ NK;R pmCKAR
o
S 20] 5
< 16
£
o 2
L33
2 08 .
2 04
: . 0 .
Qe ven .
o 04 @sP,1nM
Control Dy4 Dy4 PS2 PS2
inact inact

NK,R+Dynamin K44E CytoEKAR

~ 0.07{ * Veh
W go6{ ®*SP.1nM
L 0,05
2 0.04
= 0.03;
8 0.02
x o001
& 0.00{—yset
-0.01 fVeh or SP
-0.02
5 5 10 15 20
Time (min)
i 15
3E
©8 10
[X--%
v
o c 3 Ven
-E_‘.é 0.5 Bl Control SRNA
% e
g8 B Clathrin SRNA
o
0.0-
siRNA  Veh Con Clathrin
Clathrin h
B-actin  p- | de— — f— |

69

¥ substrate
peptide

cAMP:
pmEpac2, CytoEpac2

vep
FRET
YFP cAMP ( j cAMP
production hydrolysis

YEP

No FRET

F

NK;R pmEpac2

0.067 Veh
0.05{* SP, 1 nM
~ + SP+Dy4
& 044 spipya
L 00 inact  J/.
o 0.02
% 0.01
0.0
-0.01
-0.02 f Veh or SP
5 0 5 10 15 20
G Time (min)
NK,R pmEpac2
038
2 06 =
£
£ 04
o
S 02
S .
i e e v

Veh
ESP 1nM

Dynamin WT

Control Dy4 Dy4 PS2 PS2
inact inact
J NK;R CytoEKAR
g &
2 10
£ 08 -
£
o 06
:; 0.4
3 02
N
4
w

Dynamin K44E

140
120
100
80
60
40
20

- WT
& K44E

WT)

SRE-SEAP (%

10.0-95 -9.0 -8.5 8.0 7.5 7.0
[SP] (log M)



Fig. S2. NKiR compartmentalized signaling. A. Schematic of FRET biosensors for cytosolic
(CytoEKAR) and nuclear (NucEKAR) ERK, plasma membrane (pmCKAR) and cytosolic
(CytoCKAR) PKC, and plasma membrane (pmEpac2) and cytosolic (CytoEpac2) cAMP. B to J.
FRET assays of compartmentalized signaling in HEK293 cells. B and C. Cytosolic ERK. D and
E. Plasma membrane PKC. F and G. Plasma membrane cAMP. B to F. Effect of dynamin (Dy4)
and clathrin (PS2) inhibitors and inactive (inact) analogues on the spatiotemporal profile of SP-
induced signals. C to G. Area under the curve (AUC) analysis of data from B to L. Effect of
dynamin WT (H) or dominant negative dynamin K44E (I) on the spatiotemporal profile of SP-
induced activation of cytosolic ERK. J. AUC of H to L. siRNA knockdown of dynamin-1 (K)
and clathrin heavy chain (L) (Western blots) in HEK293 cells. M. Effect of dynamin WT or
dominant negative dynamin K44E on SRE-SEAP release 24 h after stimulation with graded
concentrations of SP. *P<0.05, **P<0.01, ***P<0.001 SP to vehicle; "P<0.05, "P<0.01,
AAP<().001 inhibitors to control. B-J, 16 to 354 cells, 3 experiments. ANOVA, Tukey’s test (C,

E, G); Sidak’s test (J).
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Fig. S3. G protein—dependent NKiR signaling in endosomes. A to D. SP-induced BRET
between NK|R-RLUCS and KRas-Venus (A) or RAB5A-Venus (B), and between Gog-RLUCS
and Gyz-Venus (C) or RAB5A-Venus (D) in HEK293 cells. Triplicate observations, N>3
experiments. E to G. Effect of Gugq inhibitor (UBO-QIC, UBO) on SP-induced spatiotemporal
profiles of nuclear ERK (NucEKAR, E), cytosolic PKC (CytoCKAR, F), and cytosolic cAMP
(CytoEpac2, G) measured in HEK293 cells using FRET biosensors. 35-67 cells, 3 experiments.
H. SP-induced changes in BRET between NK1R-RLUCS and KRas-Venus or RABSA-Venus in

the absence (Veh) or presence of the Gag inhibitor UBO-QIC.
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Fig. S4. Nociception and inflammation in vivo. A to E. von Frey withdrawal responses of
capsaicin-injected paw after intrathecal injection of indicated inhibitors or inactive controls. B.
Thickness of the capsaicin-injected paw after intrathecal injection of indicated inhibitors or

inactive controls. D and F. Validation of siRNA knockdown of dynamin-1 (D, Western blot) and
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BARRI1+2 (F, qPCR) in the spinal cord. G and H. von Frey withdrawal responses of
contralateral paw after siRNA knockdown of dynamin (G) or BARRI1+2 (H). *P<0.05,
*P<0.01, ¥**P<0.001, ****P<0.0001 to control. All experiments were in mice except C, which

was in rats. (V) animal number. ANOVA, Dunnett’s test (A-C, E, G-H); Student’s t test (D, F).
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Fig. S5. NKiR endocytosis in spinal neurons in vive. A. NK;R-IR localization in mouse spinal
cord, 30 min after intraplantar (i.pl.) capsaicin, 90 min after intraplantar formalin, and 40 h after
intraplantar CFA. Vehicle, Dy4, or Dy4 inact was injected intrathecally (i.t.) 30 min before
intraplantar injection of capsaicin or formalin, or 36 h after intraplantar injection of CFA.
Arrowheads, cell surface; arrows, endosomes. B to D. Cytosolic:plasma membrane NK R-IR in
mouse spinal neurons. **P<0.01, ***P<0.001 to vehicle. 18 neurons per condition (6 neurons

from N=3 mice). Student’s t test (B-D).
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Fig. S7. Uptake of tripartite probes. A and B. Time course of Cy5-Chol (A) and Cy5-Ethyl
ester (B) uptake into HEK293 cells. HEK293 cells were pulse-incubated with tripartite probes
tor 30 min, washed, and imaged at 1, 4, or 8 h after washing. Arrow heads, plasma membrane
Cy5-Chol; arrows, internalized Cy5-Chol. C. Colocalization of Cy5-Chol and NK;R-GFP. HEK-
NKiR cells were pulse-incubated with Cy5-Chol for 60 min, washed, and recovered for 4 h.
Cells were then challenged with SP to induce NK R endocytosis. Arrows, colocalization of Cy5-
Chol and NK R-GFP. D. Quantification of Cy5-Chol uptake. Cells were pulse-incubated with
Cy5-Chol (as in A), washed, and recovered for 1-10 h. Cy5-Chol uptake was quantified.
*P<0.05, **P<0.001 to control. 6-9 cells, N=3 experiments. E. Effect of Dy4 and Dy4 inact on
Cy5-Span-Chol uptake. Cells were pulse-incubated with Cy5-Span-Chol (as in A), washed, and

recovered for 1 h. Arrows, Cy5-Chol in endosomes. ANOVA, Dunnett’s test (D).
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Fig. S9. Synthesis and analysis of Span-Chol and Span—ethyl ester. A. Synthesis of tripartite
probes. B. LCMS analysis of Span-Chol. Peaks at 7r 4.34 and 17.95 min in the LC profile reflect
changes in the baseline of the LC-MS gradient, as confirmed by injection of a blank solvent

sample using the same method. C. LCMS analysis of Span-Ethyl ester. The peak at 7r 9.68 min

79



in the LC profile reflects changes in the baseline of the LC-MS gradient, as confirmed by

injection of a blank solvent sample using the same method.
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A Synthesis of L-733,060-Cholestanol
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Fig. S10. Synthesis and analysis of L-733,060-Chol. A. Synthesis of tripartite probe. B. LCMS
analysis. A UV spectrum for L-733,060-Chol could not be obtained because the absorbance of
the construct was very low at both 214 and 254 nm, and the dominant peaks obtained were from

the diluent buffer. The total ion trace (TIC) by MS is provided.
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Table S1. Statistical analyses and cell replicates.

Figure Test Cell Number

Fig. 1 C,F, L N | 2-way ANOVA with Tukey’s test 30-354 cells

Fig. 1L 2-way ANOVA with Sidak’s test 30-354 cells

Fig. 10 I-way ANOVA with Dunnett’s test | Population based assay, N=3
experiments

Fig. 2 A-D 1-way ANOVA with Dunnett’s test | Population based assay, N>3
experiments

Fig. 2F 1-way ANOVA with Sidak’s test 60-66 cells

Fig.2 G 2-way ANOVA with Sidak’s test 35-67 cells

Fig. 2H,1 2-way ANOVA with Tukey’s test 35-67 cells

Fig. 3B 2-way ANOVA with Tukey’s test 6 neurons / animal / group

Fig.3D,G 2-way ANOVA with Sidak’s test 6-7 neurons / animal / group

Fig. 3E,H I-way ANOVA with Dunn’s test 6-7 neurons / animal / group

Fig. 4 C,D Student’s t-test unpaired 3 rats, >6 neurons or fields / rat

Fig. 4 E-M 1-way ANOVA with Dunnett’s test

Fig. 5D 2-way ANOVA with Sidak’s test 44-99 cells

Fig. 5G 2-way ANOVA with Sidak’s test Population based assay, N=3
experiments

Fig. 5 H-J I-way ANOVA with Dunnett’s test

Fig. 6 H 2-way ANOVA with Sidak’s test 31-417 cells

Fig. 7B 2-way ANOVA with Sidak’s test 6-7 neurons / group

Fig. 7C 1-way ANOVA with Dunn’s test 6-7 neurons / group

Fig. 7E-J 1-way ANOVA with Dunnett’s test

Supplementary Figures

Figure Test Cell Number

Fig. 1 E-H I-way ANOVA with Dunnett’s test | Population based assay, N=3
experiments

Fig. 2C,E, G 2-way ANOVA with Tukey’s test 16-354 cells

Fig. 2] 2-way ANOVA with Sidak’s test 16-354 cells

Fig. 4 A-C, E, I-way ANOVA with Dunnett’s test

G-H

Fig. 4D, F Student’s T-test unpaired

Fig. 5 B-D Student’s t-test unpaired 6 neurons / group

Fig. 7D I-way ANOVA with Dunnett’s test | 6-9 cells

Fig. 8C,D 2-way ANOVA with Tukey’s test 31-333 cells
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Movie S1. Three-dimensional projections of NKiR-IR in neurons in spinal cord slices
incubated with Dy4 inact and vehicle. 3D projections of confocal images showing localization
of NKiR-IR in lamina I neurons in dorsal horn of rat spinal cord slices. Slices of spinal cord
were preincubated with Dy4 inact (10 min), then incubated with vehicle (5 min), and fixed.
Neurons from 3 animals are shown.

Movie S2. Three-dimensional projections of NKiR-IR in neurons in spinal cord slices
incubated with Dy4 inact and SP. 3D projections of confocal images showing localization of
NKR-IR in lamina I neurons in dorsal horn of rat spinal cord slices. Slices of spinal cord were
preincubated with Dy4 inact (10 min), then incubated with SP (1 uM, 5 min), and fixed. Neurons
from 3 animals are shown.

Movie S3. Three-dimensional projections of NKiR-IR in neurons in spinal cord slices
incubated with Dy4 and vehicle. 3D projections of confocal images showing localization of
NK;R-IR in lamina I neurons in dorsal horn of rat spinal cord slices. Slices of spinal cord were
preincubated with Dy4 (10 min), then incubated with vehicle (5 min), and fixed. Neurons from 3
animals are shown.

Movie S4. Three-dimensional projections of NKiR-IR in neurons in spinal cord slices
incubated with Dy4 and SP. 3D projections of confocal images showing localization of NKR-
IR in lamina I neurons in dorsal horn of rat spinal cord slices. Slices of spinal cord were
preincubated with Dy4 (10 min), then incubated with and SP (1 pM, 5 min), and fixed. Neurons
from 3 animals are shown.

Movie S5. Three-dimensional projections of NKiR-IR in neurons in spinal cord 10 min

after intraplantar injection of vehicle. 3D projections of confocal images showing localization
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of NKR-IR in lamina I neurons in dorsal horn of rat spinal cord. Tissues were collected 10 min
after intraplantar injection of vehicle. Neurons from 3 animals are shown.

Movie S6. Three-dimensional projections of NKiR-IR in neurons in spinal cord 10 min
after intraplantar injection of capsaicin. 3D projections of confocal images showing
localization of NKjR-IR in lamina I neurons in dorsal horn of rat spinal cord. Tissues were
collected 10 min after intraplantar injection of capsaicin. Neurons from 3 animals are shown.
Movie S7. Three-dimensional projections of NKiR-IR in neurons in spinal cord 10 min
after intraplantar injection of capsaicin, with Dy4 injected before capsaicin. 3D projections
of confocal images showing localization of NK{R-IR in lamina I neurons in dorsal horn of rat
spinal cord. Tissues were collected 10 min after intraplantar injection of capsaicin. Dy4 was
administered intrathecally 30 min before intraplantar capsaicin. Neurons from 3 animals are
shown.

Movie S8. Three-dimensional projections of NKiR-IR in neurons in spinal cord 10 min
after intraplantar injection of capsaicin, with Dy4 inact injected before capsaicin. 3D
projections of confocal images showing localization of NK R-IR in lamina I neurons in dorsal
horn of rat spinal cord. Tissues were collected 10 min after intraplantar injection of capsaicin.
Dy4 inact was administered intrathecally 30 min before intraplantar capsaicin. Neurons from 3
animals are shown.

Movie S9. Three-dimensional projections of NKiR-IR in neurons in spinal cord 10 min
after intraplantar injection of capsaicin, with PS2 injected before capsaicin. 3D projections
of confocal images showing localization of NK|R-IR in lamina I neurons in dorsal horn of rat

spinal cord. Tissues were collected 10 min after intraplantar injection of capsaicin. PS2 was
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administered intrathecally 30 min before intraplantar capsaicin. Neurons from 3 animals are
shown.

Movie S10. Three-dimensional projections of NKiR-IR in neurons in spinal cord 10 min
after intraplantar injection of capsaicin, with PS2 inact injected before capsaicin. 3D
projections of confocal images showing localization of NK jR-IR in lamina I neurons in dorsal
horn of rat spinal cord. Tissues were collected 10 min after intraplantar injection of capsaicin.
PS2 inact was administered intrathecally 30 min before intraplantar capsaicin. Neurons from 3
animals are shown.

Movie S11. Plasma membrane incorporation and endocytosis of Cy5-cholestanol by
HEK293 cells. Time lapse images showing plasma membrane incorporation and endocytosis of
Cy5-cholestanol by HEK293 cells at 37°C. Cy5-cholestanol was added at 0 min.

Movie S12. Lack of uptake of Cy5—ethyl ester by HEK293 cells. Time lapse images showing
lack of uptake of Cy5-ethyl ester by HEK293 cells at 37°C. Cy5-ethyl ester was added at 0 min.
Movie S13. Time lapse images showing FRET between SNAP-549-NKiR and Cy5-Chol.
Time lapse images showing FRET between SNAP-549-NK R and Cy5-cholestanol. SNAP-549-
NKiR was internalized by SP (10 nM, 30 min), and Cy5-cholestanol was added at 0 min. Scale, 10
pm.

Movie S14. Animation showing SP-induced assembly of endosomal signaling platform for

pain transmission.

85



Part I1: Lipidation improves antagonist potency and the
inhibition of NK:R signalling in endosomes

Quynh N. Mai,* ¢ Tim Quach,” 9 Priyank Shenoy,* ¢ Jeffri Retamal-Santibanez,® ¢ Holly R.
Yeatman?, Luigi Aurelio,> ¢ Josh W. Conner,” Meritxell Canals,* T Bimbil Graham®, Stephen J.
Briddon,® Stephen J. Hill, ¢ Christopher J. Porter,?* 4 Nigel W. Bunnett® 9"
Michelle L. Halls* ¢, and Nicholas A. Veldhuis®¢

a. Drug Discovery Biology, Monash Institute of Pharmaceutical Sciences, Monash
University, Parkville, Victoria 3052, Australia

b. Medicinal Chemistry, Monash Institute of Pharmaceutical Sciences, Monash University,
Parkville, Victoria 3052, Australia

C. ARC Centre of Excellence in Convergent Bio-Nano Science and Technology, Monash
Institute of Pharmaceutical Sciences, Monash University, Parkville, Victoria 3052,
Australia

d. Drug Delivery Disposition and Dynamics, Monash Institute of Pharmaceutical Sciences,
Monash University, Parkville, Victoria 3052, Australia

e. Cell Signalling Research Group, School of Life Sciences, The University of Nottingham
Medical School, Nottingham, UK

f.  Department of Pharmacology and Therapeutics, University of Melbourne, Parkville, VIC
3010, Australia
Department of Surgery, Columbia University, New York, NY 10032
Department of Pharmacology, Columbia University, New York, NY 10032

86



2.1 Abstract

Stimulation of some G protein-coupled receptors (GPCRs) can lead to rapid
phosphorylation and B-arrestin-mediated recruitment to endosomes. While endocytosis events
were historically considered to terminate signalling by directing GPCRs to recycling or
degradative pathways, recent investigations demonstrate that GPCRs can remain in G protein or
[-arrestin complexes to promote sustained signalling from endosomal compartments. Substance P
(SP)-dependent stimulation of the Neurokinin 1 receptor (NK:R) and -arrestin-mediated
internalisation is essential for the complete SP-NK:R signalling repertoire. Furthermore,
endosomal signalling is required for pathophysiologically relevant processes such as pain
transmission. The endosomal NK1R population is therefore proposed to be a distinct therapeutic
target. To target endosomal receptors, we recently conjugated a soluble NK:R peptide antagonist
Spantide | to cholestanol, a sterol-based lipid-anchor, to promote membrane association and
internalisation. Spantide-cholestanol (Span-Chol) enhances the inhibition of endosomal signalling
and analgesia, but the mechanisms through which lipidated compounds inhibit endosomal
signalling has not been investigated in detail. In this study, the potential for lipidated antagonists
to regulate receptor trafficking and spatiotemporal NK1R signalling was assessed using live cell
imaging, biophysical approaches and nociceptive behavioural assays. While the soluble antagonist
Spantide targets short-term inhibition of cell surface processes, lipid-conjugation provides
sustained inhibition of B-arrestin coupling, plasma membrane-delimited signalling, and selective
inhibition NK3;R endosomal-derived nuclear ERK activity and cytosolic cAMP production.
Nociceptive assays demonstrate that Span-Chol, but not a Cholestanol-PEG conjugate, offers

sustained analgesia. These studies demonstrate that membrane-anchoring enhances the
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intracellular drug distribution of GPCR antagonists for sustained inhibition of endosomal receptor

signalling and pain transmission.

2.2 Introduction
G protein-coupled receptors (GPCRs) mediate cell signalling processes that are influenced by
intracellular localisation and hence, dysregulation of receptor localisation or trafficking can
contribute to pathophysiological states (Arora et al., 2007, Nikolaev et al., 2010). The canonical
view of the GPCR signalling-trafficking relationship suggests GPCRs are internalised as a
mechanism to arrest signalling leading to desensitisation by lysosomal-mediated receptor
degradation, or receptor resensitisation following recruitment into recycling endosomes (Pierce et
al., 2002, Sorkin et al., 2009). The development of sensitive biophysical tools to measure receptor
trafficking and spatiotemporal cellular signalling has revealed that stimulated, internalised GPCRs
can form distinct G protein or BArr signalling complexes and continue to signal from intracellular
locations such as the endosomal network (Luttrell 1999, Slessareva et al., , Sorkin et al., 2009,
Jensen et al., 2017). Furthermore, we and others have demonstrated that endosomal-mediated
signalling processes are required for unique and physiologically important processes (Nikolaev et
al., 2004, Calebiro et al., 2009, Murphy et al., 2009, Irannejad et al., 2013, Yarwood et al., 2017).
Endosomes are therefore recognised as spatially and temporally distinct signalling platforms and
should be considered as distinct therapeutic targets (12).

Limited drug accessibility to internalised receptors may explain why some antagonists
show a high level of selectivity and potency in cell-based assays, but very poor clinical outcomes
in pathophysiological states. This may be the case for the Neurokinin 1 Receptor (NK1R) where

attempts to use antagonists to treat pain in humans have failed (Goldstein et al., 1997, Dionne et
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al., 1998, Diener 2003). The NK:R is a GPCR of the tachykinin family that is expressed in human
central neurons of the dorsal horn, endothelia, vascular smooth muscle and the gastrointestinal
tract and performs critical roles in nociception, cognition and inflammation (Greeno et al., 1993,
Renzi et al., 2000, Hargreaves 2002, Caberlotto et al., 2003, Pinto et al., 2004, Steinhoff et al.,
2014). Noxious stimuli result in the release of Substance P (SP), an endogenous neuropeptide,
from peripheral and central projections of primary afferent neurons. In the periphery, SP stimulates
NK:R signalling at the site of injury to promote oedema and plasma extravasation (neurogenic
inflammation). At central projections, pre-synaptic SP release from peripheral neurons leads to
excitation of second order neurons of the spinal cord and central pain transmission.

Activation of the NK:R results in distinct spatiotemporal signalling outcomes. At the
plasma membrane SP-bound NK1R activates Gog to promote phospholipase C (PLC)-dependent
formation of inositol triphosphate and diacylglycerol (DAG) and calcium mobilisation (Ca®*).
DAG and Ca®* activate protein kinase C (PKC), a key signalling protein in the pain pathway,
capable of activating signalling proteins and ion channels that regulate nerve excitation (Quartara
et al., 1997, Sorkin et al., 2009, Pelayo et al., 2014, Steinhoff et al., 2014). SP-dependent NK1R
stimulation also leads to cell surface Gag-mediated adenylate cyclase (AC) activity and cCAMP
production, and transactivation of epidermal growth factor receptor (EGFR) to stimulate
extracellular signal-regulated kinase (ERK) activity in the cytoplasm. SP-bound NKiR is then
rapidly phosphorylated and recruited into endosomes via BArr-mediated processes (Bowden et al.,
1994, Mantyh et al., 1995). Within endosomes, the SP-NK1R-Goq complex stimulates sustained
signalling of cytosolic cCAMP, cytosolic PKC activity and recruitment of Src and MEKK to activate
nuclear ERK, independently of EGFR (Cottrell et al., 2009, Murphy et al., 2009, Jensen et al.,

2014). Importantly, NK1R signalling from internalised membranes in spinal neurons is strongly
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associated with sustained mechanical and inflammatory pain transmission (Mantyh et al., 1995,
Zhang et al., 2013).

We propose that the efficacy and selectivity of NK1R antagonists for pathophysiologically
relevant signalling may be improved by directing antagonists to the endosomes and have recently
developed lipid-anchored NK:R antagonists and fluorescent probes that can be directed to
endosomal membranes (7). Inspired by prior lipid-drug conjugate optimisation studies, a series of
constructs were synthesised, consisting of the sterol cholestanol as a lipid-conjugate for anchoring
a pharmacophore to membranes via a flexible polyethylene glycol linker (PEG4-PEG3-PEG4).
Cargo included the soluble fluorophore Cyanine 5 (Cy5) to generate a fluorescent lipid reporter
(Cy5-Chol), or lipid-anchored NK1R antagonist, Spantide | (Figure. 2.1). A non-lipidated control
construct was also generated, consisting of Cy5 and PEG linker terminated with a soluble ethyl-
ester group (Cy5-ethyl ester; Cy5-EE). Initial characterisation demonstrated that lipid-conjugation
of NK{R-selective antagonists via a PEG linker improves analgesic outcomes in mice relative to
their unmodified, soluble counterparts. Moreover, cholestanol-conjugated Spantide (Spantide-
PEG-Cholestanol; Span-Chol) selectively inhibited NK;1R-mediated nuclear ERK signalling, a
pathway driven from endosomal NKiR signalling complexes and critical for pain transmission
(Jensen et al., 2017). However, whether lipidated antagonists can inhibit other NK;R endosomal-
derived signalling processes (including cytosolic cAMP and cytosolic PKC activity) or directly
influence NK1R endocytosis remains unknown.

We have combined live cell imaging, biophysical techniques, cell signalling and
trafficking, and behavioural pain assays to investigate the potential for cholestanol-anchored drugs
to target established NK1R signalling pathways initiated from endosomes. Cy5-Chol co-distributes

with fluorescent-fusion organelle resident proteins of endocytic and secretory pathways, including
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the plasma membrane and endosomes, where stimulated NK1R resides. The lipidated antagonist
Span-Chol has the potential to target NK1R at the cell surface and in endosomes, leading to short-
term inhibition of NK{R-BArr coupling and endocytosis, and sustained inhibition of endosomal-
selective NK:R signalling pathways, including nuclear ERK activity and cytosolic cAMP
production. Consistent with this, behavioural pain studies demonstrate that lipidation of Spantide
prolongs the analgesic effect of the drug. This study reveals new insights about lipid-anchors for
enhancing the membrane affinity of soluble GPCR antagonists and targeting endosome-derived

signalling pathways of pathophysiological importance.
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Figure 2.1 Tripartite compound structure. Tripartite compounds are comprised of soluble
cargo, conjugated to cholestanol via a polyethylene glycol (PEG) chain. A, cy5 fluorescent reporter
(red) conjugated via PEG (blue) to either ethyl ester or a lipid moiety, cholestanol (green, dashed

box). B, Spantide 1 (black), conjugated to cholestanol (green), via a PEG linker (blue).
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2.3 Methods

2.3.1 Synthesis
Synthesis of the tripartite ligands Spantide-Cholestanol, Cy5-Cholestanol and Cy5-Ethyl ester are
as described previously (Jensen et al., 2017). Tetramethylrhodamine (TAMRA)-labelled

Substance P peptide (TAMRA-SP) was synthesised by GL Biochem (Shanghai, China).

2.3.2cDNA

Rat NK:R-GFP and HA-NK:R have been described previously (Cattaruzza et al., 2009, Jensen et
al., 2014). The cytoEKAR GFP/RFP (plasmid 18680) and nucEKAR GFP/RFP (plasmid 18682),
and cytoCKAR (plasmid 14870) and pmCKAR (plasmid 14862) were obtained from Addgene
(Cambridge, MA). CytoEpac2-camps was provided by M. Lohse (University of Wurzburg) and
pmEpac2-camps was provided by D. Cooper (University of Cambridge) (Nikolaev et al., 2004,
Wachten et al., 2010). NK1R-RLuc8, Venus-Arr, KRAS, Rab5 (Kocan et al., 2011, Lan et al.,

2012) and SNAP-NK1R from Cisbio.

2.3.3 Cell lines, Transfection

HEK293 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 5% v/v FBS (37°C, 5% CO.). HEK-FIpIn (human embryonic kidney cells) stably expressing
rat HA-NK:R (HEK-NK;:R) have been described (Cottrell et al., 2007). HEK-NK1R cells were
maintained in DMEM supplemented with 10% v/v FBS and 100 pg/mL Hygromycin B (37°C, 5%
CO2). For FRET, HEK?293 cells were plated into poly-D-lysine coated 96 well black-walled,
optically clear plates for imaging by the InCell Analyzer or into 8-well 1bidi chamber slides for

imaging by confocal. Cells were grown to 50% confluency in DMEM supplemented with 5% v/v
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FBS and 100 U/mL penicillin and 100 pg/mL streptomycin. Cells were transiently transfected with
55 ng/well HA-NK1R and 40 ng/well cytoEKAR, pmEpac2, cytoEpac? or cytoCKAR using a 1:6
ratio of DNA to polyethylenimine (1 mg/mL; Polysciences, Warrington, PA). After 24 h, culture
medium was replaced with serum restricted medium (DMEM supplemented with 0.5% v/v FBS
and 100 U/mL penicillin and 100 pg/mL streptomycin) and FRET was assessed 48 h after
transfection. For bioluminescence resonance energy transfer (BRET), HEK293 cells were
transfected with 1 pg of NK:R-RLuc8 and 4 ug B-arrestin 2-YFP, KRas-Venus or Rab5a-Venus.

After 24 h, cells were plated in poly-D-lysine-coated 96 well CulturPlates (PerkinElmer).

2.3.4 Fluorescence Correlation Spectroscopy

Prior to each experiment, calibration was performed for the 633 nm laser line. Cy5 (GE healthcare,
Buckingham, UK) was used to calibrate the 633 nm laser, diffusion coefficient of 3.16x1071° m?/s.
(Schwille et al., 1996, Schwille 2006, Poyner et al., 2009). HEK cells stably expressing NK1R-
SNAP were plated into Nunc Lab-Tek 8-well coverglass (SLS, Nottingham, UK). Cy5-Chol and
Cyb-EE were prepared in HBSS. Cells were incubated with 400 uL of each ligand at 37°C. A
reference fluorescent image of each cell was captured. A fluorescence intensity scan in the z
direction was used to determine the plasma membrane and the focal point was positioned at
intervals above the plasma membrane. FCS was recorded (ex A: 633 nm HeNe, em A: LP650 nm
filter) for 20 sec, atan AOTF of 10 and a laser power of 60%, using a Zeiss LSM510Meta Confocor
3 microscope fitted with a c-Apochromat 40x NA 1.2 water immersion objective lens (Kilpatrick
et al., 2012). Autocorrelation analysis was performed with a 1 component, 3D Brownian model fit

using Zeiss 2010 black software (Briddon et al., 2007).
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2.3.5 Fluorescent Competition Binding

HEK-ratNK1R cells were plated into poly-D-lysine coated black-walled 96 well plates and grown
to >80% confluence. Cells were treated with increasing concentrations of antagonist and an ECsg
concentration (0.5 nM) of carboxy tetramethylrhodamine-labeled SP (SP-TAMRA). Cell nuclei
were stained with Hoechst (1 pg/mL, 30 min, 37°C). Images were acquired using an ImageXpress
Ultra confocal high-content plate reader (Molecular Devices, Sunnyvale, CA, USA) with Fluor
40 x NAO0.6 objective. Cells were imaged using the 405 and 561 laser excitations for Hoechst and
TAMRA, respectively. For each well, four fields of view were imaged. Images were analysed with
MetaXpress 2.0 software (Molecular Devices), using an automated granularity module with the
granule range set to 5-10 um and intensity thresholds for granule classification set for each
experiment based on the positive and negative controls. A nuclear count from the Hoechst 33342
image was obtained and the granularity analysis calculated the average intensity per cell

(Kilpatrick et al., 2010, Stoddart et al., 2015).

2.3.6 Localisation of Cy5 Tripartite Compounds

For confocal imaging, HEK293 cells expressing endosomal markers and NK1R-GFP were plated
onto 30 mm poly-D-lysine coated coverslips and cultured to 60% confluency. Cells were
transiently transfected with 1 pg/coverslip rat NKiR-GFP using FuGene (Promega, Sydney,
Australia) according to the manufacturer’s instructions. To identify endosomal compartments,
Rab5a-RFP or Rab7a-GFP fusion proteins were transiently expressed by transducing cells for 16
h with CellLight™ Bacmam 2.0 virus (Life Technologies, Mulgrave, Victoria). Lysosomes were
labelled with lysosomal pH sensitive dye, LysoTracker green (Life Technologies). Cells were

equilibrated in Hanks’ Balanced Salt Solution (HBSS) for 30 min prior to imaging. Images were
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obtained using a Leica TCS SP8 Laser-scanning confocal microscope with HCX PL APO 40x
(NA 1.30) and HCX PL APO 63x (NA 1.40) oil objectives in a humidified and temperature-
controlled chamber (37°C). Three baseline images were captured (4-6 optical sections) before
addition of Cy5-Cholestanol (Cy5-Chol) or Cy5-ethyl ester (1.5 uM). Cells were imaged at time
points indicated or imaged at 2 min intervals for 1 h. Cells expressing NK:R-GFP were incubated
with Cy5-Chol (1.5 uM, washout after 30 min incubation). Excess probe was removed by washing
cells with HBSS and incubated with medium for 3 h. Cells were then stimulated with SP (10 nM,
10 min), washed with HBSS and incubated for 20 min before imaging. Imaging experiments were

performed more than 3 times on different days with separate drug preparations.

2.3.7 Bioluminescence Resonance Energy Transfer

HEK293 cells were transiently transfected with NKiR-RLuc and B-arrestin 2-YFP, KRas-Venus
or Rab5a-Venus. Cells were incubated with antagonists for 4 h before the medium was replaced
with HBSS and cells were equilibrated for 30 min at 37°C, or for 30 min in HBSS. Coelenterazine
h (Promega) was added at a final concentration of 5 uM and the cells were incubated for a further
5 min. BRET was measured at 1 min intervals with, 4 baseline measurements, a manual 1 nM SP
addition, and a further 25 measurements. BRET was measured sequentially at 475 + 30 nm and
535 + 30 nm with filters for the appropriate band pass in the PHERAstar Omega microplate reader
(BMG Labtech). Data were presented as a BRET ratio of the YFP signal to the Renilla luciferase

signal and corrected for the vehicle and baseline.
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2.3.8 Forster Resonance Energy Transfer (FRET)
HEK?293 cells transiently transfected with NK1R-HA, and cytoEKAR, nucEKAR (cytosolic or
nuclear ERK biosensors) , cytoCKAR (cytosolic PKC biosensor) , pmEpac?2 or cytoEpac? (plasma
membrane or cytosolic CAMP biosensors) (Nikolaev et al., 2004, Wachten et al., 2010). Cells were
incubated with 1 uM of the antagonists for 4 h before the medium was replaced with HBSS and
cells were equilibrated for 30 min at 37°C. FRET was measured at 1 min intervals using the INCell
2000 Analyzer with a Nikon Plan Fluor ELWD 40x (NA, 0.6) objective and FRET module (GE
Healthcare) (Jensen et al., 2014, Halls et al., 2016). Using these settings, approximately 100 cells
were imaged for each drug treatment in one experiment. For the Epac2 biosensors, cells were
sequentially excited using a CFP filter (430/24) with emission measured using YFP (535/30) and
CFP (470/24) filters with a polychroic optimised for this FRET pair (Quad 3). For EKAR
biosensors, cells were sequentially excited using a FITC filter (490/20) with emission measured
using dsRed (605/52) and FITC (525/36) filters with a polychroic optimised for this FRET pair
(Quad4). Basal FRET images were captured for 4 min. Cells were stimulated with vehicle control
(MilliQ H20) or SP (1 nM), and images were captured for 20 min. Cells were stimulated with
positive controls for 10 min (10 uM forskolin with 100 uM 3-isobutyl-1-methylxanthine for Camp
and 200 nM phorbol 12,13-dibutyrate (PDBu) for ERK) and imaged for 4 min.

For the PKC biosensor, cells were imaged for CFP (ex A= 458, em A= 481 + 18 nm) and
YFP (em A= 540 + 20 nm) using a Zeiss LSM710 confocal fluorescence microscope with a Zeiss
40X (NA, 1.34), oil immersion objective, with pinhole set to 2 AU. Using these settings, up to 20
cells were imaged in each experiment. Basal FRET images were captured at 3 sec intervals for 30
sec. Cells were manually stimulated with vehicle control (MiliQ H20) or SP (1 nM) and captured

for 2 min. Cells were stimulated with positive control, PDBu (200 nM) and imaged for 5 min.
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The data were analysed by identifying individual cells as regions of interest. For the images
captured using the InCell, up to 200 cells with the lowest expression of biosensor were selected
and up to 20 cells were selected in the confocal experiments. Each biosensor was expressed as a
FRET ratio and normalised to the baseline. Only the cells that responded with at least a 5% increase
in FRET ratio in response to the positive controls were collated in the graphs. Details of the

analysis are further described in Halls et al., 2015.

2.3.9 Measurement of [Ca?*];

Stable HEK-NK:R were plated into clear 96 well plates. Cells were washed with calcium buffer
and were loaded with Fura-2 AM ester (1 uM, 45 min, 37°C) in calcium buffer (10 mM HEPES,
0.5% BSA, 10 mM D-glucose, 2.2 mM CaCl.H20, 1.18 mM MgCl..6H20, 2.6 mM KCI, 150 mM
NaCl), containing 4 mM probenecid and 0.05% v/v pluronic F127, pH 7.4. Cells were then
stimulated with 1 nM SP at 1, or 4 h post-antagonist addition, or with ionomycin (1 uM) to obtain
a maximal [Ca?"]i response. Fluorescence was measured at 4 s intervals for 45 secs per well
(excitation: 340 nm/ 380 nm; emission: 520 nm) using a FlexStation 1/3 plate reader (Molecular
Devices, Sunnyvale, CA). SoftMax Pro (v5.4.4) software was used to obtain the area under the

curve from the kinetic data for >4 experiments performed in duplicate.

2.3.10 In vivo studies

2.3.10.1 Animals

A total of 72 male C57BI/6 mice (6-12 weeks old) were used in this study. Mice were maintained
in a temperature and humidity-controlled room (23°C £ 2° C) under a 12 h light/dark cycle with

food and water ad libitum. The study was conducted in accordance with the ethical guidelines of
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the International Association for the Study of Pain and was approved by the animal ethics

committee of Monash Institute of Pharmaceutical Sciences, Monash University.

2.3.10.2 Drugs administration
50uM of Spantide-cholestanol, Spantide, Cholestanol-PEG-Biotin and vehicle (1% DMSO/Saline)
(n=6 each group) were injected intrathecally (5 uL) 3, 6 and 12 h before intra-plantar injection of

capsaicin in a single dose in the L3-L4 region under isoflurane anaesthesia (1-3 % delivered in

oxygen).

2.3.10.3 Mechanical hyperalgesia

The behavioural assessment of mechanical hyperalgesia by von Frey method was performed by an
investigator blinded to the treatments. Experimental mice were acclimatised and habituated to the
experimental conditions of von Frey testing for 2 successive days for around 1-2 h. Mechanical
hyperalgesia was assessed by measuring the paw withdrawal thresholds elicited by the filaments
of ascending magnitudes of force applied to the plantar surface of the hind paws as per the
previously established protocol (Alemi et al., 2013, Jensen et al., 2017). On the day of the study,
von Frey paw withdrawal thresholds were measured in duplicate to establish baseline readings for
each of the animal in different groups. At time 0 mice were anaesthetised (1-3 % isoflurane in
oxygen) and capsaicin (5 pg, vehicle: 20% ethanol, 10% Tween 80, 70% saline solution) was
injected subcutaneously in the plantar surface of the left hind paw (10 uL). Following capsaicin
injection, von Frey thresholds were measured for both the ipsilateral and contralateral hind paws
every hour for up to 4 h. The data were subsequently normalised to the baseline paw withdrawal

thresholds of the respective animal.
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2.3.11 Data Processing and Analysis

Drug uptake and FRET biosensor images were processed and analysed using FIJI (v 1.51d)
software. Graphs were generated using GraphPad Prism 6.01 (San Diego, CA). For the analysis of
FRET data, two-way analysis of variance (ANOVA) and post hoc Tukey’s multiple comparisons
test was applied (* p<0.05; ** p<0.01, ***p <0.001). Data are presented as mean + S.E.M. For
BRET data, one-way ANOVA and the Dunnett’s post-test relative to the Vehicle control (**
p<0.01). Ligand binding data are presented as mean £ S.E.M and fitted with a competitive binding,

one site, fit loglCso model and compared log ICso using an extra sum-of-squares F test (P<0.05).

2.4 Results

2.4.1 Cholestanol lipid-anchor increases Cy5 probe cell membrane association

FCS is a sensitive fluorescence spectroscopy technique that can be used to quantitatively measure
and resolve the biophysical properties of fluorescent molecules (Briddon et al., 2017). The
technique involves the measurement of fluorescence intensity fluctuations within a diffraction-
limited confocal volume and the application of autocorrelative analysis to determine concentration
and diffusion characteristics (Briddon et al., 2017). We have used this approach to quantitatively
determine soluble and lipidated Cy5 probes in the extracellular fluid immediately above the plasma
membrane and at increasing distance intervals above the cell. The position of the plasma
membrane was identified by performing a fluorescence intensity scan in the z-direction at one
fixed x and y position. The fluorescence was measured at intervals increasing by 2 um for 5
measurements (2-10 um), subsequent measurements were performed by intervals of 5 um, and the

distances were normalised to the raw values of the z-position. The concentration of Cy5-Chol
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measured within the first 5 um of extracellular fluid above the plasma membrane was 26.8 + 8.29

nM and decreased to 2.38 £ 0.22 nM at 200 um. In contrast, measured concentrations of the control

construct, Cy5-EE, were 6.77 + 0.35 nM at 5 um above the plasma membrane and increased to

26.2 + 3.05 nM at 200 um. Consistent with Cy5 probe imaging (Figure 2.2A), a comparison of

probe concentrations at increasing intervals indicates an enrichment of Cy5-Chol in the plasma

membrane, while ethyl-ester-terminated Cy5-PEG

extracellular fluid (Figure 2.2B-D).
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Figure 2.2. Extracellular distribution
and concentration of Cy5 probes at
the plasma membrane. A, HEK293
cells imaged following incubation with
Cy5-Cholestanol (Cy5-Chol) or Cy5-
Ethyl ester (Cy5-EE) (both 1 uM, 55
min, 37°C). Incubation (10 min, 37°C) of
HEK293 cells with 10nM Cy5-Chol, B,
or Cy5-EE, C, followed by measurement
of Cy5 probe concentration at increasing
distances above the plasma membrane
by fluorescence correlation
spectroscopy. D, Average Cy5 probe
concentration at 5 pm increasing
intervals above the plasma membrane.
#p> 0.001, Unpaired t-test, Holm-Sidak
multiple comparisons. Combined cell
data from n=4 experiments. Scale bar,
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2.4.2 Cholestanol Fluorescent Reporter Internalises into NK;R-positive Endosomes

We have previously demonstrated that the Cy5-Chol probe significantly internalises into
endosomal compartments after continuous incubation for 4 h (Jensen et al., 2017). To determine
the intracellular distribution of a lipid-conjugated pharmacophore following acute or chronic
treatment, Cy5-Chol (1.5 uM) was incubated for times indicated, in cells transiently expressing
fluorescent reporter proteins, including endosomal markers or NKiR-GFP. Organelles were
visually defined as early endosomes (Rab5a-RFP), late endosomes (Rab7a-GFP), recycling
endosomes (Rab11-GFP), the trans-Golgi network (GalT2-GFP) or the endoplasmic reticulum
(Calreticulin-GFP). After a 30 min incubation with Cy5-Chol, fluorescence was readily observed
at the plasma membrane in live cells, and within Rab5a-GFP and Rab7a-GFP positive endosomes
(Figure 2.3A), but not markers of the recycling endosome, trans-Golgi network or endoplasmic
reticulum. Using a pulsed incubation protocol, consisting of a 30 min incubation, wash and 3.5 h
recovery, plasma membrane fluorescence was reduced, while intracellular co-internalisation was
observed with Rab5a and Rab7a positive endosomes (Figure 2.3B). In addition, Cy5-Chol
internalises into endosomes that also contain stimulated, internalised NK1R-GFP, after challenging
cells with SP (10 nM, 10 min, wash) (Figure. 3B). This indicates sustained association with NK1R-
positive compartments when using a pulsed incubation protocol and was supported by the co-
distribution of Cy5-Chol and NKiR-GFP in these conditions. To determine the long-term
intracellular distribution of a lipidated probe, cells were incubated with Cy5-Chol for 24 h (Figure
2.4). In these conditions, Cy5-Chol fluorescence was detected, indicating that cholestanol
conjugates are not diminished by metabolic processes. Co-distribution was observed with Rab5,
Rab7, Rab11 and a lysosomal dye. Although they are markers of different endosomal fates, co-

distribution was observed between the Rab5 and Rab7 markers and between the Rab 11 and
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Lysosomal markers. This may be due to the continuous incubation of cholestanol for 24 h which
may affect the fluidity of the plasma membrane and endosomal membranes. Together, these
observations indicate that at early timepoints of up to 4 h, the cholestanol can promote trafficking

specifically into the early and late endosomal compartments.

>
W

Marker Cy5-Chol Merge Inset Marker Cy5-Chol Merge Inset

NK1R-GFP Rab7a-GFP Rab5a-RFP

Calret-GFP GALNT-GFP Rab11-GFP Rab7a-GFP Rab5a-RFP

Figure 2.3. Cholestanol conjugation increases the association of fluorescent probes with
endosomes. A, Stable HEK NK{R-HA cells transduced with CellLight markers to transiently
express GFP-tagged Rab5a (Early endosome), Rab7a (Late endosome), Rabll (Recycling
endosome), GALNT (Golgi) or Calreticulin signal with KDEL retention peptide (endoplasmic
reticulum) markers and incubated with Cy5-Cholestanol (1.5 uM, 30 min, 37°C), washed and
imaged by confocal microscopy. B, Untransfected HEK293 cells incubated with 1.5 uM Cy5-Chol
(30 min, washed and replaced in buffer 3.5 h) with endosomal markers, Rab5a-RFP, Rab7a-GFP
and SP stimulated NK:R (1 nM SP, 10 min). Representative images and overlap coefficients from

n=3 individual experiments. White arrows indicate regions of overlap. Scale bar, 10 um.
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Cy5-Chol  Rab11-GFP Lysotracker Merge Inset

Rab7a-GFP Rab5a-GFP

C|SCho Merie Inset

Figure 2.4. Sustained incubation of Cy5-Chol leads to accumulation in lysosomes. HEK-NK{R

cells were transduced with CellLight markers to transiently express Rab5-GFP, Rab7-RFP, or
Rabl11a-GFP, to visualise early, late or recycling endosomes, respectively. Cells incubated with
Lysotracker Red to enabled visualisation lysosomes. Cells were incubated with 1.5 uM Cy5-Chol
(red channel) for 24 h, washed and imaged in HBSS. Organelle markers were pseudo-coloured to
differentiate fluorescent channels. Representative images from n=2 experiments. White arrows

indicate regions of overlapping fluorescence. Scale bar 10um.

2.4.3 Lipid-conjugated antagonists retain affinity for the NK1R antagonist

To determine how lipid-conjugation influences the affinity of Spantide for the NK1R, we used
TAMRA-labelled SP agonist (SP-TAMRA) in a whole cell fluorescence-based competitive ligand
binding assay. Live HEK-NK:R cells were co-incubated with SP-TAMRA (0.5 nM) and
increasing concentrations of Spantide or Span-Chol for 30min. Cells were subsequently imaged
and analysed using an established granularity algorithm (Stoddart et al., 2012, Stoddart et al.,
2015). At 30min, Span-Chol showed a modest increase in affinity for NK1R, when compared to

the soluble Spantide control (pICsp 6.26 + 0.16 and 5.96 + 0.11, respectively; Figure 2.5B).
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Sustained ligand binding was also assessed, by pre-incubating cells with antagonist for 3.5 h, then
incubated with SP-TAMRA for a further 30 min (Figure 2.5C). In these conditions, the measured
affinity for Spantide was reduced after 4 h (pICso 5.54 + 0.34), whereas Span-Chol (6.32 + 0.17)
was consistent with the affinity measured after 30 min binding. This indicates that lipidation does
not diminish the affinity of Spantide for the NK1R, and that Span-Chol maintains its ability to
compete TAMRA-SP for sustained periods. The co-incubation of the Spantide or Span-Chol with
the TAMRA-SP indicated no changes in Spantide affinity. However, a shift in the affinity of
Spantide was observed when the antagonists were pre-incubated for 3.5 h. Together, these data
suggest that the longer pre-incubation time allows for more of the lipid-conjugated drug to partition
into the plasma membrane, increasing the local concentration for competition with the TAMRA-

SP over the 30 min equilibration.
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measured for 10nM Spantide. n=5, mean + S.E.M.

2.4.4 Cholestanol-conjugated Spantide can prevent SP mediated increase in intracellular calcium via
activation of NK1R

To determine if lipid-conjugation influences the potency of Spantide on an acute SP-dependent
NK1R response, the soluble and lipidated molecules were compared by Ca?* signalling in HEK-
NK:R cells. Following a pre-incubation with increasing concentrations of Spantide or Span-Chol
for 30 min, cells were challenged with 1nM SP (ECso concentration) and Gog-coupled Ca?*
transients were measured for 90 s post-stimulation. Pre-incubation of cells with Spantide or Span-
Chol caused a concentration-dependent inhibition of Ca?* flux (Figure 2.6A) and a comparison of
pICso values for Spantide and Span-Chol (4.87 + 0.33 and 6.25 + 0.19, respectively) revealed a
significant increase in the potency of the lipidated antagonist (p=0.0112). This may be due to the
lipid-anchoring of the antagonist to the plasma membrane and increasing the local concentration
near the receptor. As lipid probes are continuously internalised from the plasma membrane, and
this may affect the relative potency of Spantide compared with Span-Chol over time, we repeated
the experiment using progressively longer pre-incubation periods. Continuous exposure to the
antagonists was compared to a “pulsed” administration whereby the cells were pre-incubated with
antagonist for 30 min, washed to remove any excess antagonist, and then challenged with 1 nM
SP, 4 h after antagonist addition (Figure 2.6B). There was no significant change in the ICsg of the
antagonists over time when the cells were continuously incubated with the antagonists. As
expected, following pulsed administration only Span-Chol inhibited Ca?* signalling and this effect
was consistent up to 4 h post wash. This is likely due to the wash decreasing the available
concentration of free Spantide in the extracellular space. In contrast, relatively little Span-Chol

would be lost during the wash, as lipidation allowed the antagonist to be rapidly incorporated into
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the cell membrane resulting in prolonged retention at the plasma membrane. These data
demonstrate that cholestanol-conjugated antagonists, not only maintain antagonist function, but

increase the retention and effective concentration, regardless of a washout.
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Figure 2.6. Inhibition of NK1R Ca?* signalling. Ca®* transients measured in HEK293 stably
expressing HA-NKR and loaded with FURA2-AM. A, Effects of pre-incubating with graded
concentrations of Spantide or Span-Chol for 30 min, followed by stimulation with SP. B, Pre-
incubation of cells with graded concentrations of Spantide and Span-Chol continuously for 4 h
(solid symbols) or pre-incubated for 30 min, washed (W) and recovered for 3.5 h (open symbols),

and then stimulated with SP. Mean and S.E.M. from n=3 experiments.
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Figure 2.7. Inhibiting NK1iR-mediated Spatiotemporal cAMP production. HEK293 cells were
transiently transfected with HA-NK:R and mEpac2 or cytoEpac2 FRET biosensors to measure
cAMP activity in the plasma membrane and cytosol, respectively. A-F, Time course of SP (1 nM,
arrow) activation of CAMP production at the plasma membrane (A-C) or in the cytosol (D-F).
Cells were pre-incubated for 4 h with vehicle (0.1% v/v DMSO; A, D), 1 uM Spantide (Span; B,
E), or 1 uM Span-Chol (C, F). G and H, group data showing effects of Span or Span-Chol on
CAMP production at the plasma membrane (G) or in the cytosol (H) over 20 min (Area Under the
Curve, AUC). I, Representative images of plasma membrane and cytosolic localised cCAMP FRET
biosensors, respectively. n=123-304 cells from 3 independent experiments; Symbols/bars show
mean + S.E.M. * p<0.05, ** p<0.01 and *** p<0.001 versus vehicle control; * p<0.05, " p<0.01
and " p<0.001 versus DMSO control; two-way ANOVA with Tukey's multiple comparison test.
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2.4.5 Spantide-Cholestanol can Inhibit Spatiotemporal Signalling of NKiR

Subcellular targeted FRET biosensors have been utilised to determine the relationship between
NK1R signalling and trafficking, by measuring SP-stimulated NK1R signalling in cells pre-treated
with the dynamin inhibitor, Dyngo 4a, or the clathrin inhibitor, Pitstop2. These findings indicated
that only endosomal pools of NK1R can stimulate cytosolic cAMP production, cytosolic PKC
activity and nuclear ERK activity (Jensen et al., 2017). Previously, pulsed pre-administration of
Span-Chol selectively inhibited SP-induced increases in nuclear but not cytosolic ERK, with no
effect of free Spantide (Jensen et al., 2017).

To determine the effect of incubation protocols and whether Span-Chol exclusively
antagonises the endosomally-localised NK1R, we compared continuous and pulsed administration
of antagonists and measured the spatiotemporal regulation of nuclear ERK (nucEKAR), cytosolic
cAMP production (cytoEpac2), and cytosolic PKC activity (cytoCKAR). PKC activity was
measured over a shorter time scale to capture fast peaks of PKC activity due to calcium transients
and over 20 min for the sustained response. SP stimulation of NK1R activated sustained CAMP in
cytosol (Figure 2.7), sustained ERK activity in the nucleus (Figure 2.9), and a rapid initial peak of
PKC activity within 30 sec and sustained activity over 20 min (Figure 2.8). Preincubation with 1
MM Spantide had no effect on nuclear ERK but significantly inhibited the cytosolic cCAMP, and
inhibited PKC at early and longer timepoints. Span-Chol (1 uM) completely abolished cytosolic
CAMP and nuclear ERK and inhibited the rapid PKC peak but not the sustained PKC activity over
20 min. These data suggest that lipidation of Spantide improves the inhibition of SP-dependent
signalling of NKiR that is associated with endosomes. These results may also indicate the
contribution of receptor signalling from the plasma membrane detected in the fast PKC peak by

the cytosolic PKC biosensor.
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We have previously shown that stimulation of plasma membrane localised NK1R prior to
internalisation activates plasma membrane localised cAMP and cytosolic ERK (Jensen et al., 2014,
Jensen et al., 2017). The effect of Span-Chol on plasma membrane delimited signalling of NK1R
was determined by measuring plasma membrane cAMP (pmEpac2) and cytosolic ERK
(cytoEKAR). Previous studies showed that cAMP production at the plasma membrane is transient,
current data instead revealed a sustained production of cCAMP at the plasma membrane. These
differences may be due to expression levels of either the receptor or the biosensor. High levels of
receptor expression relative to the biosensor may result in a more sustained cAMP profile. SP
stimulation of NK1R activated transient ERK activity in the cytosol. Continuous pre-incubation
with Spantide inhibited SP-stimulated cCAMP production at the plasma membrane (Figure 2.7) and
abolished cytosolic ERK activity (Figure 2.9). Span-Chol significantly inhibited plasma membrane
derived cAMP but had no effect on cytosolic ERK activity. This suggests that after 4 h, some

Span-Chol is retained in the plasma membrane.
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Figure 2.8. Inhibiting NK1R-mediated PKC activity. HEK293 cells were transiently transfected
with HA-NK1R and cytoCKAR FRET biosensors to measure PKC activity in the cytosol. A-F,
Time course of SP (1 nM, arrow) activation of cytosolic PKC activity acquired rapidly for 2 min
at 3 sec intervals (A-C) or over 20 min at 1 min intervals (D-F). Cells were pre-incubated for 4 h
with vehicle (0.1% v/v DMSO; A, D), 1 uM Spantide (Span; B, E), or 1 uM Span-Chol (C, F). G
and H, group data showing effects of Span or Span-Chol on cytosolic PKC activity over 2 min (G)
and 20 min (H), measured by area under curve (AUC). n=24-51 cells (2 min cytosolic PKC
activity) and n=158-304 cells (20 min cytosolic PKC activity); from 3 independent experiments.
Symbols/bars show mean + S.E.M. * p<0.05, ** p<0.01 and *** p<0.001 versus vehicle control;

A p<0.05, ™ p<0.01 and ™ p<0.001 versus DMSO control; two-way ANOVA with Tukey's
multiple comparison test.
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Figure 2.9. Inhibiting NK1R-mediated ERK activity. HEK293 cells were transiently transfected
with HA-NK1R and either cytoEKAR or nucEKAR FRET biosensors to measure ERK activity in
the cytosol and nucleus, respectively. A-F, Time course of SP (1 nM, arrow) activation of cytosolic
(A-C) or nuclear ERK (D-F). Cells were pre-incubated for 4 h with vehicle (0.1% v/v DMSO; A,
D), 1 uM Spantide (Span; B, E), or 1 uM Span-Chol (C, F). G and H, group data showing effects
of Span or Span-Chol on ERK activity in the cytosol (G) or nucleus (H) over 20 min (area under
curve, AUC). I, Representative images showing localisation of cytosolic and nuclear FRET EKAR
biosensors, respectively. n=31-82 cells from 3 independent experiments; Symbols/bars show mean
+ S.E.M. * p<0.05, ** p<0.01 and *** p<0.001 versus vehicle control; ~ p<0.05, " p<0.01 and
AN n<0.001 versus DMSO control; two-way ANOVA with Tukey's multiple comparison test.
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2.4.6 Cholestanol-conjugated Spantide reduces SP mediated trafficking of NK{R

The addition of the cholestanol group promotes internalisation of the ligand into endosomes and
ligand retention is still observed at the plasma membrane prior to its translocation into endosomes.
When the cholestanol-ligand is present at the plasma membrane, this could also bind to the receptor
at the cell surface and prevent the trafficking of the receptor into endosomes. It is important to
determine whether this is the case after both acute or chronic exposure to the Chol-antagonist, as
decreased receptor trafficking to endosomes, in addition to antagonism of receptors within
endosomes, would contribute to the global effects of the chol-antagonist on endosomal signalling
and pain transmission. It is also important to probe the effect of cholestanol on membrane
trafficking. Therefore, we used BRET to determine the effect of a cholestanol-biotin control,
Spantide and Span-Chol on NK1R-Rluc recruitment of BArr (BArr 2-YFP), trafficking away from
the plasma membrane (KRas-Venus) and translocation to early endosomes (rab5a-YFP). Although
there is a decrease in the potency of SP at NK:R-Rluc (pEC50 8.67) compared to the wild type
receptor, SP has been shown to robustly recruit BArr in BRET assays (Fong et al., 1992, Jensen et
al., 2014, Rupniak et al., 2018). Preincubation of cells with both free and chol-conjugated Spantide
for 30 minutes, resulted in a concentration-dependent inhibition of SP-dependent-NKiR BArr
recruitment and translocation away from the plasma membrane, into early endosomes (Figure
2.10A-C). In contrast, a sustained incubation resulted in a concentration-dependent inhibition of
SP-dependent trafficking of the NK:R-Rluc, in Span-Chol, but not Spantide treated cells (Figure
2.10D-H). Previous studies with these lipid-conjugated antagonists have been carried out using 1
MM which does not significantly affect trafficking after 4 h. However, higher concentrations of
ligand in plate-based assays will affect receptor trafficking and would have to be carefully

monitored. These BRET data suggest that the Span-Chol, regardless of a washout can bind to the
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receptor on the cell surface and prevent receptor activation and trafficking. These data are

consistent with the images captured after 4 h of Cy5-Chol in which ligand retention on the plasma

membrane was still observed.
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Figure 2.10. Effect of lipid-conjugates on NKiR interactions with the plasma membrane,

endosomes and B-Arrs. A and B, Representative time course of SP-induced BRET interactions
between NK1R-Rluc8 and B-arrestin 2-YFP in HEK cells after incubation with 1 uM of Spantide,

Span-Chol or cholestanol-PEG-biotin (Chol-BT, control). Cells were incubated with antagonist or

control for 30 min (A) or for 3 h followed by a wash (W) and 60 min recovery (total 4 h; B). C
and D, SP-induced BRET between NK1R-Rluc8 and B-arrestin 2-YFP in HEK cells (A BRET
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measured over 25 min) after 30 min (C) or 4h antagonist incubation (D). SP-induced A BRET was
also measured after 4 h antagonist treatment, between NK:R-Rluc8 and a resident protein of the
plasma membrane (KRAS-Venus, E) or early endosomes (Rab5A-Venus, F). n=5, mean + SEM.
** P< 0.01; *** P<0.001, One-way ANOVA, Dunnett’s test, compared to vehicle. “P<0.1,
MP<0.01 compared to equivalent concentration of Spantide, Holm-Sidak multiple comparisons

test.

2.4.7 Cholestanol-conjugated Spantide sustains inhibition of mechanical hyperalgesia

Mechanical hyperalgesia was assessed with Von Frey filaments. Filaments of ascending
magnitudes of force were applied to the plantar surface of the hind paws to measure the paw
withdrawal thresholds. Previous studies assessed the effect of intrathecal administration of Span-
Chol on intraplantar capsaicin-induced hyperalgesia over 7 h. Span-Chol was shown to sustain
anti-hyperalgesia up to 7 h after antagonist administration. Here we evaluate the effect of Span-
Chol on mechanical hyperalgesia up to 16 h post Span-Chol administration. Chol-PEG-Biotin, a
control in the BRET trafficking studies, was also used to determine the effect of cholestanol on
mechanical hyperalgesia. Mice were intrathecally administered with Spantide, Span-Chol, Chol-
PEG-Biotin, or vehicle at 3, 6, or 12 h prior to an intraplantar injection of capsaicin. Mechanical
hyperalgesia was then measured every hour for 4 h. Span-Chol but not Spantide was anti-
hyperalgesic up to 9 h after injection (Figure 2.11). Chol-PEG-Biotin, a control for non-specific
actions of cholestanol, had no effect. This suggests that only Span-Chol is retained in membranes

and maintains antagonist function to inhibit nociception.
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Figure 2.11. Anti-hyperalgesic effect of Spantide-Cholestanol in capsaicin evoked
inflammatory hindpaw hypersensitivity in mice. Spantide-chol (n=6, intrathecal; 5 uL, 50 uM),
Spantide (n=6, intrathecal; 5 uL, 50 uM), Chol-PEG-Biotin (n=6, intrathecal; 5 pL, 50 uM) or
vehicle-1% DMSO/Saline (n=6, intrathecal; 5 uL) were injected at different time points prior to
Capsaicin (5 pg/ 10 uL / hindpaw) injection. A, Drugs injected 3 h prior to capsaicin injection. B,
Drugs injected 6 h prior to capsaicin injection. C, Drugs injected 12 h prior to capsaicin injection.

***p<0.001 compared to mice that received intrathecal vehicle (Two-way ANOVA, post
hoc Bonferroni test).
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2.5 Discussion

There is increasing evidence to show that signalling of receptors in endosomes encodes for distinct
signal amplification, regulation and specificity leading to different physiological outcomes
(Johannessen et al., 2011, Merriam et al., 2013, Zhang et al., 2013, Jensen et al., 2014, Tsvetanova
et al., 2014). It is therefore important to consider the subcellular location of GPCRs in
pathophysiological conditions as intracellular receptors may not be accessible to soluble drugs.
Reduced bioavailability of the NK1R has been observed in patients suffering from chronic visceral
pain , which may contribute to the limited clinical success for drug discovery programs targeting
the NK1R for chronic pain (Jarcho et al., 2013, Steinhoff et al., 2014). Given that signalling from
intracellular receptors often results in a distinct cellular outcome, it is imperative to design drug
delivery techniques to specifically target this receptor population by increasing local drug delivery

at intracellular locations.

Hydrophobicity of drugs and cell permeability of drugs have been associated with
activation of receptors at different locations, resulting in differential effects on pathophysiological
profiles (Irannejad et al., 2017). A recent study of distinct pools of Bi-adrenergic receptor has
indicated that a cell permeable, but not a cell impermeable antagonist inhibits the Golgi localised
pools of receptor. As such, differential effects of cell permeable and impermeable B-blockers have
also been observed in the clinic (Irannejad et al., 2017). Increasing the lipophilic properties of
soluble drugs, such as GPCR antagonists, would increase their association with membranes and
may therefore enhance their local potency within the endosomal network (Vauquelin et al., 2010,
Rose et al., 2012). Lipid-conjugation to drugs has previously been explored as a means of
delivering drugs to intracellular compartments. For example, the lipophilic group, cholestanol, was

successful in targeting inhibitors to the cycling endopeptidase, B-site amyloid precursor protein
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cleaving enzyme 1 (BACE-1), which localises to early endosomes (Rajendran et al., 2008,
Rajendran et al., 2012). Scanning FCS measurements of the partitioning coefficient of sterol,
cholesterol-BODIPY, palmityl, and oleyl anchored probes into supported bilayers revealed that
the sterol-anchored probes preferentially partitioned into the liquid ordered phase (Rajendran et
al., 2008). These studies suggested that sterol-conjugation increased ligand association to the
plasma membrane and possibly sterol-enriched domains to promote internalisation into endosomal
compartments (Rajendran et al., 2008, Levental et al., 2010). A lipid-conjugated, but not a free
antagonist inhibited the cleavage of amyloid precursor protein at the BACE-1 ectodomain, a rate
limiting step in the production of the B-amyloid peptide. Importantly, these data indicate that sterol

conjugation increases targeting to specific membranes or microdomains within the cell.

Here we report the lipid-dependent changes in the distribution of a probe in solution. The
quantitative measurement of Cy5-Chol and Cy5-EE concentration by FCS revealed two distinct
gradient distributions. Cy5-Chol preferentially diffused towards the cell with the greatest
concentrations measured directly above the plasma membrane. In contrast, Cy5-EE was measured
at low concentrations above the plasma membrane and likely equilibrated in the medium. These
results are supported with our observations of Cy5-Chol and Cy5-EE association with the plasma
membrane, allowing the internalisation of Cy5-Chol into the endosomal network. Interestingly,
after extended periods of incubation, Cy5-Chol is retained at the plasma membrane and is co-
distributed with the endosomal and lysosomal pathways. Together, these observations indicate that
lipid-conjugation would be an effective method of promoting association of ligands with
intracellular membranes and retention in the plasma membrane.

To comprehensively explore the effects of lipid-conjugation to Spantide on plasma

membrane localised NK1R, we assessed the ability of Span-Chol to bind, inhibit signalling and
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trafficking of NK1R at the plasma membrane. Fluorescent ligand binding of Span-Chol confirmed
that the antagonist was able to bind to the receptor at the plasma membrane and the affinity
Spantide and Span-Chol during short incubations (30 min) were not significantly different.
However, after a long incubation (4 h), the affinity of the Spantide decreased while Span-Chol
remained unchanged. The ability of the antagonist to inhibit plasma membrane localised NK1R
was assessed by measuring calcium mobilisation, plasma membrane cAMP and cytosolic ERK.
The inhibition of SP-NK1R Ca?" was sustained after a continuous and pulse administration of
Span-Chol. In contrast, Spantide only inhibited Ca?* mobilisation after a continuous
administration. Compartmentalised biosensors were expressed in cells to measure plasma
membrane cCAMP and cytosolic ERK revealing that Span-Chol and Spantide inhibited cAMP but
only Spantide inhibited the ERK signalling. These data do not conclusively show that Span-Chol
can bind the plasma membrane localised receptor. The mechanism by which the Span-Chol
inhibits plasma membrane derived cAMP and PKC, but not ERK remains unknown. However, it
may be an effect of the localisation of the ligand in the membrane as well as the effect of the
cholestanol on the localisation of lipid-bound proteins such as adenylate cyclase. BRET receptor
trafficking studies revealed that up to 4 h after the pulse administration of Span-Chol, high
concentrations of Span-Chol inhibited receptor trafficking by blocking internalisation. The
cholestanol control used in this study, Chol-PEG-Biotin, also influenced receptor trafficking which
have investigated further in in vivo studies. These observations suggest that Span-Chol is retained
in the plasma membrane up to 4 h to bind the receptor and inhibit signalling. This is also supported
by our observations of Chol-Cy5 at the plasma membrane after 4 hr. The inhibition of Ca?
mobilisation and receptor trafficking also suggest that Span-Chol is retained after the removal of

the antagonist (pulse protocol). Although these data suggest that lipidation may prevent the
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internalisation of the receptor, our imaging studies demonstrated that using 1.5 uM of Cy5-Chol,
the probe was internalised and co-distributed with NK:R. Together, these observations suggest
that lipidation of a peptide antagonist can maintain antagonist activity at the plasma membrane
and while also promoting internalisation to prolong the antagonism of the NK1R in intracellular
compartments.

Our previous study demonstrated that the pulse administration of Span-Chol, but not free
Spantide, inhibited nuclear ERK signalling from the endosomally-localised NK1R. (Jensen et al.,
2017). We also showed that selectively targeting intracellular NK1R translated to the significant
increase of Span-Chol efficacy to inhibit sustained pain transmission. Here we explore the effect
of Span-Chol on other endosomal signalling events, including cAMP and PKC, the effect of
administration procedures and receptor trafficking. Span-Chol was more effective at inhibiting
endosomally derived, cytosolic cAMP, nuclear ERK and cytosolic PKC at early time points. This
effect on PKC was not sustained over the 20 min measurement which is inconsistent with the
profiles shown with ERK and cAMP. This demonstrates that Span-Chol can internalise and
remains functional at low pH to inhibit NK:R in the endosome. The nuclear ERK data is also
consistent with our previous assessment of Span-Chol using the pulse administration. The receptor
trafficking measurement by BRET gave an insight into the effect of Span-Chol on receptor
distribution revealing that association with endosomes was reduced. This is likely due to the
inhibition of BArr binding and translocation away from the plasma membrane. Although Span-
Chol may affect receptor trafficking, in a pathophysiological state in which the NK1R has been
activated and internalised, the location of the antagonist may play a larger role in the therapeutic

potential of a drug.
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The effect of the cholestanol control and of prolonged Span-Chol administration on
mechanical hyperalgesia was measured using Von Frey filaments. This allowed for a more
comprehensive understanding of the analgesic profile of Span-Chol than our previous study,
revealing that the anti-hyperalgesia was sustained up to 8 h (Jensen et al., 2017). Importantly, the
cholestanol control, Chol-PEG-Biotin had no effect on paw withdrawal threshold and therefore the
effect of the cholestanol observed in the plate-based assay may not translate into an in vivo model.

This study demonstrates that lipidation is a viable approach, not only for enhancing
membrane affinity of soluble GPCR antagonists, but also for selectively targeting
compartmentalised NK:R signalling pathways of pathophysiological importance. We have
assessed the potential for selective targeting of receptor-mediated signalling events from
endosomes. Furthermore, this novel approach improves the pharmacological properties of an
otherwise low potency NK1R antagonist for the selective inhibition of signalling events associated
with central pain transmission. Although we have observed ligand retention at the plasma
membrane up to 4 h, there is potential to improve the uptake or to target drugs to different

subcellular compartments by characterising and exploring other lipid-anchors.
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Chapter 3

Characterising the biophysical and molecular dynamic
profile of lipidated ligands using fluorescence correlation

spectroscopy



3.1 Introduction

The dynamic activation of GPCRs from different cellular compartments can lead to distinct
location-dependent signalling outcomes (Irannejad et al., 2013). GPCR internalisation via
arrestin/clathrin/dynamin-mediated endocytosis and subsequent endosomal signalling has been
extensively studied (DeWire et al., 2007, Hanyaloglu et al., 2008, Shukla et al., 2011).
However, GPCRs have also been demonstrated to signal from other intracellular membranes
and organelles such as the endoplasmic reticulum (Revankar et al., 2005), nucleus (Joyal et al.,
2014, Sergin et al., 2017), and Golgi membranes (Godbole et al., 2017, Irannejad et al., 2017).
Together, signalling from different intracellular compartments within the cell may lead to
distinct phenotypic outcomes and may be important therapeutic targets.

As demonstrated in Chapter 2, NK:R can signal from endosomes in a sustained
manner, distinct from the transient signalling profile of the plasma membrane-delimited
receptor population (Mantyh et al., 1995, Cottrell et al., 2009, Murphy et al., 2009, Zhang et
al., 2013, Jensen et al., 2014, Jensen et al., 2017). The spatial profile and reduced access of
drugs to NK:R may account for the limited clinical success of NK:R directed therapeutic
efforts (Jarcho et al., 2013, Zhang et al., 2013). Therefore, the spatial and temporal profile of
receptors and drugs should be considered when developing therapeutic compounds.

One method to achieve directed intracellular targeting is by enhancing the cell
permeability of drugs. The B-1 adrenoreceptor (B1AR) is a GPCR localised at the plasma
membrane and in the Golgi network and independently be activated and signal from both
locations (Irannejad et al., 2017). Cell impermeable antagonists of the B1AR inhibits the
plasma membrane, but not the Golgi receptor population (Irannejad et al., 2017). Similar results
have also been observed with a cell impermeant antagonist used in conjunction with a cell
permeable agonist with intracellular populations of metabotropic glutamate 5 receptor (Sergin

et al., 2017). An alternative approach to developing new cell permeable drugs is to employ



drug delivery strategies such as lipid-conjugation. Lipid-conjugation promotes partitioning of
ligands into the lipid bilayer to internalise into endosomes (Rajendran et al., 2008, Rajendran
etal., 2012).

In chapter 2, cholestanol-conjugated, fluorescent probes and NK1R antagonists were
developed to study the use of lipid-conjugation to direct drugs to the NK{R. We demonstrated
that cholestanol-conjugated via PEG to a Cy5 fluorophore (Cy5-Chol) promoted plasma
membrane anchoring and internalisation when compared to a non-lipidated control (Cy5-EE)
(Jensen et al., 2017). Cholestanol conjugation via PEG to an NK:R antagonists, Spantide
(Spantide-Chol), inhibited the intracellular signalling of the receptor when compared to
unmodified Spantide in cell lines. Investigation revealed that administration of lipid-
conjugated Spantide improved analgesic outcomes in mice compared to the unmodified drug
(Jensen et al., 2017). This may have been a result of anchoring to cell membranes and
increasing local concentrations of the drug at the plasma membrane and in endosomes.
Although modifications to change the hydrophobic properties of the ligands improved targeting
and selectivity, these changes may have had consequences on the molecular dynamic profile
of the compounds. As a result, the effective concentrations, diffusion profiles, and biophysical
properties of cholestanol-conjugated ligands remain unknown.

The molecular dynamic profile of a drug or delivery system can include its diffusion,
distribution, concentration, and molecular interactions. These parameters have previously been
measured as indicators or predictors of pharmacokinetics, target engagement, and drug
transport (Tatarkova et al., 2005, Navratil et al., 2006, Reitan et al., 2008, Rdcker et al., 2009).
Therefore, molecular dynamic profiles have been assessed for potential therapeutics in
extracellular matrices, tissues, and cells, typically in cancer and tumour models (Lombardi
Borgia et al., 2005, Reitan et al., 2008, Lynch et al., 2009). This can be assessed using

fluorescence correlation spectroscopy (FCS), a sensitive, biophysical technique, which



measures fluctuations in intensity caused by the diffusion of fluorescent species that passes
through a confocal volume (Schwille 2006, Poyner et al., 2009). Statistical autocorrelation
analysis of these intensity fluctuations can be applied to quantitatively determine the diffusion
coefficient and the concentration and a photon counting histogram can be used to determine
the molecular brightness of fluorescent species (Schwille 2006, Poyner et al., 2009).

To the best of our knowledge, the biophysical and molecular dynamic profiles of
lipidated ligands have not been studied. Therefore, the aim of this study is to use FCS to
characterise the molecular dynamic profile of fluorescently labelled lipidated ligands.
Concentrations and diffusion coefficients of Cy5-Chol, Cy5-EE and Spantide-Cy5-Chol were
determined in solution and were measured at significantly lower concentrations compared to
the nominal concentrations. This reduced measured concentration was not time-dependent.
Concentration measurements at height intervals above the chamber slide coverslip indicated
non-specific binding of the ligands to the chamber slide. The addition of a stabilising agent
reduced the non-specific binding and increased the measured concentrations. However,
analysis of the diffusion coefficients revealed that the stabilising agent reduced the rate of
diffusion for the cholestanol-conjugated ligands. The particle number and diffusion
coefficients of ligands were also measured at the plasma membrane using FCS. The Cy5-Chol
and Spantide-Cy5-Chol were both measured to have higher particle numbers and slower
diffusion coefficients than the Cy5-EE control, suggesting that the cholestanol conjugation

promotes interaction of the drug with the plasma membrane.

3.2 Methods

3.2.1 Synthesis
Synthesis of the tripartite ligands Spantide-Cy5-cholestanol, Cy5-cholestanol and Cy5-ethyl

ester are as described in (Jensen et al., 2017).



3.2.2 Cell lines

HEK293 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 5% v/v FBS (37°C, 5% CO.). HEK cells stably expressing N-terminally
tagged NK:R-SNAP were plated into Nunc Lab-Tek 8-well cover glass (SLS, Nottingham,

UK) coated with 20 ng/well poly-D-lysine 48 h prior to the experiment.

3.2.3 SNAP-labelling
Cells were labelled with 0.1 uM SNAP Surface Alexa Fluor 488 (AF488) (30 min, 37°C, 5%
CO»). Cells were washed with Hanks’ Balanced Salt Solution (HBSS) and incubated with

fluorescent ligands at room temperature for 10 min.

3.2.4 Fluorescence Correlation Spectroscopy

Fluorescence correlation spectroscopy (FCS) is a confocal technique which can be used to
measure low concentrations of fluorescent particles in small fixed detection volume
approximately 0.2 fL and dimensions of 0.2 x 1 um at 488 nm. The detection volume is defined
by the diffraction limit of the light, i.e. the numerical aperture of the lens and the wavelength
of the light. Accurate FCS measurements require a small diffraction limited focal point which
can be achieved using an objective with a high numerical aperture. Fluorescent species that
diffuse through the detection volume are excited and their emission is detected by a single-
photon detector. The random diffusion of fluorescent species through the detection volume
result in fluctuations in fluorescence intensity that can be statistically analysed using
autocorrelation statistical analysis (Poyner et al., 2009). This technique was used to determine

diffusion time and concentration of the lipid-conjugated probes in solution.



3.2.5 FCS Calibration

FCS measurements were recorded using a Zeiss LSM510Meta Confocor 3 microscope fitted
with a c-Apochromat 40x NA 1.2 water immersion objective lens. The pinhole diameter was
set to 1 airy unit. The alignment of the pinhole is required to ensure that the measurement is
taking place in the centre of the diffraction limited spot where the point spread function is
defied and the signal to noise is at the highest. Therefore calibration of the optical system must
be performed for each laser line required prior to an experiment (Schwille 2006, Poyner et al.,
2009). Cy5 NHS Ester (GE healthcare, Buckingham, UK) was used to calibrate the 633 nm
laser as it has a known literature value for the diffusion coefficient of 3.16 x 10°1° m?/s (Poyner
et al., 2009). Rhodamine 6G was used to calibrate the 488 nm laser line (diffusion coefficient
2.80 x 101% m?/s) (Poyner et al., 2009). The method of calibration and FCS measurement has
been described previously (Schwille et al., 1996, Poyner et al., 2009). The microscope laser
power was adjusted to obtain ~90kHz cpm/s for Rh6G or ~40kHz cpm/s for Cy5. After the
alignment has been performed, FCS measurements of 10 sec measurements were repeated 10
times and a 60 sec read was taken for autocorrelation analysis and photon counting histogram
(PCH) analysis. The autocorrelation analysis of the 10sec x10 recording is used to calculate
the radius wo, the height o1 and volume of the Gaussian shaped detection volume(Ayling et al.,
2012) . The PCH analysis of the 60 sec recording can be used to calculate the molecular
brightness of the fluorophore. PCH analysis is also used to obtain the first order correction
factor which can correct for deviation from an ideal Gaussian observation volume (Huang et

al., 2004).

3.2.6 FCS measurements
FCS measurements of AF488 (ex A: 488 nm argon, em: BP530-610 nm filter) and Cy5 (ex A:

633 nm HeNe, em: LP650 nm filter) were performed using a Zeiss Confocor 3 fitted with a C-



Apo 40X NA/1.2 water immersion objective lens. Solutions were prepared in HBSS in the
presence or absence of 0.1% w/v Bovine Serum Albumin (BSA). 200 uL of each solution was
plated into Nunc Lab-Tek 8-well cover glass (SLS, Nottingham, UK). The focal point was
positioned 200 um into the solution and FCS measurements were taken at 633nm for 20s using
equivalent laser powers unless specified otherwise. For FCS measurements in cells, the focus
was set on the plasma membrane by placing the detection volume at the peak of an intensity
scan of the SNAP label over a 4 um z-range, with a 0.5 um step interval (Dampening 1%,
AOTF 5%). The measurements were then carried out for 60 sec (Dampening 1%, AOTF 60%),

described previously (Kilpatrick et al., 2012).

3.2.7 FCS analysis

Zeiss 2010 software (Carl Zeiss, Jena, Germany) was used for autocorrelation and photon
counting histogram (PCH) analysis. The autocorrelation curve is derived from the time
dependent fluctuations (Figure 3.1). The analysis calculates fluctuation (3I(t)) from the mean
intensity, <I>, at a given time, t, and the fluctuation a short time later (8I(t+t)). The product of
these fluctuations is normalised to the square of the average intensity, <I>2, and this calculation
is repeated over a range of lag times (t) to produce an autocorrelation curve (equation 1). Curve
fitting of the solution data was performed using a 1 component fit for diffusion in the x, y and
z direction (3D Brownian diffusion) with a pre-exponential to account for a triplet state, a 2
component 2D model was used for the labelled receptor and ligands at the plasma membrane.
From the autocorrelation curve, the particle number can be calculated as it is inversely
proportional to the theoretical amplitude of the curve at G(0). The average dwell time of the
fluorescent ligand can be calculated from the midpoint of the decay of the G(t). In addition,
the calculation of the detection volume and volume diameter can be used to calculate the

concentration of each fluorescent species as well as the diffusion coefficient (Schwille 2005).



PCH analysis has previously been described (Huang et al., 2004). For this study, data were

analysed using a 1 component PCH model with a binning time of 20 ps.

< 6I(t).6I(t+ 1) >
<I>2
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Equation 1. Normalised autocorrelation equation.
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Figure 3.1. Detection and analysis. A, llluminated confocal volume and the FCS detection
volume (grey) are shown with the half axis for the lateral (00) and axial (o1) parameters B,
Fluorescent species that randomly diffuse through the illuminated volume are excited and
fluorescent species that emit photons from within the detection volume are counted using
avalanche photodiodes. C, Representative image of an FCS acquisition, recording fluctuations

over time. The parameters used in the derivation of the autocorrelation curve are also shown.



D, The autocorrelation function shown graphically with a 1 component 3D Brownian model

fit.

3.2.8 Data Processing and Analysis

Graphs were generated using GraphPad Prism 6.01 (San Diego, CA). Data comparing nominal
and FCS measured concentrations were analysed using two-way analysis of variance
(ANOVA) and post hoc Tukey’s multiple comparisons test. Kinetic data were analysed with
two-way ANOVA with a post hoc Dunnett’s multiple comparisons test. For the analysis of
FCS plasma membrane measurements one-way ANOVA and post hoc Tukey’s test was applied

(* p<0.05; ** p<0.01, ***p <0.001). Data are presented as mean + S.E.M.

3.3 Results

3.3.1 Initial characterisation and optimisation

The main objective of this study was to examine the lipid and PEG conjugation-dependent
changes in ligand interactions with solutions and cell membranes. This study used cyanine 5
conjugated via PEG to either cholestanol (Cy5-Cholestanol; Cy5-Chol) or an ethyl ester soluble
end group (Cy5-ethyl ester; Cy5-EE) (Jensen et al., 2017). An NK:R antagonist Spantide,
conjugated via PEG to cholestanol and cyanine 5 (Spantide-Cy5-Cholestanol; Span-Cy5-Chol)
was also examined (Jensen et al., 2017). To determine optimal FCS measurement conditions,
Cyb-cholestanol (Cy5-Chol), Cy5-ethyl ester (Cy5-EE) and Spantide-Cy5-Cholestanol (Span-
Cyb5-Chol) fluorescence were measured at a range of laser powers. Each compound was
prepared at 50 nM in HBSS, which is the highest concentration of ligand used in the FCS
experiments in this study. The 633 nm laser power was varied at intervals between 5% and
100%. Each solution was continuously excited for 20 secs and the count rate of the photons

over time were detected. Autocorrelation analysis with a 1 component 3D Brownian motion



model was applied to calculate the concentration. For each ligand, the calculated concentration
did not vary with laser power over the range tested. An inflection was observed at the 100%
laser power in the Cy5 (Figure 3.2A). Photon-counting histogram with a 1 component fit, with
a 20 sec binning time was applied to calculate the molecular brightness. As the laser power
increased, the molecular brightness of each ligand increased (Figure 3.2B). The consistency of
the concentration measurements as well as the linearity of the molecular brightness calculations

suggests that laser powers below the 100% may be used to perform future FCS experiments.
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Figure 3.2. Optimisation of fluorescence correlation spectroscopy. A, Effect of varying
laser on concentration of ligands measured. B, The effect of varying laser power on molecular

brightness 1. n=3; mean +S.E.M.

3.3.2 Measured concentrations of Cy5, Cy5-ethyl ester and Cy5-cholestanol in HBSS

To determine the concentrations of each ligand Cy5-EE, Cy5-Chol, and Span-Cy5-Chol were
prepared to 5 nM, 10 nM, 25 nM and 50 nM in HBSS at room temperature. The solutions were
measured by FCS for 20 sec. Analysis by autocorrelation with a 1 component, 3D Brownian
model with a pre-exponential for triplet states was applied to calculate the concentration of

each ligand. A linear increase in concentration was measured relative to the nominal
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concentration of ligand (Figure 3.3A-C) with R? values of 0.8121, 0.9366, and 0.1803 for Cy5-
EE, Cy5-Chol, and Span-Cy5-Chol respectively. The measured concentrations of the 50 nM
solutions of Cy5-Chol (3.1 £ 0.3 nM), Cy5-EE (11.8 + 1.8 nM), and Span-Cy5-Chol (0.4 £ 0.1
nM) were all significantly lower than the nominal concentration prepared (Figure 3.3D). At
the other nominal concentrations, the measured concentration of all three ligands were

consistently lower.
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Figure 3.3. FCS measurement of Cy5, Cyb5-ethyl ester and Cyb5-cholestanol
concentrations in HBSS. Measurements of each individual experiment and the averaged
concentrations are shown in A. Cy5-ethyl ester (Cy5-EE), B, Cy5-cholestanol (Cy5-Chol), and
C, Spantide-Cy5-cholestanol (Span-Cy5-Chol). D, Compiled graph of each ligand relative to
the theoretical concentration. The solid black line demonstrates a theoretical 1:1 linear

relationship between the measured and nominal ligand concentration. Two-way analysis of
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variance (ANOVA) and post hoc Tukey’s multiple comparisons test (* p<0.05, ** p<0.01,

***pn <0.001). Data are n=3-4, presented as a mean £+ S.E.M.

3.3.3 Kinetic concentration measurements of ligands

To investigate if the loss of ligand is time dependent, a range of concentrations of each ligand
was measured by FCS over time. Cy5-EE, Cy5-Chol and Span-Cy5-Chol were prepared fresh
in HBSS at room temperature and were measured immediately. Each solution was measured
by FCS for 20 secs at 5 min intervals over 30 min. At all concentrations of each ligand, the
concentration remained consistent over the 30 min (Figure 3.4A-C). This was confirmed by a
two-way analysis of variance (ANOVA) and post hoc Dunnett’s multiple comparisons test,

comparing each value to the concentration at the corresponding 0 min time point.
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Figure 3.4. Kinetic profile of Cy5, Cy5-ethyl ester and Cy5-Cholestanol in HBSS. A, Cy5-
ethyl ester (Cy5-EE), B, Cy5-Cholestanol (Cy5-Chol), and C, Spantide-Cy5-Cholestanol

(Span-Cy5-Chol) concentrations were measured over 30 min. Data are n=3-4, presented as a

mean + S.E.M.
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3.3.4 Measured concentrations of ligands in HBSS and bovine serum albumin

To determine if the deviation of measured concentrations were due to adhesion to surfaces
during the drug preparation, HBSS was supplemented with bovine serum albumin (BSA) to
prevent non-specific binding. Each ligand was prepared at a concentration range between 5 -
50 nM in HBSS with 0.1% w/v BSA. Compared to the concentrations of the ligands prepared
in HBSS (Figure 3.3), the ligands prepared with BSA was measured at greater concentrations
(Figure 3.5A-C). The relationship between the measured and nominal concentration remained
linear with R? values of 0.9949, 0.9318 and 0.8572 for Cy5-EE, Cy5-Chol, and Span-Cy5-
Chol, respectively. When compared to theoretical concentration of the solutions, the Cy5-EE
ligand concentration was completely recovered at all concentration measured, with no
significant deviation from the theoretical values. Conversely, the Cy5-Chol and Span-Cy5-
Chol concentrations were partially recovered by blocking non-specific binding. Despite the
partial recovery, the Cy5-Chol was still significantly different at the 50 nM nominal
concentration measured to be 23.8 £1.9 nM (Figure 3.5D). The Span-Cy5-Chol solutions
prepared to 50 nM and 25 nM were measured by FCStobeat 2.1 £0.4nM and 1.1 £ 0.1 nM,
significantly lower (25-fold) than the nominal concentration. The Span-Cy5-Chol is
significantly larger than the Cy5-Chol and Cy5-EE, affecting the solubility and hydrophobicity
of the compound, this may have resulted in loss in the preparation of stocks, of the sample

solutions, or may have resulted in complexes being formed.

3.3.5 Kinetic concentration measurements of ligands in preparations containing BSA

To investigate if the loss of the ligand in the preparations with BSA were time dependent, each
ligand was measured by FCS at a range of concentrations over time. Cy5-EE, Cy5-Chol, Span-
Cy5-Chol were prepared fresh in HBSS with 0.1% w/v BSA at room temperature and were

measured immediately. Each solution was measured by FCS for 20 secs at 5 min intervals over
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30 min. For each ligand, at all concentrations, the concentration remained consistent over the
30 min (Figure 3.6A-C). This was confirmed by a two-way analysis of variance (ANOVA) and
post hoc Dunnett’s multiple comparisons test, comparing each value to the concentration at the

corresponding 0 min time point.
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Figure 3.5. FCS measurement of Cy5, Cyb-ethyl ester and Cy5-Cholestanol
concentrations in HBSS and BSA. Measurements of each individual experiment and the
averaged data are shown in A., Cy5-ethyl ester (Cy5-EE), B, Cy5-Chol (Cy5-Chol), and C,
Span-Cy5-Chol (Span-Cy5-Chol). D, Compiled graph of each ligand relative to the theoretical
concentration. Two-way analysis of variance (ANOVA) and post hoc Tukey’s multiple

comparisons test (***p <0.001). Data are n=3, presented as a mean = S.E.M.

13



= 50 nM
. n
60 5nM 60 sS4
IS {1 Bs 8=,
gSef 111 g =0 72 L
QE)U.-' 25 1 ! 1 t 1 I qéu'; 2 1 t :
m“;zo 1 H 1 ] H 1 UJKI)’\ZO . m(_l) . . . ¥ ]
Qo ) 3 ! LI T o § 1 ' ) .
04 . . \ oA . . . @ ol . . .
0 10 20 30 0 10 20 30 0 10 20 30
Time (min) Time (min) Time (min)

Figure 3.6. Kinetic profile of Cy5, Cy5-ethyl ester and Cy5-Cholestanol in HBSS with
BSA. A, Cyb-ethyl ester (Cy5-EE), B, Cy5-Cholestanol (Cy5-Chol), and C, Spantide-Cy5-
Cholestanol (Span-Cy5-Chol) concentrations were measured over 30 min. Data are n=3,

presented as a mean + S.E.M.

3.3.6 Diffusion coefficient measurements of ligands

To investigate the effect of conjugation of a PEG chain or a PEG chain conjugated to
cholestanol on the diffusion of each ligand, the dwell time of was determined from the abscissa
of the autocorrelative function and diffusion coefficients were calculated from FCS
measurements (Figure 3.7A). Each ligand was prepared at a concentration range of 5-50 nM in
HBSS. The diffusion coefficient was obtained from the experiments performed in Figure 3.3.
The diffusion coefficients remained constant for all concentrations with similar diffusion
coefficients measured for the Cy5-EE and Cy5-Chol. Conversely, Span-Cy5-Chol diffused
through the confocal volume at half the speed of the Cy5-EE and Cy5-Chol probes. The
diffusion coefficients of Cy5-EE, Cy5-Chol, and Span-Cy5-Chol averaged from 4 individual
experiments were 203.5 + 5.7 pm?/s , 207.5 + 6.7 pm?/s , and 109.1 + 18.8 um?/s respectively

in 25 nM preparations. To determine the effect of solubilising the ligands with BSA, on the
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diffusion coefficient, the same experiment was repeated in preparations containing 0.1% w/v
BSA (Figure 3.7B). The diffusion remained constant for all concentrations of Cy5-EE, Cy5-
Cholestanol, and Span-Cy5-Chol with the average of 211.8 + 10.3 um?/s, 51.6 + 1.1 pm?/s and
44.3 + 1.3 pm?/s, respectively in 25 nM preparations. The diffusion coefficient of the Cy5-EE
was not impacted by the addition of BSA into the preparation. In contrast, the Cy5-Chol and

Span-Cy5-Chol diffusion coefficients decreased to similar diffusion coefficients.
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Figure 3.7. Diffusion coefficients of Cy5, Cy5-ethyl ester and Cy5-Cholestanol. A,
Diffusion coefficients of Cy5-ethyl ester (Cy5-EE), Cy5-Cholestanol (Cy5-Chol), Spantide-
Cy5-Cholestanol (Span-Cy5-Chol) prepared in HBSS at 5, 10, 25 and 50 nM. B, Diffusion
coefficients of Cy5, Cy5-ethyl ester, and Cy5-Chol prepared in HBSS with BSA at 5, 10, 25

and 50 nM. Data are n=3-4, presented as a mean + S.E.M.

3.3.7 Measured concentrations of ligands at intervals above the coverslip

The investigation into the reduced FCS measured concentrations compared to the nominal
concentrations indicated that the loss was not time-dependent and further investigation has
demonstrated at least a partial recover with a solubilising agent which has led to the hypothesis
that the ligands are non-specifically adhering to surfaces. To confirm this, concentrations of

ligands at intervals above the coverslip were measured to determine if there is loss of ligands
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in solution due to adhesion. Cy5-EE, Cy5-Chol, and Span-Cy5-Chol were prepared to 10 nM
in HBSS and were measured immediately. Each solution was measured for 15 secs at intervals
ranging from 2 um to 50 pum above the coverslip (Figure 3.8A). The highest concentration of
each ligand was measured within 2-4 um of the coverslip. As the distance from the coverslip
increased, the measured concentration decreased until the concentration reached a plateau.
These experiments were repeated in the presence of BSA to determine the effect of the
solubilising agent on ligand adhesion. In the preparations containing 0.1% w/v BSA (Figure
3.8B), the measured concentration of each ligand remained consistent over the distance
measured. The concentration of the Cy5-EE was completely recovered to the nominal
concentration. Similar to the results in Figure 3.5, the Cy5-Chol and Span-Cy5-Chol

concentrations were only partially recovered.
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Figure 3.8. FCS measurement of Cy5, Cy5-ethyl ester and Cy5-Cholestanol at intervals
from the coverslip. FCS measurements at intervals starting from a distance of 2 um from the
coverslip to 50 pum. Cy5, Cy5-ethyl ester (Cy5-EE), and Cy5-Cholestanol (Cy5-Chol) were
prepared in A, HBSS or B, HBSS containing 0.1% w/v BSA. Data are n=3-4, presented as a

mean + S.E.M.
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3.3.8 Measured concentrations of ligands at the plasma membrane

Cyb-EE, Cy5-Chol and Span-Cy5-Chol particle number and diffusion coefficients were
measured at the plasma membrane to investigate possible interactions of the ligands with the
plasma membrane or the NK:R. In this part of the study, 10 nM of Cy5-Chol, Cy5-EE or Span-
Cy5-Chol were incubated in mixed population HEK293, stably expressing SNAP-NK1R. The
binding affinity of SP to fluorescein labelled SNAP-NK:R has been measured in fluorescent
competition binding assays with a Kd value of 9.8 nM, which is approximately five-times lower
than the Kd for the wild-type receptor (Zwier et al., 2010). For FCS measurements at the
plasma membrane, the particle number is presented instead of the concentration to account for
the 2D lateral distribution of ligands rather than 3D Brownian motion (Kilpatrick et al., 2010).
The particle number of the Cy5-EE was significantly greater than the Cy5-Chol with 12.3 +
7.0 N/um?and 2.8 +1.2 N/um?measured respectively (Figure 3.9). The diffusion coefficient of
Cy5-EE was also greater than Cy5-Chol with respective measurements of 47.8 + 17.4 um?s™
and 2.8 + 0.6 um?s™. The high diffusion coefficient of the Cy5-EE may indicate that the ligand
is diffusing above or interacting with the plasma membrane rather than anchoring into the lipid
bilayer. Span-Cy5-Chol has previously been investigated as an imaging probe in time-
dependent internalisation assays using 1uM of the ligand in which the Cy5 was observed in
punctate regions in the cell membrane (Jensen et al., 2017). Span-Cy5-Chol was also measured
at the plasma membrane of high expressing and low expressing NK1R-SNAP cells labelled
with SNAP surface-Alexa Fluor 488 (AF488). The particle number of the Span-Cy5-Chol in
the low and high expressing NK1R cells were 0.304 + 0.35 N/um?and 1.793 + 3.29 N/um?
respectively. Given that the Span-Cy5-Chol was used primarily as an imaging probe, there is
currently no binding or potency data for the ligand to NK;{R. However, based on the data
presented here, we observe a receptor density-dependent increase in the particle number. This

is likely due to an interaction with the receptor based on the slower diffusion coefficient
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compared to the Cy5-Chol, which is also anchored into the plasma membrane. To interpret this
data further, it is imperative that the binding affinity and potency of the Span-Cy5-Chol be

measured in future experiments.
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Figure 3.9. Cell membrane FCS measurements in mixed population AF488 SNAP-
labelled NKiR cells A, Particle number (Span-Cy5-Chol right y-axis) and B, diffusion
coefficients of Cy5-EE (left y-axis), after 4 h incubations with 10 nM of Cy5-Chol and
Spantide-Cy5-Chol in cells with high or low expression of NKiR. n= 16-54 cells in 3-5

individual experiments.

The expression of cells was manually categorised using the camera. The diffusion coefficient
of the Span-Cy5-Chol in low and high expressing NK1R cells were measured at 0.7 + 0.37
um?st and 0.857 + 0.35 pm?s™. Lastly, the NK;R-SNAP labelled with AF488 and cells with
medium expression was measured at the plasma membrane with a particle number of 48.62 +
26.45 N/um? and diffusion coefficient of 0.793 + 0.26 pm?st. Given that the particle number
varied within individual experiments, the variability of the NK:R particle number detected at
the plasma membrane is likely due to the mixed cell line, rather than a variability in receptor
labelling. Compared to the cholestanol-conjugated ligands, the Cy5-EE has the fastest diffusion
rate and is approximately 18-fold greater than the diffusion coefficient of Cy5-Chol. The

diffusion coefficient of Cy5-Chol was greater than Span-Cy5-Chol in the high and low
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expression cells, although this was not statistically significant. Interestingly, the Span-Cy5-
Chol diffused with a similar diffusion coefficient to the receptor, suggesting possible receptor

interactions of the ligand.

Table 3.1. The average particle number (N/um?) and Diffusion coefficient (um?s?) at the
plasma membrane. NK1R expressing cells were incubated with 10 nM of ligand prepared in
HBSS and incubated at 37°C for 30 min. n= 16-54 cells in 3-5 individual experiments and

presented as mean + S.E.M.

Ligand Particle number Diffusion coeff.
Cyb5-EE 123+ 7.0 478+ 17.4
Cy5-Chol 2.8 1.2 2.8+0.6
Span-Cy5-Chol (low exp.) 0.3+0.4 0.7+0.4
Span-Cy5-Chol (high exp.) 1.8 +3.3 0.9+0.4
NK1R-SNAP AF488 48.6 + 26.5 0.8+0.3
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3.4 Discussion

Lipid-conjugation to drugs have previously been explored and proposed as a means of
delivering drugs intracellularly, including the recycling endopeptidase, PB-site amyloid
precursor protein cleaving enzyme 1 (BACE-1) which is expressed in central neurons of the
brain (Rajendran et al., 2012). In chapter 2, we used lipidated NK;R antagonists to probe
intracellular NK1R signalling through which the antagonist, Span-Chol, was demonstrated to
inhibit endosomal but not plasma membrane derived ERK signalling. However, in previous
imaging experiments, Cy5-Chol is still present at the cells surface 4 h after the initial addition
of the probe (Jensen et al., 2017). Despite the extensive characterisation of the effect of
cholestanol conjugation of Spantide on signalling events and analgesia, there is little
understanding of the molecular dynamic and biophysical profile that lipid-conjugation has on
ligands.

To further understand the mechanism by which cholestanol conjugation changes the
properties of a compound and how that promotes directed targeting, we characterised the
properties of the cholestanol linked probes. When we examined the Cy5-EE, Cy5-Chol, and
Span-Cy5-Chol, prepared in HBSS we have observed significantly lower concentrations of the
ligands when compared to the nominal concentrations. These results suggested that the loss
was due to the conjugation to both the PEG chain and the cholestanol. Although the ligands
were measured immediately after they were prepared, the kinetic measurements of the
concentrations showed that there was no time dependent decrease. FCS measurements were
recorded near the coverslip and at intervals away from the coverslip. The concentrations of all
ligands were higher near the coverslip and decreased as the focal volume and hence, detection
volume was moved further from the coverslip. These data indicated that there was significant
loss of ligands due to adhesion to the coverslip and to the chamber walls. This also suggested

that the adhesion of the ligands occured rapidly and was not detected in the Kinetic reads in
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which FCS was measured over 30 minutes at 5-minute intervals. Therefore, the low measured
concentrations relative to the nominal may have been due to adhesion of the ligands to tubes
and pipette tips in the preparation of the solutions.

An approach to reduce the adhesion of ligands to surfaces may include the coating of
tubes, pipette tips, and plates However, formulation approaches such as solubilising agents or
carrier particles may be more advantageous, by preventing the adhesion of ligands throughout
the preparation process regardless of the tools and vessels used. Serum albumins have been
commonly used to solubilise hydrophobic ligands and have also been investigated in
nanocarriers and drug formulations (Jiang et al., 2001, Kratz 2008, Zhao et al., 2010,
Chaturvedi et al., 2015). Furthermore, BSA has previously been included in preparations of
lipophilic compounds for FCS measurements (Fujii et al., 1992, Kilpatrick et al., 2012).
Therefore, to solubilise the PEG and lipid-conjugated ligand solutions, 0.1% w/v BSA was
included in the HBSS. In contrast to ligands in HBSS, the concentrations of solutions prepared
in HBSS and 0.1% w/v BSA had higher concentrations. Cy5-EE measured concentrations
completely recovered to the nominal concentration, whereas the Cy5-Chol and Span-Cy5-Chol
were only partially recovered. The complete recovery of Cy5-EE but not the cholestanol-
conjugated ligands suggested that the cholestanol promotes non-specific adherence during the
preparation of the stock or to the BSA. The measured concentration of ligands over time yielded
a similar result to the ligands in HBSS. These results suggested that the addition of BSA in the
HBSS increased the measured concentration by increasing solubilisation of the ligands. The
consistent concentration of ligands measured at distances ranging from 2-50 um from the
coverslip further supported that losses in concentration were attributed to the ligands
partitioning to the solution-glass interface.

The diffusion profiles of Cy5-EE, Cy5-Chol, and Span-Cy5-Chol were also measured

by FCS. The diffusion coefficients of all ligands were consistent regardless of concentration.
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Interestingly, when prepared in HBSS, the Cy5-EE and Cy5-Chol had similar diffusion
coefficients, while the Span-Cy5-Chol diffused through HBSS with approximately half the
diffusion rate. Changes in diffusion coefficient can be induced by chemical reactions or
changes in the hydrodynamic radius. In this study, the ligands have not been subject to chemical
reactions and thus the differences in diffusion coefficient are likely due to factors affecting the
hydrodynamic radius such as temperature, viscosity, folding structure, or mass (Schwille et al.,
2001, Poyner et al., 2009). Given that the ligands were all measured under the same conditions,
temperature and viscosity are unlikely to have contributed to the change in diffusion. Changes
in diffusion coefficients should correlate to the molecular weight of each of the ligands of
3526.44 g/mol, 1498.79 g/mol and 1842.40 g/mol for the Span-Cy5-Chol, Cy5-EE and Cy5-
Chol respectively. In order to achieve a 1.6 fold difference in diffusion time, a 6 fold difference
in the mass is required as the diffusion time is proportional to the cube root of the difference in
molecular weight (Meseth et al., 1999, Schwille et al., 2001, Poyner et al., 2009). The
difference in molecular weight of the Cy5-Chol and Cy5-EE is not significant enough to affect
the diffusion coefficient. Although the mass of Span-Cy5-Chol is approximately two-fold
greater than Cy5-EE and Cy5-Chol, this difference in mass should not be enough to halve the
diffusion coefficient. In the absence of BSA, the low diffusion coefficient of the Span-Cy5-
Chol may be due to complexes or oligomers of Span-Cy5-Chol. The diffusion coefficients of
the ligands were also measured in HBSS supplemented with BSA. The presence of BSA
decreased the diffusion coefficients of the Cy5-Chol and Span-Cy5-Chol. Compared to the
Cy5-EE control, the Cy5-Chol and Span-Cy5-Chol diffusion coefficients were 0.25-fold of the
control. Although the diffusion coefficient of Span-Cy5-Chol in HBSS indicated possible
oligomerisation, further reduction of the diffusion coefficient from 109.1 + 18.8 um?/s to 44.3
+ 1.3 pm?/s in the presence of BSA suggests that the ligand may interact with BSA. Together,

considering the mass of BSA (66.4 kDa), the change in the diffusion coefficient of the Cy5-
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Chol and Span-Cy5-Chol ligands are likely due to interactions with the protein. The similar
diffusion coefficients of the Cy5-Chol and Span-Cy5-Chol were also indicative of the
predominate effect that the BSA had on the ligands due to the great mass comparative to the
ligands with an approximate 35-fold and 19-fold difference in mass respectively. However,
further experiments and analysis are required for the determination if the change in diffusion
is due to complexation of these ligands.

In the development of new drugs or drug delivery devices, it is important to elucidate
the molecular dynamic profiles of ligands in solution and in cells to develop a comprehensive
understanding of the ligand interactions. Previously, we have reported the use of FCS to
measure the concentration of Cy5-EE and Cy5-Chol in media directly above cells and at
increasing distances from the plasma membrane. Cy5-EE concentrations were observed to
decrease as the concentration was measured closer to the plasma membrane. In contrast, Cy5-
Chol concentrations increased as the focal volume measured approached the plasma
membrane. These results provided critical understanding of the behaviour of lipid-conjugated
ligands as they distribute in media or cell membranes. To further our understanding of ligand
interactions with cell membranes, FCS was measured at the plasma membrane. The Cy5-EE
when compared to Cy5-Chol and Span-Cy5-Chol was detected with a greater particle
number/um?. However, the diffusion coefficient of the Cy5-EE was also significantly greater
than the Cy5-Chol and Span-Cy5-Chol. Compared to the diffusion coefficient of the ligands in
solution, the diffusion coefficients measured in cells was significantly lower. This suggested
that the Cy5-EE measured interacted with the plasma membrane but did not anchor into the
lipid bilayer. The Span-Cy5-Chol was present at the lowest concentration in cells. When
comparing high and low expression of NKR the particle number was greater in the high
expression cells. The diffusion coefficient of the Span-Cy5-Chol present was comparable to

the diffusion coefficient of the NK1R in the cell line. To further this study, it would be
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informative to compare the properties of Span-Cy5-Chol in the plasma membrane in presence
and absence of the receptor, to determine if the antagonist is interacting with NK1R.

These studies have provided valuable insight into the molecular dynamic profile of
lipid-conjugated ligands. We have also elucidated the spatial profile of lipid-conjugates in
solution in the presence and absence of cells. Together with the previous imaging and signalling
studies, the measured concentrations of the ligands in previous studies were likely to be
significantly lower than the nominal concentrations. In addition, the number of lipid-conjugate
particles that partition towards and interact with the cell may also be lower than expected.
Despite the concentration of Span-Chol likely to have been lower than that of Spantide in
previous studies, it was still effective in inhibiting intracellular signalling. Therefore, the
inhibitory effect of the Span-Chol may be a function of the interactions at the plasma membrane
and in endosomes. In future experiments, Spantide-Cy5 characterisation would further the
current understanding of the effect of cholestanol conjugation on antagonists.

Given that the lipid-modification of the Spantide resulted in an increase in non-specific
adhesion, formulation approaches such as nanocarriers and solubilising agents may be
employed to reduce this effect. Nanocarriers are highly dynamic and are capable of
encapsulating hydrophobic ligands through covalent and non-covalent means. Non-covalent
encapsulation of drugs is particularly advantageous as it does not require a mechanism of
cleavage to release the drug and no modifications are made to the structure of the ligand
(Ulbrich et al., 2016). Furthermore, nanocarriers can also be designed to release the drug in
response to different stimuli including temperature, pH, specific wavelengths of light, and
redox conditions (Ganta et al., 2008, Zhang et al., 2008, Gao et al., 2010, Peng et al., 2013).
Similarly, solubilising agents can reduce non-specific adhesion of the ligands by increasing the

hydrophobicity of the solution itself. This reduces the energy required for the compounds to
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interact with the buffer, decreasing the adhesion to non-specific, hydrophobic materials (Van
Oss 2006).

Together, this study has emphasised the importance of understanding the hydrophobic
and diffusion characteristics of potential therapeutic ligands. Therefore, newly developed drugs
should also be examined in solutions, at the plasma membrane with potential for measurements
in endosomal compartments to gain a comprehensive understanding of the molecular dynamic
and spatial profile. Future work to elucidate the molecular dynamic profile and mechanism of
action of lipid-conjugated ligands may also include FCS in microdomains of the cell such as
endosomes to determine the local concentration of drugs to access endosomal signalling of

GPCRs.
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4.1 Abstract

Stimulus-responsive nanoparticles have shown great potential, for selective drug targeting and
delivery, to treat globally important diseases such as cancer and inflammation. These
nanoparticles can be beneficial due to selective targeting of therapeutics while avoiding off-
target effects, the primary goal of stimulus-responsive nanoparticle drug delivery is to exploit
the unique microenvironments observed within disease states, including distinct pH, redox
conditions or protein expression. The use of pH as a stimulus has been particularly attractive
for nanoparticles because monomers with different pKa characteristics can be readily
incorporated to achieve fine-tuned drug release in specific pH conditions observed in tumours,
inflamed tissue undergoing acidosis and in distinct acidic intracellular micro-environments of
endocytic compartments. However, polycationic polymers such as polyethylenimine, which
has been widely used in gene delivery, have also been shown to be cytotoxic through the
induction of apoptosis. Here we investigate the toxicity of two widely exploited monomers, 2-
(Diethylamino) ethyl methacrylate (DEAEMA) (pKa ~7.1) and 2-(Diisopropyl amino) ethyl
methacrylate (DIPMA) (pKa ~6.1) for pH-responsive self-assembling nanoparticle systems.
Nanoparticle disassembly and cell health was assessed via multiple approaches and although
DEAEMA rapidly disassembles to release intracellular cargo within endosomes, it was more
cytotoxic than DIPMA. To overcome this, di(ethylene glycol) methyl ether methacrylate
(DEGMA) was incorporated into the hydrophobic portion of the block copolymer; to protect
or shield against polycation-dependent cytotoxicity without affecting pH-sensitivity or cellular
uptake of particles. Together, this demonstrates the importance of using a combination of cell
health indicators to understand the cytotoxicity profiles of macromolecules in cells and offers

a new and valuable approach for reducing the cytotoxicity of pH-responsive materials in vivo.
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4.2 Introduction

In recent years, nanoparticles have offered significant therapeutic promise due to their
versatility and potential for clinical applications, including drug delivery, utility as biosensors
and diagnostic systems. In particular, nanoparticles can be engineered to elicit a physio-
chemical response to external biological stimuli such as enzymatic cleavage (Ghadiali et al.,
2008), temperature (You et al., 2008), light (You et al., 2010), or pH (Zhang et al., 2011, Zhou
et al., 2011). The unique pH microenvironments found in affected tissues of diseases, such as
cancer, or chronic inflammation, are considered particularly attractive stimuli, which has
encouraged the development of multiple pH-responsive nanoparticle systems for targeted and
stimulated delivery of a range of therapeutics agents (Wike-Hooley et al., 1984, Webb et al.,
2011), including intracellular delivery of sSiRNA or cytotoxic compounds (Meyer et al., 2008,
You et al., 2010, Du et al., 2011, He et al., 2013).

The internalisation of non-targeted nanoparticles into cells occurs through multiple
constitutive endocytic processes. Nanoparticles with radii greater than 500 nm generally are
internalised via phagocytosis (Zhao et al., 2018). Smaller nanoparticles internalise by
micropinocytosis, caveolin-dependent, clathrin-dependent endocytosis, or clathrin-
independent endocytosis (Doherty et al., 2009, Hillaireau et al., 2009, Zhang et al., 2015). The
endocytic route for nanoparticle internalisation is dependent on a multitude of factors including
size, surface charge, stiffness and shape (Osaki et al., 2004, He et al., 2010, Zhang et al., 2015,
Zhao et al., 2018). Particles internalised via receptor-mediated, clathrin-dependent endocytosis
have been shown to vary in size up to 200 nm (Rejman et al., 2004, dos Santos et al., 2011).
Modifying nanoparticle surface chemistry or decoration with ligand or antibodies can improve
protein interactions and enhance uptake via receptor-mediated endocytosis (Figure 4.1)

(Sperling et al., 2010, Mahon et al., 2012, Sapsford et al., 2013).
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Following the internalisation of nanoparticles into vesicles that pinch off the cell surface
membrane and fuse with early endosomes, particles are sorted throughout the tubulo-vesicular
endosomal network and have multiple cellular fates (Doherty et al., 2009, Hillaireau et al.,
2009). As early endosomes mature, they fuse and frequently share cargo with late endosomes,
and it is from here that nanoparticles or macromolecules can be shuttled back out of the cell
via sorting into recycling endosomes, or can be targeted towards lysosomes or proteasomes in
the degradative pathway (Doherty et al., 2009, Hillaireau et al., 2009, Huotari et al., 2011,
Zhao et al., 2018). Once nanoparticles enter endocytic pathways, they are exposed to reducing
pH gradients mediated by V-ATPases, or proton pumps (Beyenbach et al., 2006, Marshansky
et al., 2008). The acidification increases as the endosomal compartments mature from early
endosomes (pH 6.1-6.8) to late endosomes (pH 4.8-6.0) and deeper endocytic compartments
such as lysosomes (pH >5.5) (Mellman et al., 1986, Huotari et al., 2011).

Endosomal pH gradients have been exploited in the design of nanosensors and
nanomedicines by conjugating pH-labile crosslinkers, pH-dependent protein transduction
domains for cell penetration, or amine-containing monomers (Ganta et al., 2008, Lee et al.,
2008, Gao et al., 2010, Mura et al., 2013). Nanoparticles assembled from materials containing
tertiary amines, such as 2-(Diethylamino)ethyl methacrylate (DEAEMA) (pKa ~7.1) or Poly(l-
histidine) (pKy <6.0) are used for fine tuning of polymer pKa. In endosomal pH environments,
nanoparticle disassembly is proposed to be initiated through polymer protonation, leading to a
hydrophobic to hydrophilic switch and with contributions from like charge-mediated repulsion
(Lee et al., 2003, Hu et al., 2007, Kim et al., 2008, Wu et al., 2010). Importantly, while there
are many therapeutic applications of pH responsive materials, it has been widely demonstrated
that some polycationic materials may reduce cell health (Fischer et al., 2003, Hunter et al.,

2010, Parhamifar et al., 2010).
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Polycationic polymers such as polyethylenimine (PEI) are widely studied materials
with applications as a metal chelator, flocculating agent, and as an efficient gene delivery
system (Fischer et al., 1999, Kunath et al., 2003, Lungwitz et al., 2005). However, these
polycationic polymers have also been reported to modulate metabolic function (Parhamifar et
al., 2010) and significantly reduce cell viability due to membrane perforation and rupture
(Bieber et al., 2002, Clamme et al., 2003), or interaction with essential cellular proteins such
as protein kinases (Leroy et al., 1995, Vepa et al., 1997, Bachrach et al., 2001). The
polycationic properties of pH-responsive materials have also been reported to influence cell
viability through endosomal escape, due to a proposed “proton-sponge effect”, where
unsaturated amines in polymers form a proton sink when in acidic endosomal environments,
which increases retention of chloride ions and water molecules, leading to endosomal swelling
and eventual membrane rupture (Haensler et al., 1993, Behr 1997, Fischer et al., 1999, Nel et
al., 2009).

The increased charge state of pH-responsive polymeric materials in acidic
environments are at risk of affecting cell health, typically due to the presence of charged tertiary
amines (Meyer et al., 2008, Won et al., 2009, Parhamifar et al., 2010, Zhou et al., 2011), and
hence, measuring cell viability is a critical factor for determining the success of nanoparticles
in in vitro or pre-clinical settings. Particle-dependent cell toxicity can be reduced by exploring
different pH-responsive monomers and the incorporation of PEG (Petersen et al., 2002, Park
et al., 2005, Luo et al., 2012), pluronic acid (Gebhart et al., 2002) or dextran (Tseng et al.,
2003), to shield the positive charge. In this study, we have characterised the toxicity profiles
of nanoparticles which have been self-assembled from amphiphilic block copolymers that
undergo a solubility switch in response to pH, consisting of hydrophilic P(PEGMA-c-
DMAEMA) component along with a hydrophobic block consisting of DEAEMA or 2-

(diisopropyl amino) ethyl methacrylate (DIPMA). The DEAEMA and DIPMA have differing
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pKa values with pKapeaema > pKapipma (Hu et al., 2008, Ma et al., 2014). We also assess the
ability of di(ethylene glycol) methyl ether methacrylate (DEGMA) to reduce the cell toxicity
by shielding endosomal membranes from cationic DEAEMA and DIPMA. It is now
appreciated that using a single cell viability assay is inadequate to comprehensively gain an
understanding of the extent and the mechanism of cell toxicity. Therefore, we applied three
different indicators of cell health. Propidium iodide sequestration measures the permeability of
the cell membrane as an indicator or plasma membrane damage, whereas mitochondrial health
and metabolic activity were assessed using AlamarBlue and CellTiter Glo® to measure ATP
biosynthesis, or using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) to
measure NAD(P)H-dependent cellular oxidoreductase enzyme activity (Lv et al., 2006,
Parhamifar et al., 2010, Riss et al., 2016). These studies have revealed that DEAEMA
nanoparticles (pKa ~7.1) were consistently more damaging to cells than the DIPMA particles
(pKa ~6.1) (Riss et al., 2016). We also observe the recovery of the cell health with increasing
incorporation of Di(Ethylene Glycol) Methyl Ether Methacrylate (DEGMA) into the block
copolymers used to assemble nanoparticles. The three cell health indicators indicated that the
DEAEMA monomers affected all cellular processes measured, whereas DIPMA had a greater
effect on the ATP production relative to the plasma membrane integrity. DEGMA
incorporation may therefore be a useful approach for abrogating cell toxicity in a range of

copolymer systems.
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Figure 4.1. Schematic representation of a pH responsive star particle. A, Diblock
copolymer consistent of a pH-responsive hydrophobic polymer and a hydrophilic copolymer
self assembles into micelles at high pH. B, Shielding the cation with ethylene glycol

(DEGMA) monomer to minimise cytotoxicity.

4.3 Methods

4.3.1 Materials
Poly(ethylene glycol) methacrylate (PEGMA) (Mn = 300 g mol?), 2- dimethylaminoethyl
methacrylate (DMAEMA) (Mn = 157 g mol™), Di(ethylene glycol) methyl ether methacrylate
(DEGMA) (M, = 188.22 g mol? ), 2-diethylaminoethyl methacrylate (DEAEMA) (M, =
185.26 g mol™), initiator, azobis(isobutyronitrile) (AIBN), and the raft reagent, 4- cyano-4-
(phenyl carbonothio) pentanoic acid, were purchased from Sigma-Aldrich. Solvents were

purchased from Merck Millipore. CellTiter Glo was purchased from Promega.
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4.3.2 Gel permeation chromatography (GPC)

A Shimadzu (Kyoto, Japan) liquid chromatography system was used for the GPC analysis of
polymers to determine the molecular weight. The system comprised of a SIL-10AD
autoinjector, a 5.0 um bead-size guard column (50 x 7.8 mm) followed by four Polymer
Laboratories (Styragel) columns (105, 104, 103, and 500 A) and an RID10A differential
refractive-index detector. The eluent N,N-dimethylacetamide (DMAc; 0.03% wi/v LiBr, 0.05%
2, 7-di-Butyl-4-methylphenol) was used at 50 °C with a flow rate of 1 mL/min. A molecular
weight calibration curve was produced using commercial polystyrene standards with narrow

molecular weight distribution ranging from 500 to 106 g/mol.

4.3.3'H NMR analysis
The H-NMR spectra were recorded using Bruker Avance 111400 Ultrashield Plus spectrometer
at 400 mHz running Topspin, version 1.3. Spectra were recorded in either chloroform-d

(CDClgz) or dimethyl formamide (DMF).

4.3.4 Self-assembly of Micelles

P(PEGMA-co-DMAEMA)-b-P(DEAEMA-co-DEGMA) and P(PEGMA-co-DMAEMA)-b-
P(DIPMA-co-DEGMA) were self-assembled into micelles. The diblock copolymers were
prepared by dissolving 5 mg into 0.5 mL of acetone. A syringe pump set at a flow rate of 1.2
mL/h was used to titrate the mixture into 4.5 mL of phosphate-buffered solution (PBS) and
continuously mixed at room temperature (Harvard apparatus, 11 Elite). The micelles were then

dialysed (MWCO 3500 Da) at room temperature for 24 h in PBS to remove organic solvent.
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4.3.5 Dynamic Light Scattering

The size distribution of the assembled nanoparticles was measured by DLS using a Malvern
Instruments Zetasizer Nano ZS ZEN3600 (Malvern, UK). DEAEMA with 10, 20 and 40%
DEGMA were prepared at a concentration of 1 mg/mL in PBS and was filtered using a 0.45
um nylon filter. Measurements were performed in polystyrene cuvettes, at 25°C to determine

the hydrodynamic diameter/particle size and polydispersity index at pH 7 and at pH 6.

4.3.6 Synthesis of P(PEGMA-co-DMAEMA) macromer

P(PEGMA-co-DMAEMA) copolymer was prepared by reversible addition-fragmentation
chain transfer (RAFT) polymerisation method as per Scheme 1 below: Dimethylaminoethyl
methacrylate (DMAEMA, 0.628 g, 0.004 mol), poly(ethylene glycol) monomethyl ether
methacrylate (PEGMA, 12 g, 0.04 mol), 2,2-azobisisobutyronitrile (AIBN, 0.0108 g, 0.067
mmol) and 2-cyanoprop-2-yl dithiobenzoate (CPDB, 0.1472 g, 0.67 mmol) were dissolved in
toluene (60 mL) and placed in a vial with a magnetic stirrer bar. The vial was sealed and the
mixture deoxygenated by purging with nitrogen for 30 minutes. The deoxygenated mixture was
then placed on a magnetic stirrer plate set at 70 °C, 400 RPM for 21 h. After 21 h the polymer
product was exposed to the air and cooled in an ice bath and the P(PEGMA-co-DMAEMA)
macromerwas recovered after exhaustive dialysis against methanol for 48 h and acetone for 48
(MWCO 3500 Da). The P(PEGMA-co-DMAEMA) macromer was characterised via gel

permeation chromatography (GPC) and proton-nuclear magnetic resonance (*H-NMR).
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Scheme 1 Synthesis of hydrophilic portion of the P(PEGMA-co-DMAEMA) block
copolymer. 1) Raft reagent (4- cyano-4-(phenyl carbonothio) pentanoic acid), 2) poly(ethylene
glycol) methacrylate (PEGMA) and 3) 2- dimethylaminoethyl methacrylate (DMAEMA),
initiation with azobisisobutyronitrile (AIBN), 70°C, in toluene. 4) Hydrophilic polymer
product, P(PEGMA-co-DMAEMA).

4.3.7 Synthesis of P(PEGMA-co-DMAEMA)-block-(DEAEMA-co-DEGMA)

The synthesis of was carried out using reversible addition-fragmentation chain transfer (RAFT)
polymerisation method as per Scheme 2 below. This chain extension reaction was performed
at different [DEAEMA]: [DEGMA] ratios to give a polymer library with 0%, 5%, 10%, 20%,
40% or 50% DEGMA content in the hydrophobic block via the addition of appropriate amount
of DEGMA: all others remained constant.

A typical chain extension reaction is given for the 10% DEGMA: Diethylaminoethyl
methacrylate (DEAEMA, (0.3 g, 2.03x10° mol) , diethylene glycol monomethyl ether
methacrylate (DEGMA, 0.0421g , 2.237x10* mol), 2,20-azobisisobutyronitrile (AIBN, 0.5
mg, 3.04 x10°° mol) and P(PEGMA-co-DMAEMA) macromer (0.2628 g, 2.03x10"° mol) were
dissolved in toluene (2 mL) and placed in a vial with a magnetic stirrer bar. The vial was sealed
and the mixture deoxygenated by purging with nitrogen for 30 min. The deoxygenated mixture
was then placed on a magnetic stirrer plate set at 70 °C, 400 RPM for 17.5 h after which the
reaction mixture was exposed to the air. P(PEGMA-co-DMAEMA)-block-(DEAEMA-co-
DEGMA) product was recovered after exhaustive dialysis against methanol for 48 h and
acetone for 48 (MWCO 3500 Da). The P(PEGMA-co-DMAEMA)-block-(DEAEMA-co-
DEGMA) was characterised via gel permeation chromatography (GPC) and proton-nuclear

magnetic resonance (*H-NMR).
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Scheme 2 Synthesis of hydrophobic portion of the P(PEGMA-co-DMAEMA)-b-
P(DEAEMA-co-DEGMA) diblock copolymer. Reagents and conditions. 1) Hydrophilic
polymer synthesised in scheme 1, 2) 2-diethylaminoethyl methacrylate (DEAEMA), 3)
Di(ethylene glycol) methyl ether methacrylate (DEGMA), 4) Block copolymer, P(PEGMA-
co-DMAEMA)-b-P(DEAEMA-co-DEGMA). Initiation with AIBN, 70°C, in toluene.
Synthesis of P(PEGMA-co-DMAEMA)-block-(DIPMA-co-DEGMA)

The synthesis of P(PEGMA-co-DMAEMA)-block-(DIPMA-co-DEGMA) was carried out
using reversible addition-fragmentation chain Transfer (RAFT) polymerisation method as per
Scheme 3 below. This chain extension reaction was performed at different [DIPMA]:
[DEGMA] ratios to give a polymer library with 0%, 5%, 10%, 20% and, 40% or 50% DEGMA
content in the hydrophobic block via the addition of appropriate amount of DEGMA: all others
remained constant.

A typical chain extension reaction is given for the 10% DEGMA: Di-isopropyl aminoethyl
methacrylate (DIPMA, (0.432 g, 2.03x10 mol) , diethylene glycol monomethyl ether
methacrylate (DEGMA, 0.0421g , 2.237x10* mol), 2,20-azobisisobutyronitrile (AIBN, (0.5
mg, 3.04 x10° mol) and P(PEGMA-co-DMAEMA) macromer (0.2628 g, 2.03x10° mol) were
dissolved in toluene (2 mL) and placed in a vial with a magnetic stirrer bar. The vial was sealed,
and the mixture deoxygenated by purging with nitrogen for 30 min. The deoxygenated mixture
was then placed on a magnetic stirrer plate set at 70 °C, 400 RPM for 17.5 h after which the
reaction mixture was exposed to the air. P(PEGMA-co-DMAEMA)-block-(DIPMA-co-
DEGMA) product was recovered after exhaustive dialysis against methanol for 48 h and
acetone for 48 (MWCO 3500 Da). The P(PEGMA-co-DMAEMA)-block-(DIPMA-co-
DEGMA) was characterised via gel permeation chromatography (GPC) and proton-nuclear
magnetic resonance (*H-NMR).
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Scheme 3 Synthesis of hydrophobic portion of the P(PEGMA-co-DMAEMA)-b-
P(DIPMA-co-DEGMA) diblock copolymer. Reagents and conditions. 1) Hydrophilic
polymer synthesised in scheme 1, 2) 2-(Diisopropyl amino) ethyl methacrylate (DIPMA), 3)
Di(ethylene glycol) methyl ether methacrylate (DEGMA), 4) Block copolymer, P(PEGMA-
co-DMAEMA)-b-P(DIPMA-co-DEGMA).

4.3.8 Cell lines and Transfection

HEK293 (human embryonic kidney cells) were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% v/v FBS (37°C, 5% CO>). For imaging, cells were
plated in poly-D-lysine-coated, 8-well Ibidi chamber slides. For cell viability assays, 25,000
cells/well were plated into poly-D-lysine-coated 96 well CulturPlates (PerkinElmer) and
incubated for 24 h for the AlamarBlue assay or 48 h for the CellTiter Glo and propidium iodide
assays. For Coumarin 153 loaded nanoparticle internalisation assays, poly-D-lysine coated 96
well black-walled, optically clear plates were used. Cells were at 80% confluency on day of

assessing cell viability.

4.3.9 Localisation of nanoparticles

For confocal imaging, HEK293 cells expressing the Rab5a-GFP endosomal marker were
cultured to 60% confluency. Cells were transiently transduced with CellLight™ Early
Endosome Bacmam 2.0 virus (Life Technologies, Mulgrave, Victoria), 2 uL/10,000 cells for a
minimum of 16 h. Mitochondria were labelled with MitoTracker green (Life Technologies) (50
nM, 30 min). Cells were equilibrated in Hanks’ Balanced Salt Solution (HBSS) (Sigma
Aldrich) for 30 min prior to imaging. Images were obtained using a Leica TCS SP8 Laser-
scanning confocal microscope with HCX PL APO 63x (NA 1.40) oil objectives in a humidified
and temperature-controlled chamber (37°C). Imaging are representative of three or more

experiments.
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4.3.10 Cell Viability assays

For all assays, nanoparticle dilutions were prepared in PBS under sterile conditions. Cells were
treated with 0.2% TritonX-100 as a control for cell death and PBS as the vehicle control. Cells
were then incubated at 37°C supplemented with 5% CO_ Treatments were carried out in
triplicate with increasing concentrations of nanoparticles with a total volume of 100 uL of

volume across all wells.

4.3.11 Cellular uptake of Coumarin 153 dye loaded nanoparticles

HEK 293 cells were cultured to 60% confluency in clear bottom, black, 96 well plates.
Coumarin 153 dye (5 mg) was loaded into 5 mL of self-assembled DEAEMA, DIPA and non-
disassembling (n-butyl methacrylate) particles. Fluorescence was imaged on an Operetta plate-
based high content imaging system (ex: A = 405 nm and em: A = 555 nm) and average
fluorescent units were determined by pixel densitometry and normalised to vehicle (DMSO)
control. With estimates of critical micelle concentration (CMC) of each NP at 1-5ug/ml, cells
were exposed to 40ug/ml nanoparticles for 30min, to ensure NP concentrations ~10-fold above

CMC.

4.3.12 CellTiter Glo cell viability assay

Reagent was prepared according to the manufacturer instructions (Promega, USA). Cells
grown to 80% confluence were treated with nanoparticles (concentrations as indicated in
results) and incubated at room temperature for 30 min. 50 pL of cell media was first removed
from each well and discarded. The remaining contents of each well was treated with 50 pL of
the CellTiter Glo reagent. Cells were incubated at room temperature for a minimum of 10 min
and the bioluminescence was measured at A = 555 + 40 nm, using the CLARIOstar (BMG

labtech). Cell viability was then calculated by subtracting the TritonX-100 control and
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expressing the values as a percentage of the vehicle control. Data are presented as mean +

S.E.M of 5 individual experiments.

4.3.13 The propidium iodide cell toxicity

Cells were incubated with propidium iodide dye (final well concentration of 500 nM) for 30
min at room temperature. The fluorescence was detected using the CLARIOstar (ex: A =535 *
10 nm and em: A = 617 = 10 nm). Cell toxicity values were calculated by a vehicle baseline
subtraction and expressed as a percentage of the TritonX-100 control for cell death. Data are

presented as mean + S.E.M of 5 individual experiments.

4.3.14 AlamarBlue cell viability assay

Cell media was removed and replaced with 100 pL of fresh media. Cells were treated with a
range of particle concentrations (0.4- 250 pg/mL) for 12, 24, 48 and 72 h at 37 °C, 5% CO..
Cells were washed twice with chilled HEPES buffered saline solution (HBSS) (Sigma Aldrich)
and then 10% (v/v) AlamarBlue reagent (Life Technologies) in media was added. Cells were
incubated for 4 h further and the fluorescence was measured using the CLARIOstar (ex: A =
570 £ 10 nm, em: A = 605 + 15 nm). Cell viability was then calculated by subtracting the Triton
X-100 control and expressing the values as a percentage of the vehicle control. Data are then

presented as the mean + S.E.M of 3 individual experiments.

4.3.15 Data Processing and Analysis
Images were processed and analysed using FIJI (v 1.51d) software (Pelayo et al., 2011). Graphs

were generated using GraphPad Prism 6.01 (San Diego, CA). For the analysis of cell viability
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data, two-way analysis of variance (ANOVA) and post hoc Tukey’s multiple comparisons test

was applied (* p<0.05; ** p<0.01, ***p <0.001). Data are presented as mean + S.E.M.
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4.4 Results and Discussion

4.4.1 Synthesis and characterisation of diblock copolymers.

Polycations have been implicated as the cytotoxic component of block copolymers (Fischer et
al., 2003). One proposed method of reducing polycation-related toxicity is to shield the charge
with biocompatible monomers such as ethylene glycol (Putnam et al., 2001). Precedence for
charge shielding has been demonstrated by Putnam et al. and Thomas et al. (Putnam et al.,
2001, Thomas et al., 2002). Therefore, we investigated the shielding of polycations by
incorporating DEGMA into the pH switchable component. We characterised the diblock
copolymer P(PEGMA-co-DMAEMA)-b-P(DEAEMA-co-DEGMA) (scheme 2) which
consists of a hydrophilic copolymer P(PEGMA-co-DMAEMA). The hydrophobic copolymer
consists of a pH responsive monomer, DEAEMA (pKa 7.1) and the shielding monomer
DEGMA. The products were prepared in chloroform-d (CDCls) and characterised by *H NMR
to confirm successful polymer synthesis by identifying monomeric groups incorporated into
the polymer chains as shown in the representative spectra (Figure 4.2). The macromer was
confirmed to comprise of poly(ethylene glycol) methacrylate and 2- dimethylaminoethyl
methacrylate groups as shown in the assigned peaks in Figure 4.2A. Given that the DEAEMA
and DIPMA polymers were synthesised with the macromer, only the Di(ethylene glycol)
methyl ether methacrylate and 2-diethylaminoethyl methacrylate (Figure 4.2B) or Di(ethylene
glycol) methyl ether methacrylate groups (Figure 4.2C) have been assigned in the
representative spectra. GPC analysis was also performed to characterise the DEAEMA and
DIPMA nanoparticle series are shown (Table 1). The polydispersity index (PDI), is the ratio
of the weight average molecular weight to the number average molecular weight and is
indicative of the distribution of the molecular mass of the polymer chains synthesised. In all

cases the polymerisations yielded diblock copolymers with narrow molecular weight
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distributions <1.34. Narrow molecular weight distributions are indicative of a controlled
polymerisation of the block copolymers and allow for consistent sizes and shapes of the self-

assembled particles (Lynd et al., 2008).
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Figure 4.2: 'H NMR spectra of a, macromer, b, DEAEMA-10 and ¢, DIPMA-10 in CDCls;

with representative peaks assigned as shown.

Table 4.1. GPC of the P(PEGMA-co-DMAEMA)-b-P(DEAEMA-co-DEGMA) and
P(PEGMA-co-DMAEMA)-b-P(DIPMA-co-DEGMA) diblock copolymers. Size exclusion
chromatography (SEC) analysis of DEAEMA and DIPMA particles with 00-50% DEGMA.
The number average molecular weight, weight average molecular weight, and polydispersity

indices (PDI) are shown. The PDI is a measure of molecular weight distribution of a polymer.

% SEC
Polymer code DEGMA
Mn (g/mol) | Mw (g/mol) PDI ©
Macromer n/a 12500 14000 1.15
DEAEMA-0 0 20500 24500 1.20
- DEAEMA-5 5 19000 23500 1.27
8
& DEAEMA-10 10 20500 27000 132
% DEAEMA-20 20 20500 27500 1.34
é DEAEMA-40 40 23500 30000 1.28
DEAEMA-50 50 20000 24000 1.24
DIPMA-0 0 20000 25000 1.25
DIPMA-5 5 19500 25500 1.30
g DIPMA-10 10 22000 27000 1.25
<§E DIPMA-20 20 20000 26000 1.29
o
o DIPMA-40 40 n/a n/a n/a
DIPMA-50 50 24000 31000 1.30
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4.4.2 Nanoparticle assembly and characterisation of pH sensitivity

A subset of the library DEAEMA and DIPMA were self-assembled into nanoparticles as
described in the experimental but where loaded with Nile red dye through the process. Nile
red, hydrophobic fluorophore, self-quenches when exposed to aqueous solvents and therefore,
can be used as an indicator for in vitro assessment of particle disassembly. The pH sensitivity
of these nanoparticles was assessed by titrating 1 N HCI into the nanoparticle solution and Nile
red intensity was measured as a function of pH by spectrofluorophotometry (excitation A= 475
nm, emission A = 565 nm). The Nile red fluorescence intensity decreased with decreasing pH
for all the DIPMA and DEAEMA nanoparticles as a consequence of the slight dilution on the
addition of acid. However, at pH 6, most of the Nile red from the DEAEMA nanoparticles was
guenched. In contrast, the dye released from the DIPMA particles was quenched when the pH
reached 5. This is indicative of nanoparticle disassembly and cargo release into the aqueous
environment (Figure 4.3). The complete disassembly of the DEAEMA nanoparticles was
observed to occur at a higher pH than that of the DIPMA which is consistent with the pKa for

each block copolymer (Ma et al., 2014).
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Figure 4.3. Disassembly of pH-responsive nanoparticles. Fluorescence emission intensity of
nanoparticle assembled with Nile Red in PBS with copolymers with distinct pKa including

DEAEMA (pKa 7.1), DIPMA (pKa 6.1) or non-disassembling control.
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DEAMEA nanoparticles were also analysed by dynamic light scattering to determine size and
the polydispersity index (Figure 4.4). The mean size of the DEAEMA nanoparticles were
between 21-24 d.nm and showed a PDI below 0.68 at pH 7. This indicated that the block
copolymers assembled into nanoparticles and with low variation in particle size. In contrast,
when the pH of the buffer was decreased to pH 6, the mean particle size decreased to
approximately 7.5 d.nm and PDI of approximately 0.5. The increase in variation and decrease
in measured particle size suggested that the block copolymers in solution were present as
unimers and not in ordered larger micelle structures. Critically the data indicated that

nanoparticles synthesised with DEGMA units in the core retain pH sensitivity.
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Figure 4.4 pH sensitivity of DEGMA-incorporated DEAEMA particles. A, Particle sizes
of each nanoparticle of varying DEGMA content at pH 7 (black) and pH 6 (grey). B,

Polydispersity index of each nanoparticle at pH 7 (black) and pH 6 (grey).

4.4.3 The effect of incorporating DEGMA into nanoparticles on internalisation and translocation

To study the internalisation and intracellular trafficking of the DEAEMA nanoparticles,
DEAEMA-0 and DEAEMA-5 (0% and 5% DEGMA, respectively) were labelled with
tetramethyl rhodamine (TMR) using published end group modification strategies. These

particles were imaged after treatment in cells expressing Rab5-GFP early endosomal resident
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protein, or MitoTracker Green, a mitochondrial-selective dye (Abel et al., 2016). The
internalised nanoparticles showed partial co-distribution with Rab5-positive early endosomes.
TMR, an analogue of rhodamine B, which is a cationic fluorescent marker known to diffuse
through membranes and can become sequestered in the mitochondria. It was important to
determine if the TMR-conjugated nanoparticle translocates to this location as a function of the
TMR. The DEAEMA-0 nanoparticle does not co-distribute with the mitochondria. The results
have demonstrated that the incorporation of the protective short DEGMA side-chains and the
fluorophore did not affect the internalisation or translocation of the nanoparticle into the
endosomal network. The DEAEMA-0 and DEAEMA-5 polymers were the only TMR labelled
particles available and additional imaging was beyond the scope of the study at the time of
imaging. However, future efforts to make end group modifications to fluorescently label the
10, 20, and 50% DEGMA particles would also be informative as well as further live cell,
volumetric imaging using other organelle markers and deconvolution techniques to gain further

understanding of the localisation of the nanoparticles in cells.

4.4.4 Assessing drug release of pH-tunable nanoparticles in cells

The DEAEMA and DIPMA particles were loaded with Coumarin 153, a hydrophobic dye that
remains quenched in hydrophobic environments, including in the hydrophobic core of an
assembled copolymer. Hence, it can be used as a fluorescent model for understanding the
cellular release of a hydrophobic drug (Figure 4.6). Cells were treated with nanoparticles and
the intracellular fluorescence was measured using a high-content imaging system. The
fluorescence intensity in the cells treated with DEAEMA nanoparticles increased and plateaued
after nanoparticle addition. This was indicative of nanoparticle uptake and disassembly and
immediately releasing the hydrophobic dye. The DIPMA particle showed a similar trace to the
control nanoparticle, which increased with time. DIPMA and DEAEMA particles have the

same hydrophilic monomer and only differ in the pH-responsive component. Figure 4.5 shows
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colocalisation between the particles and early endosomes which have a luminal pH of 6.1-6.8.
Given that the DIPMA has a low pKa, the early endosomes may not be acidic enough to induce
nanoparticle disassembly. Therefore, DIPMA was likely to have disassembled at later time

points after translocation into late endosomes (pH 4.8-6.0) or lysosomes (pH 5.5)

Nanoparticle® Rab5-GFPE
(red)a (green) Mergel Zoomp

0%MEGMAE 2

5%EDEGMAR

Zoom([

<
=
5] -
L
8
X
O R

Figure 4.5. Uptake of DEAEMA and DEAEMA-DEGMA nanoparticles into HEK 293
cells. HEK 293 cells transiently expressing Rab5a-GFP were incubated for 20 min with either
A, 0% DEGMA-DEAEMA TMR-labelled nanoparticles or B, 5% DEGMA-DEAEMA TMR-

nanoparticles. C, Parental HEK 293 cells stained with MitoTracker dye were incubated for 20
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min with 0% DEGMA-DEAEMA TMR-labelled nanoparticles. The merge panels are
composite images of the nanoparticle (red), organelle marker (green), and nuclear marker. Co-
distribution of nanoparticles with Rab5a-positive endosomal membranes are indicated by white
arrows in the magnified images. Shown here are representative images of 3 individual

experiments. Scale bar 10 pm.
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Figure 4.6. Disassembly of DEAEMA and DIPMA particles and release of Coumarin153
cargo in HEK293 cells. Fluorescence intensity of Coumarin dye assembled into DEAEMA,
DIPMA nanoparticles and a non-disassembling control. Fluorescence was measured in

HEK?293 cells.

445 Assessment of particle effect on ATP production
Historically, the toxicity of nanoparticles have been assessed using a myriad of different assays
for cell health. We used CellTiter Glo, propidium iodide and AlamarBlue to assess the effect

of the nanoparticles on mitochondrial health, plasma membrane integrity and the cytosolic
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redox potential, respectively. These commonly used assays measure different indicators of cell
health, which need to be considered prior to selecting a suitable assay.

As a measure of mitochondrial activity, we used the CellTiter Glo assay to assess the
effect of nanoparticles on ATP production. The assay uses an ATP-dependent Ultra-Glo
recombinant luciferase enzymatic conversion of Beetle Luciferin to produce oxyluciferin and
light. The bioluminescence produced from this enzymatic interaction can be measured and
correlated with the intracellular presence of ATP to determine cell viability. It is sensitive
(detection limit of 50 HEK293 cells), rapid (single reagent addition followed by 10 min
incubation at RT for a steady luminescent signal) and unaffected by serum or phenol red
(common pH indicator in growth media). However, the CellTiter Glo reagent contains a
detergent and ATPase inhibitors to lyse the cells and release the ATP for end-point detection
and therefore cannot be used monitor cell viability over time. Cells were incubated with graded
concentrations of DEAEMA and DIPMA nanoparticles incorporating 0-50% DEGMA and
viability was assessed with CellTiter Glo 8 h or 24 h later. Following 8 h incubation with
DEAEMA and DIPMA nanoparticle, toxicity was only observed at concentrations of 50
pg/mL. At 24 h, the 10 pg/mL and 50 pg/mL nanoparticle concentrations reduced the cell
viability of both nanoparticles. The introduction of 50% DEGMA significantly increased the
cell viability of the cells treated with 50 pg/mL of DEAEMA nanoparticles at 2, 4, 6, and 8 h.
In the DIPMA treated cells, the 0-20% DEGMA particles reduced the cell viability when
compared to the 0% particle. Interestingly, there was some variability observed in the cell
viability after 24 h of incubation with the DIPMA particles. However, these differences were
not statistically significantly when comparing the 0% DEGMA-DIPMA particle at different
concentrations or when comparing the 0% DEGMA-DIPMA particles to the 5-50% DEGMA

nanoparticles at each concentration.
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Figure 4.7. Mitochondrial function as an indicator of cell viability in cells treated with
DEAEMA and DIPMA particles. Cell viability was determined by measuring mitochondrial
activity using CellTiter Glo. Cells were treated up to 24 h with DEAEMA (A-D) or DIPMA

(E-H) particles containing 0%, 5%, 10%, 20% and 50% of DEGMA at increasing. The cell
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viability was expressed as a percentage of vehicle controls. Mean = S.E.M; n=4-5 individual
experiments. Symbols show * p<0.05, ** p<0.01 and *** p<0.001 versus 0% DEGMA at each
concentration; ™ p<0.01 and " p<0.001 versus 0% DEGMA at 0.08 ug/mL; two-way

ANOVA with Tukey's multiple comparison test.

4.4.6 Assessment of particle effect on membrane integrity and permeability

To determine if the nanoparticles disrupted membrane integrity, propidium iodide (PI) assays
were performed. In healthy cells, Pl is a cell-impermeant dye. However, disruption of the
plasma membrane allows Pl to diffuse into the cell and counterstain the nucleus and
chromosomes by intercalating nucleic bases which can be used as an indicator of cell death.
Consistent with the ATP detection assay, 50ug/ mL of the DEAEMA particles incubated for
2-24 h induced up to 40% cell death in the PI detection assay. The toxicity of the DEAEMA
particle was significantly reduced with the introduction of 50% DEGMA when incubated with
cells for 2, 8 and 24 h. Interestingly, the DEAEMA particles induce more toxicity at 4 h
compared to the 8 and 24 h incubations. This may be due to contact or interaction of the
polymers with the plasma membrane which is recovered after the 4 h timepoint, resulting in a
sustained increase in cell viability up to 24 h at the 0.08, 0.4, 2, and 10 pg/mL concentrations.
The DIPMA particles were less toxic and showed ~15% death of the cell population at the
highest concentration of particles after 24 h of incubation. This is low comparative to the ATP
detection which showed ~40% loss in cell viability with the DIPMA particle at the equivalent
concentration and time. The differences in the cell toxicity measured between the ATP
detection assay and the plasma membrane permeability assay may due to the disassembly of
the DIPMA nanoparticle further along the endosomal pathway where polymers still induce
toxicity intracellularly but cause little disruption at the plasma membrane. The differences in

DEAEMA and DIPMA toxicity may be due to the pKa which can affect the fate of the
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translocation of the particles through the endosomal network. The DEAEMA has a higher pKa
than DIPMA with the reported pKa of 7.1 and 6.1, respectively. Therefore, DEAEMA likely
to disassembled earlier in the endosomal maturation process at a higher pH, whereas the
DIPMA particle is likely to remained intact further in the endosomal network. The delayed
dissociation may result in slower onset of polycationic-dependent cell death and may also

determine the mechanism of cell death.
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Figure 4.8. Plasma membrane permeability as an indicator of cell death in cells treated
with DEAEMA and DIPMA particles. Cell death was determined by measuring plasma
membrane permeability using propidium iodide. Cells were treated up to 24 h with DEAEMA

(A-D) or DIPMA (E-H) particles containing 0%, 5%, 10%, 20% and 50% of DEGMA at
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increasing. The cell death was expressed as a percentage of 0.2% Triton X-100 (maximal cell
death). Mean * S.E.M; n=4-5 individual experiments. Symbols show * p<0.05, ** p<0.01 and
*** p<0.001 versus 0% DEGMA at each concentration; " p<0.001 versus 0% DEGMA at

0.08 ug/mL; two-way ANOVA with Tukey's multiple comparison test.

4.4.7 Assessment of particle effect on intracellular redox potential

The differences in the cell viability when measuring the plasma membrane integrity and the
ATP production is indicative of the different mechanisms of cell death that can be induced by
nanoparticles. Understanding the location of the interactions that result in cell death can be
informative for the design of new nanoparticles. Another marker of cell death is the
intracellular redox potential which is indicative of cellular respiration and ATP production. The
effect of these particles on ATP production has already been measured using the CellTiter Glo
assay and both the membrane integrity and ATP production assays indicated that the DEAEMA
and DIPMA particles did not lead to complete cytotoxicity. Therefore, to observe the full
cytotoxic profile of the particles, we investigated the effect of higher concentrations (0.4-250
pg/mL) and prolonged exposure (12-72 h) of the particles on the intracellular redox potential
using AlamarBlue reagent. AlamarBlue (resazurin) is a cell permeable redox indicator that is
reduced to the fluorescent product, resorufin, in the cytoplasm of cells with active metabolisms.
The fluorescence measured correlates to the number of viable cells in a population. Consistent
with the membrane integrity and ATP production assays, DEAEMA particles induced cell
death at 50 pg/mL over 72 h. We also observe 100% cytotoxicity at 250 pg/mL of the
DEAEMA particle. The incorporation of 50% DEGMA completely recovered cell viability of
50 pg/mL up to and including 72 h and recovered 14.4 + 5.5% cell viability at 250 pg/mL (12
h). The DIPMA particle induced cell death after 48 h of treatment with 50 pg/mL and 250

pg/mL and after 72 h of incubation with 10-250 pg/mL. The incorporation of 50% DEGMA
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improved the biocompatibility of the DIPMA particle in the 48 h treated cells. However, the
shielding effect of the 50% DEGMA only partially improved cell viability when cells were
incubated with concentrations of 50 pg/mL (22.5 + 7.5%) and 250 pg/mL (19.6 = 2.0%). At
72 h, when incubated with 10 pg/mL of the nanoparticles, 5% and 10% DEGMA prevented
cytotoxicity, and 20% and 50% partially increased cell viability. After a 72 h incubation with
higher concentrations of particles, DEGMA incorporation had a minimal effect on cell

viability.
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Figure 4.9. Cytoplasmic reducing activity as an indicator of cell viability in cells treated
with DEAEMA and DPA particles. Cell death was determined by measuring cytoplasmic

reducing activity with AlamarBlue. Cells were treated up to 72 h with DEAEMA (A-D) or
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DPA (E-H) particles containing 0%, 5%, 10%, 20% and 50% of DEGMA at increasing. The
cell death was expressed as a percentage of the vehicle. Mean £ S.E.M; n=3 individual
experiments. Symbols show * p<0.05, ** p<0.01 and *** p<0.001 versus 0% DEGMA at each
concentration; "p<0.05, " p<0.001 versus 0% DEGMA at 0.4 ug/mL; two-way ANOVA

with Tukey's multiple comparison test.

4.5 Conclusion

Nanoparticle polycation-dependent cytotoxicity is multifaceted, complex and requires
adequate characterisation to ensure their safety as drug carriers. Here we have synthesised
P(PEGMA-co-DMAEMA)-b-P(DEAEMA-co-DEGMA) and P(PEGMA-co-DMAEMA)-b-
P(DIPMA-co-DEGMA). These diblock copolymers were self-assembled and characterised to
confirm that low pH can induce disassembly and release of loaded dyes. We have shown that
DEAEMA nparticles were consistently more cytotoxic than the DIPMA across the three
indicators of cell health. When we incorporated DEGMA into 50% of the hydrophobic region
of the block copolymer, we were able to shield the endosomes and prevent cell death.
Interestingly, we observed different degrees of cytotoxicity of the DIPMA when comparing the
effects on membrane integrity and ATP production, whereas the effect of the DEAEMA was
similar across assays. This indicated that DEAEMA and DIPMA particles drive different
mechanisms of cell death. This will require further investigation to understand how these
particles induce apoptosis to gain a better understanding of polycation-dependent cell death.
PEI, a commonly studied polycationic drug carrier has been shown to induce two phases of
cell death, a necrotic and apoptotic phase. The necrotic phase affects the plasma membrane
integrity, phosphatidylserine translocation and lactate dehydrogenase release (Zhang et al.,
2017) and the apoptotic phase is a result of permeabilisation of the mitochondria releasing

cytochrome ¢ which subsequently activates caspases (Moghimi et al., 2005, Symonds et al.,
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2005, Hunter et al., 2010, Parhamifar et al., 2010). The characterisation of multiple cell-death
markers would be required to gain a comprehensive understanding of particle-dependent
cytotoxicity. However, this is time consuming and may not be an accurate predictor of other
variants of the particle such as different sizes. This has been observed when comparing low
and high molecular weight poly(I-lysine) which can activate mitochondrial-mediated apoptosis
differently (Symonds et al., 2005). Therefore, high-throughput assays measuring the ATP
production, membrane permeability and the redox potential such as the CellTiter Glo,
propidium iodide, and AlamarBlue assays are valuable tools for screening polymers and
particles for their biocompatibility. Although these assays are commonly used as stand-alone
screens for biocompatibility, ATP and redox processes may continue to during the first phase
of apoptosis and the plasma membrane may be affected from interactions with nanocarriers
during internalisation that may not necessarily lead to cell death. Therefore, a combination of
these assays would provide a more comprehensive and accurate understanding of the

cytotoxicity of drug carriers.
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Chapter 5

General Discussion
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The endosomal signalling platform has led to a shift in the classical receptor signalling and
trafficking paradigm (Wang et al., 2018). With the development of new tools to probe
compartmentalised signalling, there has been a growing number of receptors that have
demonstrated active conformations and signalling from intracellular platforms (Horwitz et al.,
2003, Murphy et al., 2009, Irannejad et al., 2017, Wang et al., 2018). This compartmentalised
signalling of receptors such as the PTHR and B:AR have been associated with distinct
physiological outcomes (Horwitz et al., 2003, Irannejad et al., 2017). Therefore, there has also
been a growing interest in cell permeable and impermeable drugs for the selective treatment of
intracellular-derived signalling associated with disease (Horwitz et al., 2003, Irannejad et al.,
2017, Sergin et al., 2017). However, to our knowledge, this is the first study to employ drug
delivery devices to achieve selectivity for intracellular GPCR populations. Therefore, the main
aim of this thesis is to investigate and characterise two drug delivery tools, lipid-conjugation,
and pH responsive nanoparticles to specifically deliver drugs to endosomes.
Lipid-conjugation has previously been explored and proposed as a means of delivering
drugs intracellularly to inhibit a recycling endopeptidase, -site amyloid precursor protein
cleaving enzyme 1 (BACE-1), which is expressed in the central neurons of the brain (Rajendran
et al., 2012). However, in this study, we apply lipid-conjugation for the purpose of specifically
targeting intracellular signalling of GPCRs. A fluorescently labelled tripartite ligand, Cy5-Chol
was localised at the plasma membrane and internalised into cells, whereas the lipid-free control,
Cyb-EE, remained in solution. When the location of the intracellular pools of Cy5-Chol was
investigated, it was shown to co-distribute with endosomal compartments, lysosomes with
limited co-distribution to the endoplasmic reticulum, and the trans-Golgi network. This
illustrates the potential of the lipid to anchor to the plasma membrane and promote endocytosis.

One of the key findings of this study was that the lipidated NK1R antagonists attenuated
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intracellular signalling, while the control (lipid-free) drugs were significantly less effective in
cell lines. The treatment of NK1R expressing cell lines with the NK1R antagonist Spantide and
the lipid-conjugate, Span-Chol demonstrated that only the free Spantide inhibited SP-
dependent cytosolic ERK signalling of NK:R, a plasma membrane delimited event.
Conversely, Span-Chol but not Spantide selectively inhibited the nuclear ERK signalling of
NK:R, which is an endosomal delimited event. This distinct pattern of inhibition was further
supported with the measurement of cCAMP production localised at the plasma membrane and
in the cytosol. SP stimulation of the NK1R led to an increase in cytosolic PKC, but no plasma
membrane PKC was detected. Upon further investigation with a dynamin inhibitor, Dyngo 4a,
stimulation with SP increased the PKC activation at the plasma membrane and no cytosolic
PKC was detected. Together, these measurements of PKC suggest that the activation of
cytosolic PKC is an endosomal signalling event. Interestingly, the Spantide and Span-Chol
were equally effective in inhibiting cytosolic PKC. The binding affinity of Span-Chol and
Spantide indicated that there were no significant difference in the binding affinity of the two
compounds to NK1R. These findings may suggest that the differences in the ability of each
compound to inhibit plasma membrane and endosomal delimited signalling is a result of
location bias. An alternative approach for this may be to use internalisation inhibitors such as
Dyngo 4a to ensure that both the antagonists and the receptor remain on the cell surface for the
binding experiments (Robertson et al., 2014).

Previous studies examining the NK1R have demonstrated that noxious stimuli such as
capsaicin induces the release of SP from primary sensory neurons into the dorsal horn of the
spinal cord (Mantyh et al., 1995). This SP-mediated nociception also induces robust
internalisation of the receptor in the second order neurons (Mantyh et al., 1995). Similar
observations of SP-dependent internalisation of NK1R have also been observed in the striatum

of rats (Mantyh et al., 1995). In human patients with inflammatory bowel disease and irritable
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bowel syndrome, NK:R was diminished from the cortical and subcortical regions of the brain
(Hargreaves 2002, Bergstrém et al., 2004, Jarcho et al., 2013). The diminished NK1R detected
may be due to an increased SP-dependent receptor activation, but it has also been hypothesised
that the intracellular signalling of the receptor may contribute to the disease. In this study, we
examined the role of NK:R internalisation on neuronal excitability in rat spinal cord slices, and
pain responses in mice. The treatment of Dyngo 4a to inhibit dynamin-dependent
internalisation had a delayed inhibitory effect on neuronal firing rates. Similar results were also
observed using MEK and PKC inhibitors. These findings indicate that the internalisation of
NK:R is required for the sustained excitability and hence sustained nociceptive transmission.
A caveat to this approach is that dynamin-dependent internalisation is an important cellular
process and the inhibition of dynamin is not specific to NK1R. Therefore, the use of lipidated
NK1R antagonists is a more selective approach in probing the role of NK:R internalisation in
neuronal excitability. The treatment of Span-Chol had no effect on the initial firing but
inhibited sustained firing of the neurons supported the previous hypothesis that sustained pain
transmission is dependent on intracellular NK1R signalling. Our data also demonstrated that
the inhibition of endocytosis or the treatment of Span-Chol have antinociceptive actions when
measuring VVon Frey paw withdrawal responses. Collectively, these findings highlight the role
of internalisation and intracellular signalling of NK1R in pain transmission, as well as the
therapeutic potential of targeting drugs to modulate intracellular signalling.

To further understand the mechanism by which cholestanol-conjugation improves
selectivity, the molecular dynamic properties of the cholestanol linked probes were
characterised by FCS. The diffusion coefficients of Cy5-EE, Cy5-Chol and Span-Cy5-Chol
were consistent regardless of concentration. However, Span-Cy5-Chol diffusion coefficient
was significantly slower than the Cy5-Chol and Cy5-EE. The diffusion coefficient of a

compound can be affected by the viscosity and temperature of the solution. However, given
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the consistent conditions maintained for all FCS experiments, the differences in diffusion
coefficients are likely due to a greater molecular weight. In order to achieve a 1.6 fold
difference in diffusion time, a 6 fold difference in mass is required as the diffusion time is
proportional to the cube root of the difference in molecular weight (Meseth et al., 1999).
However, these do not account for the changes in diffusion coefficient between the Cy5-Chol,
Cyb-EE, and Span-Cy5-Chol ligands. Together, these findings indicated that the Span-Cy5-
Chol may be forming clusters in solution leading to an increase in the molecular weight of the
fluorescent species. To investigate this further, photon counting histogram analysis can be
applied to determine the molecular brightness of the fluorophores measured. Theoretically,
aggregation or clusters of a fluorescent ligand will have yield a greater brightness than
individual fluorescent ligands but will diffuse together in one cluster to be measured as one
fluctuation. This may result in lower measurements of Span-Cy5-Chol concentrations as the
autocorrelation analysis assumes that fluctuations are a result of singular fluorescent species.
If there is clustering of the Span-Cy5-Chol, there is also potential for using PCH analysis to
determine the number of ligands per cluster based on the molecular brightness of Cy5 in a
soluble form (Reiner et al., 2009, Johnson et al., 2010). This will allow for a more accurate
determination of the number of ligands prepared in solution. Concentration measurements of
Cy5-EE, Cy5-Chol and Span-Cy5-Chol were significantly lower than the nominal
concentrations prepared in HBSS. This may suggest that there is loss occurring due to non-
specific binding of the ligands as a result of conjugation to the PEG chain and the cholestanol.
Although the ligands were measured immediately after preparation, the kinetic measurements
of concentrations demonstrated that there was no time dependent decrease. BSA was added to
preparations to prevent the non-specific binding of the lipophilic compounds for FCS
measurements (Fujii et al., 1992, Kilpatrick et al., 2012). In the presence of BSA, the

concentration of Cy5-EE was completely recovered, whereas there was only partial recovery
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of the Cy5-Chol and Span-Cy5-Chol concentrations, confirming the hypothesis that the ligands
can bind non-specifically. Thus, the addition of BSA resulted in an even distribution of all
ligands within the solution. Given that in the previous experiments, both soluble and
cholestanol-conjugated drugs were diluted in HBSS or PBS, the actual concentration would
have been significantly lower. This would result in a lower concentration of Span-Chol, in
comparison to soluble Spantide. Despite the concentration of Spantide-cholestanol being
lower, it is still effective than Spantide in inhibiting intracellular signalling, neuronal firing and
nociception. Interestingly, when treating NK:R expressing cells with these ligands, the
concentrations at the plasma membrane of Cy5-EE was greater than Cy5-Chol and Span-Cy5-
Chol. However, when examining the diffusion coefficient of each ligand, Cy5-EE was
measured to have the highest diffusion coefficient, followed by Cy5-Chol and Span-Cy5-Chol.
The Span-Cy5-Chol diffusion coefficients were similar to that of the receptor. This may
suggest that the improved potency of anchored drugs may not only be dependent on a high
local concentration at the receptor, but also a low diffusion coefficient at the receptor for
receptor-ligand interactions to occur. Therefore, a focus on measuring the ligand concentrations
in solution, in the presence of cells, concentration and diffusion coefficients at the plasma
membrane will provide valuable insight into the spatial profile of cholestanol-conjugated
antagonists. Furthermore, FCS has also previously been used to quantify and measure ligands
intracellularly (Yoshida et al., 2000, Schwille 2001). An extension of the current study may
include the characterisation of cell permeable and impermeable ligands using FCS in
conjunction with PCH analysis to determine their potential for the translocation to intracellular
therapeutic targets.

Nanoparticles can be extremely versatile delivery devices as they can be designed to
release drugs in response to pH, redox reactions, enzymatic cleavage, or temperature (Ganta et

al., 2008, Mura et al., 2013). The size, surface charge and surface ligands of the nanoparticles
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can also be engineered to promote targeting to specific cells and endosomal pathways (Gao et
al., 2010, He et al., 2010, Zhou et al., 2011, Mahon et al., 2012). Therefore, the development
of stimuli responsive nanoparticles can be valuable for drug delivery to intracellular locations,
such as endosomes. Given the rapid and robust acidification of endosomes during the
maturation process, a pH-sensitive nanoparticle would provide a consistent and well
characterised mechanism of drug release (Beyenbach et al., 2006, Marshansky et al., 2008). A
common method of imparting pH sensitivity into nanoparticles involves incorporating
monomers in the hydrophobic core that ionise at acidic pH, resulting in the repulsion of the
core and subsequent disassembly of the particle (Ganta et al., 2008, Gao et al., 2010). At acidic
pH the disassembled copolymers are polycationic which has previously been identified as a
contributing factor to nanoparticle-dependent cytotoxicity (Bieber et al., 2002, Petersen et al.,
2002, Ganta et al., 2008, Gao et al., 2010, Benjaminsen et al., 2013). It has previously been
hypothesised that the polycation-dependent toxicity is due to interactions between the charged
polymers and endosomal membranes. In this study we have identified the use of diethylene
glycol incorporation into the nanoparticle core as a method of shielding the cell membrane to
reduce cytotoxicity (Luo et al., 2012). In addition, we have also explored the used of two
different pH sensitive monomers, DEAEMA (pKa 7.1) and DIPMA (pKa 6.1) to determine if
the pKa of the polymer influences cytotoxicity. The cytotoxicity of the nanoparticles were
measured using ATP biosynthesis, membrane integrity, and cytosolic redox potential as
various indicators of cell viability. Using these three methods, we demonstrated that DIPMA,
the monomer with a lower pKa, results in a nanoparticle that disassembles at a lower pH and
is consistently less cytotoxic than DEAEMA. The reduced cytotoxicity of DIPMA may be due
to the disassembly of the nanoparticle further along the endocytic pathway. Future

investigations focusing on the role of polymer pKa in the endocytic pathway may provide a
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more comprehensive understanding of nanoparticles and lead to the development of non-toxic

nanoparticles.

5.1 Summary and future directions

In summary, this thesis has provided insights into the importance of endosomal NKi:R
signalling and the design of location bias ligands. This was investigated by studying the effect
of endocytic inhibitors and lipid-conjugated NKiR antagonists on intracellular NK:R
signalling. Moreover, this study also focused on the development of non-toxic, pH responsive
nanoparticles. Looking forward, the development of safe, stimuli responsive nanoparticles may
be the ideal direction for drug delivery to endosomes and other intracellular compartments.
Although, anchoring drugs to the plasma membrane using lipids has demonstrated increased
therapeutic potential compared to the soluble drug, they are translocated throughout the entire
cell rather than to one specific compartment. Therefore, nanoparticles provide a means to tailor
drugs that can target specific pathophysiological outcomes, without significantly affecting all
receptor-mediated physiological outcomes. Thus, nanoparticles have the potential to

significantly improve the way we treat disease.
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