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Abstract

The lymphatic system is highly involved in the progression of colorectal cancer (CRC),
providing the pathway for metastasis and the environment for the immune response
to cancer. Mesenteric lymph nodes (MLNs) and iliac lymph nodes (ILNs) drain the
lymph from the colorectal region and are enriched in antigen-presenting cells, such as
dendritic cells (DCs), as well as different types of lymphocytes. In these lymph nodes,
activated DCs can stimulate naive T cells to differentiate to CD8* cytotoxic T cells and
CD4* T helper cells by cross-presenting tumour-associated antigens to them, resulting
in the anti-tumour immune response. However, in CRC patients, activated DCs are
downregulated by tumour cells in the tumour-draining LNs, frequently leading to poor

therapeutic outcomes for patients receiving anti-tumour immunotherapy.

Imiguimod (IMQ) is a powerful immune system activator, which can promote DCs
activation via binding to toll-like receptor 7 on the DCs. However, the non-specific and
extensive distribution of IMQ in the body may result in poor therapeutic outcomes in
cancer patients and could lead to adverse effects. MLNs and ILNs are enriched in
immature DCs and other lymphocytes and, therefore, are preferred tissues for
immunomodulators. The delivery of IMQ into these lymph nodes in a targeted manner
can promote the activation of DCs and improve the cross-presentation of tumour-
associated antigens to naive T cells. As a result, the tumour-mediated suppression of
the immune system could be overcome, potentially leading to an improved therapeutic

outcome in patients with CRC.

In this PhD project, the chemically unmodified IMQ was initially assessed for its

potential for lymphatic transport following oral administration. Due to its low lipophilicity
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and poor solubility in triglycerides, IMQ was not expected to be absorbed into the
intestinal lymphatics. Therefore, the aim of this PhD project was to design highly
lipophilic prodrugs of IMQ that can be transported into MLNs and ILNs, and efficiently
release IMQ within these lymph nodes. This drug delivery approach takes advantage
of the digestion of fat in the intestine. During the natural process of ingestion of dietary
lipids, large lipoproteins, chylomicrons (CMs), are formed in the enterocytes. Due to
the large size of CMs, they are absorbed into the lymph lacteals rather than blood
capillaries. Thus, a drug molecule that has a high affinity to CMs has potential to be

transported into the intestinal lymphatics via the CMs pathway.

First, we developed bioanalytical methods for the determination of the concentration
of IMQ in the biological samples. The bioanalytical method using liquid
chromatography equipped with ultraviolet detector (HPLC-UV) had a lower limit of
guantification (LLOQ) at 15 ng/mL, which allows the determination of IMQ in in vitro
and ex vivo biological samples. In addition, the bioanalytical method using liquid
chromatography with tandem mass spectrometry (LC-MS/MS) was developed and
validated. The calibration curve showed good linearity from 1.25 to 4,000 ng/mL, which
could be used for the determination of the concentration of IMQ in in vivo samples.
Moreover, the LC-MS/MS bioanalytical method only required a small volume of plasma
sample at 100 uL, which is important for work with small laboratory animals such as

rats.

Using the bioanalytical methods developed in this project, the pharmacokinetic (PK)
and biodistribution (BD) profiles of IMQ in rats following oral administration were

assessed. The oral bioavailability (Fora) of IMQ was limited (< 10%) with or without the
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presence of lipids. The plasma concentration-time profile of IMQ was prolonged and
erratic following oral administration of unmodified IMQ at the dose of 8 mg/kg. In this
project, we first reported the biodistribution of IMQ in the MLNs, ILNs, and other lymph
nodes, which are the essential targeting areas for immune system activation.
Interestingly, although IMQ is not a highly lipophilic molecule, it was widely distributed
into tissues, including lymph nodes. The average concentrations of IMQ in MLNs and
ILNs were 85.7 = 103.2 ng/g and 99.8 + 132.2 ng/g, respectively, at 1.5 h following
oral administration of the drug, which was higher than its concentration in plasma (21.7

+ 20.4 ng/mL).

Next, amide prodrugs of IMQ were designed and synthesised by conjugating IMQ
with saturated and unsaturated medium- to long carbon chains fatty acids. The

amidation of IMQ was achieved with N, N, N, N ~tetramethylchloroformamidinium

hexafluorophosphate and N-methylimidazole in N-methyl-2-pyrrolidone. This reaction

provided a relatively high yield for the production of the prodrugs (70 — 90 %).

The synthesised amide prodrugs were assessed for their lymphatic transport potential,
determined by their in silico and in vitro affinities to CMs, as well as solubility in
triglycerides. The assessments for the intestinal lymphatic transport of prodrugs
showed that the developed lipophilic alkyl amide prodrugs have a substantial affinity

to CMs.

A promising prodrug candidate in this work is expected to resist the enzymatic
hydrolysis in the intestine, but rapidly release the active moiety in the lymphatics. The

biotransformation of prodrugs in relevant enzymatic environments representing
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intestinal lumen (simulated intestinal fluids with added esterase activity) and lymph
(using plasma as lymph surrogate) was assessed. Additionally, in our work, brush
border enzyme vesicles that were collected from rats’ small intestine were used to
estimate the hydrolysis of prodrugs in the gastrointestinal tract. In vitro and ex vivo
results suggested that all synthesised prodrugs were stable in the intestine (except
prodrug 1, which was synthesised by conjugating IMQ with decanoic acid) and could
efficiently release IMQ in the lymph fluid. Moreover, it was found that the unsaturation

of fatty acid could facilitate IMQ release from the prodrugs in rat plasma.

Subsequently, the most promising prodrug candidates (prodrug 5 and prodrug 8) were
administered to rats to assess their pharmacokinetics and lymph nodes delivery. When
prodrug 5 (synthesized by conjugating IMQ with myristoleic acid) and prodrug 8
(synthesized by conjugating IMQ with linoleic acid) were orally administered, the Foral
of IMQ was not increased, but the plasma concentration-time profile of IMQ was not
prolonged and erratic in comparison to oral administration of IMQ itself. This result
suggests that the lipophilic prodrug approach did not significantly increase the
systemic exposure to IMQ but potentially changed the absorption pathway of the drug.
Therefore, the BD studies of IMQ following oral administration of prodrugs 5 and 8
were conducted to evaluate the intestinal lymphatic delivery. In vivo studies showed
that the average concentrations of prodrugs 5 and 8 in the mesenteric lymph were 50-
and 11-fold higher than their concentration in the plasma, respectively, suggesting that
a substantial amount of prodrugs were transported into intestinal lymphatics. Moreover,
the lymph-to-plasma ratio of the concentration of IMQ (released from the prodrug) was
1.9-fold and 1.7-fold following oral administration of prodrug 5 and prodrug 8,

respectively, indicating that the prodrugs efficiently released IMQ in the mesenteric
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lymph. Importantly, the average concentration of IMQ in MLNs and ILNs was 11-fold
and 9-fold higher, respectively, than it was in plasma at 1.5 h following oral
administration of prodrug 5. Similarly, the average concentration of IMQ in MLNs and
ILNs also improved following the oral administration of prodrug 8. Additionally, the BD
studies showed that the non-specific distribution of IMQ into various organs and
tissues was reduced following the oral administration of prodrugs in comparison to the

oral administration of unmodified IMQ.

This PhD project suggests that the highly lipophilic prodrug approach is a simple but
powerful method that can efficiently deliver IMQ to intestinal lymphatics following oral
administration. In addition, this study demonstrates the feasibility of using amide-
based prodrugs for general amine-containing compounds for intestinal lymphatic

targeting.
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Chapter 1 Introduction

1.1 Colorectal cancer

1.1.1 Epidemiology of colorectal cancer

A statistical report for global cancer incidence and mortality from the GLOBOCAN
database estimated that in 2018, there were18.1 million (95% UIl: 17.5-18.7 million)
new cancer cases and 9.6 million (95% Ul: 9.3-9.8 million) people have died from
cancer [1,2]. In the United Kingdom, projected data for cancer incidence in the age
group from fifteen to ninety are 270,260.90 in males and 243,689.80 in females in the

year 2035 [3].

Colorectal cancer (CRC) is a malignant tumour that localised in the colon and rectum
[4]. Globally, CRC is the third most common cancer in humans (WHO, Cancer,
accessed on Jan 2024). It was estimated that in 2020, about 2 million new cases of
CRC were reported, with approximately 9.5 % death rate [5,6]. In developed countries
where the diagnostic methods and treatments for CRC are well established, the
estimated mortality of CRC is high: 9 % in males and 8 % in females [7]. In addition, a
significant increase in CRC incidences in the young age group (0 — 49 years old) was
observed in the last two decades, suggesting an increased risk of CRC in the younger

age group [8,9].

It was predicted that in the future the number of deaths associated with CRC would
rise by 60 % in 2035 due to the increase in population and lifespans and this number

was estimated to continuously increase until 2040 [6,10].
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1.1.2 Classification of CRC

The CRC can be defined as a carcinogenic neoplasia in the colon or rectum region
[11]. The classification of CRC is a complex and comprehensive subject that is
constantly developing. In this section, we only demonstrate some well-known

classification methods of CRC.

The region of cancer can be used to classify CRC. The most common subsites of CRC
in humans are proximal (39 %), rectal (30 %) and distal (24 %) colorectum [12].
Moreover, beyond the regions of neoplasia, CRC can be further divided into several
subtypes, such as tubular and villous CRC, depending on the pathological features of
the solid tumour [13]. Other classifications of CRC based on the pathohistology of CRC

have been reviewed by Quirke et al. [11].

In addition to pathophysiological classification, subtypes of CRC can also be defined
by their related gene mutations and molecular biomarkers.  Previously, a
comprehensive analysis of CRC-related genomic mutations among 276 patients
showed that there were 24 genetic mutations that were highly associated with
colorectal carcinoma. Therefore, based on the prevalence of these mutated genes,
CRC can be divided into hypermutated CRC (occupied 16 % of the total cases) and

non-hypermutated CRC [14,15].

Another CRC experts panel, across areas of pathology, immunology, oncology and
clinics, had summarised current classifications of CRC and integrated them into four
subtypes based on the molecular features of CRC (Table 1-1) [16]. Consensus
molecular subtype 1 is defined as microsatellite instability immune and found in 14%
of CRC. The microsatellite is a short, repeated DNA sequence that can be found in

the genomes [17]. Microsatellite instability is a result of a defective DNA mismatch
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repair mechanism. Consensus molecular subtype 1-CRC is hypermutated and highly
associated with an unstable and strong immune activation due to a substantial
production of neoantigens (tumour-associated antigens, TAAs) [18]. Consensus
molecular subtype 2 is mainly characterised by the carcinogenic differentiation of
epithelia and is found in 37 % of CRC [16]. It can be identified by the activation of WNT
and MYC signal pathways [19]. Consensus molecular subtype 3 CRC displays a
KRAS mutation and is found in 13 % of CRC [16,20]. The mutation of KRAS can result
in an upregulation of energy metabolism and nutrient utilization due to its impacts on
metabolic dysregulation [21]. Consensus molecular subtype 4 is found in 23 % of CRC
[16]. Consensus molecular subtype 4-CRC is characterized by the overexpression of
transforming growth factor beta (TGF-3), which results in tumour angiogenesis and
malignant differentiation of mesenchymal and stromal cells. Other details about the
prevalence, pre-diagnostic value and clinical application can be found in these reviews:

[16,22—24]

Table 1-1 Summary of Consensus molecular subtype classification of CRC and significant biological

characteristics of Consensus molecular subtype subtypes. Adapted from [16].

Subtypes Consensus Consensus Consensus Consensus
molecular molecular molecular molecular
subtype 1 subtype 2 subtype 3 subtype 4
Prevalence 14 % 37 % 13 % 23 %
Biomarker Microsatellite SCNA high Mixed Microsatellite SCNA high
instability, instability status,
hypermutated SCNA low, CIMP low
Mutation BRAF mutations KRAS mutations
Significant Immune infiltration WNT and Metabolic TGF-f activation,
biodifference and activation MYC activation deregulation angiogenesis
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1.1.3 CRC metastasis

Metastasis describes the dissemination of malignant cells from the primary tumour and
migration to distal regions. Then, the colonization will be completed after the distal
tissue adopts these cells and allows them to develop into a detectable tumour [25]. It
was shown that 15% - 28% of CRC patients have developed metastasis in the early
stages (I to Il) of CRC [26]. Riihimaki et al. conducted a population-based analysis of
49,096 cases of CRC. They found that rectal adenocarcinoma frequently metastasises
into thoracic organs, whereas cancer cells from mucin and signet rings frequently
metastasise into the peritoneum. Importantly, the authors indicated that the destination
of metastasis is associated with the route of cancer cell migration. For example,
adenocarcinoma from the distal rectal can migrate into the lungs via blood circulation.
By contrast, the mucinous adenocarcinoma can migrate into the lungs through the
gastrointestinal lymphatics passing by the cisterna chyli [27]. Compared to the
vascular wall of blood vessels, lymphatic vessel layers consist of loosely connected
endothelium [28]. As a result, the lymphatics vasculature offers an easy and
convenient route for cancers to enter and migrate to other organs. A review article on
lymphangiogenesis in cancer models reported that tumour-produced vascular
endothelial growth factors, such as vascular endothelial growth factor C and vascular
endothelial growth factor D, were highly expressed in rodent models of cancer [29].
Although the importance of these growth factors in malignant lymphangiogenesis is
unclear, the presence of the vascular endothelial growth factors in the tumour
environment reinforces the evidence that cancer cells can potentially migrate to other

tissue via the lymphatic system.
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In clinical studies, it has been reported that the metastasis of CRC frequently happens
through the gastrointestinal lymphatic system, often resulting in a poor survival rate
and a high recurrence in patients who received surgical resection [30-32]. It was
shown that primary tumour in the colorectal tissue can invade pericolic and perirectal
lymph nodes (small lymph nodes located around the colon and rectum, respectively)
and eventually reach large lymph nodes (such as iliac and mesenteric lymph nodes)
via lymphatic vessels (Figure 1-1) [32]. This suggests that mesenteric lymph nodes
(MLNs) and iliac lymph nodes (ILNs) are important targets for the prevention and

treatment of CRC progression and metastasis [32—34].

Pericolic
LNs

Perirectal
LNs

Figure 1-1 Colorectal cancer metastasis. Yellow arrows show the direction of cancer cell migration via
the lymphatic system [32—34]. Mesenteric lymph nodes, MLNs; iliac lymph nodes, ILNs; lymph nodes,
LNs. (Created with BioRender.com)
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1.1.4 CRC treatments and their limitation

According to the National Institute for Health and Care Excellence (NICE) guidelines
for CRC (2020), surgical resection is the gold standard treatment for patients
diagnosed with CRC when it is possible. For patients with unresectable colorectal
tumours or with recurrence after surgical resection, chemotherapies and anti-tumour

immunotherapies can be used to alleviate the cancer progression [35].

1.1.4.1 Chemotherapy of CRC

For patients who cannot receive surgical resection of CRC or need adjuvant
chemotherapy after surgery, 5-fluorouracil, capecitabine, oxaliplatin, and irinotecan

are recommended as the first-line chemotherapy [35-37].

5-fluorouracil and 5-fluorouracil-based chemotherapy are highly recommended in
patients with hypermutated CRC or MSI-CRC [4]. The 5-fluorouracil is an analogue to
pyrimidine (uracil) with a fluorine at the C-5 position. The 5-fluorouracil can be
transported into the cytoplasm via the same mechanism as uracil and then converted
into its active metabolites fluorodeoxyuridine mono/triphosphate and fluorouridine
triphosphate. These uracil-like active moieties can be involved in the transcription
process in the tumour cells, resulting in the disruption of ribonucleic acid (RNA)
synthesis [38]. However, 5-fluorouracil cannot be orally administered due to its rapid
metabolism in the liver, resulting in off-target carcinogenic toxicity. Therefore, a
prodrug of 5-fluorouracil, capecitabine, was developed. Following the oral
administration of the prodrug, capecitabine can be converted to 5-deoxy-5-

fluorouridine by the hepatic carboxylesterase. Then, 5-deoxy-5-fluorouridine will be
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further converted by cytidine deaminase to 5-deoxy-5-fluorocytidine, which is the

active form of the drug [39].

Oxaliplatin is recommended in combination with 5-fluorouracil based treatment [35,37].
It has been shown that including oxaliplatin in the treatment plan can effectively
improve therapeutic outcomes in patients affected by CRC [40]. Oxaliplatin is the third
generation of platin-based chemotherapy. It has a similar pharmacological mechanism
as cisplatin, but oxaliplatin is effective in cisplatin-resistant cancer [41]. It can be
uptaken into cells via the copper membrane transporter 1. In the cytoplasm, the strong
electrophilic hydrolysed product of oxaliplatin can interact with nucleic acids, resulting

in deoxyribonucleic acid (DNA) damage in the malignant cells [42].

The combination of irinotecan with 5-fluorouracil based chemotherapy was also
recommended for patients with unresectable CRC [37]. Irinotecan is a
topoisomerase 1 inhibitor approved by the American Food and Drug Administration
(FDA) for the treatment of metastatic CRC [36]. Topoisomerase 1 is highly
expressed in the supercoiled chromatin regions. Topoisomerase can release the
supercoiled DNA (a.k.a tight DNA strands) and break the unrotated DNA strands for
the replication process. Therefore, the inhibition of topoisomerase 1 with irinotecan
directly interrupts the DNA synthesis, resulting in cell apoptosis [43]. Irinotecan is a
prodrug of the active moiety SN-38 and can be orally administered to humans. The
area under the curve (AUC) of irinotecan following oral administration has linearly
correlation with the dose. By contrast, its active metabolite SN-38 does not have
such linear correlation. Irinotecan can be metabolised to SN-38 via a
carboxylesterase-mediated pathway. It can also be metabolised by CYP3A4 to 7-

ethyl-10-[4-N-(5-aminopentanoic acid)-1-piperidino]- carbonyloxycamptothecin and
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7-ethyl-10-[4-(1-piperidino)-1-amino]-carbonyloxycamptothecin, which can be

hydrolysed to SN-38 later with carboxylesterase [44,45].

1.1.4.2 Immunotherapy of CRC

The interaction between the immune system and cancer is introduced in Section 1.2.
In this section, we mainly focus on the current options of immunotherapy for the

treatment of CRC.

Although the role of immunotherapy in CRC treatment is not crystal clear, many clinical

trials have shown promising therapeutic benefits of immunotherapy in patients [46,47].

The programmed cell death protein 1/ programmed cell death ligand-1 (PD-1/PD-L1)
inhibitor, also called checkpoint inhibitors, is currently the most well-known
immunotherapy used in cancer treatment. PD-1 is an immune checkpoint receptor that
is expressed on the surface of macrophages, natural killer cells, antigen-presenting
cells (APCs) and lymphocytes, such as T cells [48]. PD-L1 is one of the ligands for
PD-1 and is usually expressed on the surface of macrophages, activated T cells and
B cells, dendritic cells and epithelia in inflammatory conditions [49]. PD-1/PD-L1 is an
important pathway that regulates cell apoptosis in healthy conditions. However,
tumour cells can overexpress PD-L1, which suppresses T cell-mediated cytotoxicity
and the activation of activated T cells, diminishing the anti-tumour immune response
[48,50,51]. Nivolumab is a human monoclonal antibody and is the first PD-1 inhibitor
approved by the FDA in patients with metastatic/unresectable melanoma [52]. In 2017,
nivolumab was approved for use in patients with lymph-node-positive metastatic
melanoma by the FDA. Nivolumab has been tested in clinical trials in the combination
of oxaliplatin, 5-fluorouracil and irinotecan in patients with metastatic CRC. The

improved overall response rate in the treatment groups resulted in the approval of
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nivolumab for this group of patients [53]. Pembrolizumab is another FDA-approved
PD-1 inhibitor [52]. In a phase Il clinical trial, it significantly extended progression-free
survival compared to chemotherapy, resulting in approval as a first-line treatment for
microsatellite instability-high/mismatch repair-deficient (MIS/dMMR) metastatic CRC

[54].

Another well-known and important immune checkpoint is the cytotoxic T lymphocytes-
associated antigen 4 (CTLA-4). CTLA-4 is an intracellular protein in resting T cells.
After T cells are activated via their extracellular molecules, T cell receptor (TCR) and
CD28 bind to the major histocompatibility complex (MHC) and B7, respectively, on the
dendritic cells (DCs). CLTA-4 translocates to the extracellular surface of activated T
cells [55]. CLTA-4 has a high affinity to B7 on the DCs, which competes with CD28.
This competitive binding can diminish the stimulatory signalling pathway that is
regulated by the binding between CD28 and B7, indirectly resulting in the inactivation
of T cells [55-57]. In healthy conditions, the regulatory T cells constitutively express
CLTA-4 on their surface to balance the activation/inactivation state of effector T cells
[58]. Cancer cells can attract the regulator T cells into the tumour environment, which
is highly infiltrated with activated T cells. The recruitment of the regulatory T cells in
the tumour site results in the suppression of anti-cancer immune response via the
inhibitory signalling between regulatory T cells, DCs and activated T cells [59]. In 2011,
ipilimumab became the first approved monoclonal antibody as a CLTA-4 inhibitor for
the indication of metastatic/unresectable melanoma [52]. A Phase Il clinical trial
showed that including a low dose of ipilimumab in treatment with nivolumab for
MIS/dMMR in metastatic CRC was well-tolerated and resulted in an overall response
rate of 69 % [60]. Other potential options, such as cytokine therapy, have been

reviewed in [61-63].
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1.1.4.3 Limitations of CRC treatment

In most cases, patients who received chemotherapy tolerate and respond well to their
treatment, resulting in a significant increase in the survival rate [38,40,64,65]. However,

the treatment plan involving chemotherapy could be complexed in some scenarios.

Firstly, it could be difficult to balance the therapeutic benefits and inevitable cytotoxic
effects of chemotherapy. For example, the wound healing process could be prolonged
with the addition of chemotherapy in patients who receive surgical resection and are
in the postoperative period [66]. Additionally, the administration of chemotherapy is of
highly concern for patients who are pregnant due to its severe cytotoxic effects on both
mother and child [67]. The potential interactions between chemotherapy and other
medications should be carefully evaluated, particularly in elderly patients who are often
on polypharmacy regimens, as their metabolic rates and drug clearance can differ
significantly from those of younger adults [68]. Moreover, it was reported that the
genotoxic effects of chemotherapy (such as FU-based treatments and oxaliplatin)

could accelerate the progression of CRC [69].

Secondly, drug-resistant tumours could develop during chemotherapies via
mechanisms involving detoxification, intracellular transporters, DNA repair, cell death
and epigenetic mutations [70]. For example, the mutation of p35 can lead to an
increase in drug efflux and enhanced intracellular drug metabolism, which attenuates
the efficacy of 5-fluorouracil based drugs [71]. The perturbation of DNA caused by
chemotherapy can introduce DNA self-repair, which neutralises the therapeutic effects
of irinotecan [72]. The transcription factor NF-kB has been shown to be frequently
deregulated in colorectal tumours, and it is associated with increased proliferation and
resistance to apoptosis induced by chemotherapeutic agents [73]. In fact, the
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mechanisms of tumour resistance to chemotherapy are complex and normally involves

multiple signalling pathways, which have been well-reviewed in [74-76].

It has been shown that tumour cells that are killed by chemotherapies can release
damaged associated molecule patterns, which can be captured by APCs, such as DCs.
Then, the APCs present damaged associated molecule patterns to other lymphocytes,
such as T cells, activating the anti-tumour immune response [77]. Therefore,
combining immunotherapy with other chemotherapy can potentially overcome the

resistance of CRC to chemotherapy.

However, the combination of immunotherapy in the treatment of CRC is not always
effective due to the immunogenicity of different CRC. For example, Consensus
molecular subtype 1 and 4 CRC are ‘hot’ tumours where immune cells are highly
infiltrated into the solid tumours, suggesting that the PD-1/PD-L1 or CTLA-4 treatment
may be effective. Opposite to Consensus molecular subtype 1 and 4, Consensus
molecular subtype 2 and 3 are less- to non-immunogenic tumours (a.k.a ‘cold’
tumours), resulting in limited response to immunotherapy [78]. Additionally, the
tumour-mediated suppressive signals in the tumour microenvironment (TME), such as
IL-14 and IL-10, that are associated with the activation of T cells are also responsible

for the ineffectiveness of immunotherapy [77,79].
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1.2 The role of the immune system in cancer

1.2.1 The interaction between cancer and the immune system

The interactions between the immune system and malignancy were first described by
Burnet and Thomas in 1967. They suggested a hypothesis, termed as immunological
surveillance, that the immune system does not only monitor and defend external

microorganisms but also protects mammals from potential neoplasia [80].

Dunn et al. reviewed the key evidence that supports immune surveillance theory [81].
Firstly, it was shown that interferon (IFN)-a, an important cytokine for innate and
adaptive immune immunity, protects the host from external malignancy. Secondly, it
was observed that innate immunity can protect organisms from carcinogens-induced
tumours. Moreover, in vitro results were consistent with clinical observations that in
ovarian cancer patients with large amounts of infiltrated CD8+ T lymphocytes (CTLS)
and natural killer cells (NKs) in the solid tumour, a better prognosis was found in

comparison to patients who were deficient in infiltrated lymphocytes [82].

Interestingly, the role of the immune system in tumour progression is not always
favourable. In some cases, it was reported to be controversial. It was shown that
tumours formed in immunodeficient groups have higher immunogenicity than tumours
that appear in immunocompetent groups [81,83]. Consequently, highly immunogenic
tumours are more frequently detected and eliminated by the immune system. However,
less immunogenic counterparts may be able to escape the scanning by the immune

system [83].

Taken together, it was found that immunity not only eradicates potentially harmful

cancer cells but also shapes the tumour growth pattern during cancer's progression.
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Therefore, since the first decade of the 21st century, scientists have started to use the
broader term “immunoediting” instead of “immunological surveillance” to describe the

interaction between tumours and the immune system [25].

1.2.2 The immune system identifies cancer via tumour-associated antigens

Both innate and adaptive immunity monitor and regulate the progression of cancerous
tumours. At the early stage of CRC, tumour-associated antigens (TAAs) can be
detected by innate or adaptive immunity, which results in the elimination of cancer
cells [84]. TAAs are proteins that are specifically overexpressed in the cancer cells
compared to normal cells [85,86]. For example, mucin 1 is one of the first identified
TAAs. It is a large glycoprotein that is secreted by epithelial cells and significantly
glycosylated [87]. It was found that mucin 1 was highly expressed in the malignant
epithelia in patients affected by CRC [88]. As a result, the overexpressed mucin 1 is
presented to T cells by tumour cells themselves and by antigen-presenting cells (APCS)
via cross-presenting, initiating the anti-tumour immune response. In addition, the
peptide-major histocompatibility complex class | (MHC 1) and MHC Il produced on the
surface of tumour cells can also be recognized by T helper cells, which induce anti-

tumour immune responses as well [89].

Immunotherapy that targets the TAAs has been previously designed [90]. For example,
tecemotide, a mimetic lipopeptide of TAAs, has been used as a tumour vaccine to
provoke the immune response against Mucin 1 [91]. Moreover, it was shown that
tumours with high expression of TAAs demonstrated an elevated immunogenicity,

resulting in an effective response to immunotherapy [92].
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1.2.3 The immune system identifies tumours via dendritic cells

1.2.3.1 Classification of dendritic cells

Dendritic cells (DCs) are a type of antigen-presenting cell widely distributed in the
human body. Compared to tumour cells and other APCs, the DCs have the most

powerful antigen-presenting capacity for presenting TAAs to other lymphocytes [93].

DCs are members of mononuclear phagocytes, which also include monocytes and
macrophages [94]. It is difficult to define DCs based on single or multiple biomarkers
since the extracellular protein expression could vary among different subtypes of DCs
[95]. In general, DCs are described as cells with stellate morphology that present

immune signals via MHC on their surface to other lymphocytes efficiently [94].

To the best of our knowledge, there is no clear agreement for the classification of DCs
subtypes. Sato et al. suggested that DCs subtypes can be divided into Langerhans
cells (or dermal DCs) and interstitial DCs based on their anatomical localisation [96].
Langerhans DCs can be found in the skin and mucous membranes, such as
pulmonary mucous [97,98]. Interstitial DCs are resident DCs in most organs, such as

liver and spleen [99].

Merad et al. classify DCs into plasmacytoid DCs and classic DCs (refers to all other
subtypes except plasmacytoid DCs) [100]. Plasmacytoid DCs mainly accumulate in
the blood and lymphoid tissue (such as the spleen and thymus) and can migrate to
lymph nodes (LNs) after activation. They only express a few pattern-recognition
receptors, such as toll-like receptors 7 and 9. Classic DCs occupy about 1-5 % of

tissue cells, depending on the organs.
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The role of each subtype of DCs in immune responses has not been fully understood.
Generally, DCs in the mature stage can i) present antigens to lymphocytes; 2) induce
an adaptive immune response by cross-presenting or producing proinflammatory
cytokines, and 3) drive innate immune response via producing related chemokines,

such as MCP-1, IL-8, and MDC [101,102].

1.2.3.2 Maturation of DCs

It was reported that the low infiltration of mature DCs in advanced colorectal cancer
was frequently observed, indicating that the infiltration of mature DCs is associated
with poor prognosis in CRC [93]. This suggests that the involvement of mature DCs is

important for the immune system against CRC.

The capacity of DCs to present tumour antigens to other lymphocytes depends on
their maturation stage. The pathogen recognition receptors (PRRs) on the surface of
immature DCs can be activated by damaged associated molecule patterns or

pathogen-associated molecular patterns, resulting in DC maturation [103].

Previously, Gulubova et al. found that the mature DCs, characterized as presenting
the CD83 marker, were more frequently observed in lymph nodes (LNs) nearest to the
tumour-invasive regions than in the tumour stroma [93]. This observation suggested
that DCs could migrate to the draining LNs after activation, increasing DCs infiltration

in LNs.

In general, nonlymphoid-resident DCs increase their motility during maturation through
reorganisation of their structures and expression of high levels of chemokine receptor
CCR7. Chemokines CCL19 and CCL21 are ligands of CCR7 and can be produced by

macrophages, mature DCs and natural killer cells in the T-cell zone of LNs [104].
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Additionally, CCL21 is also produced by endothelial cells in the lymphatic vessels [105].
Then, with the help of CCL19 and CCL21, mature DCs start to migrate to the nearest
lymphoid vessels via the hapatotaxis effects. The hapatotaxis describes the cell
movement directed by molecular concentration gradients inducing cell movement from
the low-concentration regions to high-concentration regions. In this case, DCs move
from a low concentration of CCL21/19 areas to a high concentration of CCL21/19
areas where the LNs are located. After entering the lymphoid tissue, it takes 24 to 72
hours for activated DCs to migrate towards the paracortex of LNs, where the T cell

enriched area is, and interact with naive lymphocytes [103].

Similar to nonlymphoid DCs, DCs located in lymphoid tissue, such as lymphatic sinus
endothelium, also respond to the concentration gradient of CCL19 and CCL20,
resulting in migration to T cell-rich regions. However, compared to their counterparts,

those lymphoid-resident DCs induce T-cell responses much faster [106].

1.2.4 Dendritic cells-mediated anti-tumour immune response

The anti-cancer T cell response can be initiated by DCs through two mechanisms: 1)
DCs detect TAAs and stimulate the cytotoxic T cell differentiation via cross-presenting,
and 2) DCs polarise the T helper cell differentiation to orientate the anti-cancer
immune response [107]. The helper T cells and the cytotoxic T cells are the two main
subtypes of T lymphocytes, which are identified as presenting CD4 and CD8 markers

on their surfaces, respectively [108].

Immature DCs are widely spread in the host’'s body and are able to capture TAAs.
Then, the TAAs can be processed into immunogenic peptides on the MHC | complex.
The immunogenic molecules on the MHC | can be presented to naive CD8+ T cells

(cytotoxic T cells), known as cross-presentation [93]. The activated cytotoxic T
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lymphocytes can induce the target-cell death program, which initiates the formation of
pores in the cell membrane of the targeted tumour cells. The killing program is
achieved by CD8+ T cells secreting granzymes, cathepsin C, granulysin and perforin

which are transported into tumour cells by endocytosis [109].

In addition, DCs can present the immunogenic peptides on the MHC Il to T helper cells,
resulting in Th 1 cells polarising to CD4* T cells. The CD4* T cells deliver proliferation
and differentiation signals to cytotoxic CD8*T cells and stimulate them through
reciprocal activation of antigen-presenting cells (such as DCs), enhancing their
migration (also known as infiltration) to lymph nodes and tumour sites [110]. The CD4+
helper T cells can be further divided into two subtypes: Thl and Th2 T cells. The
cytokines that are predominantly produced by those two types of cells are known as
Thl-type cytokines and Th2-type cytokines [108]. In the tumour environment, the
activation of cytotoxic T lymphocytes can be enhanced by Th 1 T cells via a) direct
interaction with cytotoxic T cells through co-stimulatory molecules, such as CD27,
CD134 and MHC II; b) indirect regulation through IL-12 which are released by Th 1
cells; and c) stimulation of APCs (such as DCs) which contributes to improving TAAs

presentto T cells [89].

In addition to presenting TAAs via MHC, cytokines and chemokines that are largely
secreted by mature DCs can also stimulate the response of naive lymphocytes. The
interferon (IFN)-a produced by pDCs can induce the activation and proliferation of

CD4+ T [111].

DCs activate naive B cells by causing CD4+ T helper cell activation, which, in turn,

stimulates lymphocyte B cell growth and antibody production [108]. Moreover, natural
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killer cells (NKs) can be stimulated by interleukin-12 (IL-12) secreted by activated DCs

[112].

1.2.5 Suppression of immune system by CRC

It was shown that a high inhibition of DCs in tumour environments could lead to a lower
survival rate (over the period of 3 years) in patients affected by CRC in comparison to
a low inhibition of DCs [113]. This suggests that the balance of the activation and

inhibition of DCs impacts the immune system activity against cancer.

During cancer progression, tumour cells can build up a suitable TME where they can
escape the detection and elimination by the immune system and suppress the immune
response. The TME consists of cells surrounding the tumour, intercellular signalling
molecules and abnormal physical environments (such as changes in oxygen level and

pH value) [114].

It was shown that the maturation of DCs in TME can be suppressed by transforming
growth factor (TGF)-3, IL-10, IL-6 and prostaglandin E2, which are secreted by tumour
cells [115]. TGF-B is a potent inhibitory cytokine that regulates cell differentiation and
proliferation, which allows its function as a tumour suppressor [116]. However, it is
also derived from tumour cells, being responsible for the downregulation of DC
maturation [117]. IL-10 is a human cytokines synthesis inhibitory factor, which is an
anti-inflammatory cytokine. It is regulated by tumour cells in the TME, which has shown
inhibitory effects on the maturation and the T cell stimulatory ability of DCs [118,119].
In cancer patients, the increased serum level of IL-10 was found to be associated with
the deficiency and maturation of DCs. IL-6 is a cytokine which has been known to be
associated with cell proliferation, differentiation and immune cell migration during the

progression of cancer. In vitro studies showed that the inhibition of the STAT3 pathway
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by IL-6 can result in limited the maturation of DCs [117,118]. PGEZ2 is a mediator for
inflammation and vasoconstriction. An elevated level of PGE2 in the CRC has been
shown to be related to the growth of tumour size, as well as the decreased

differentiation of precursor to DCs [117].

In addition to the tumour-mediated inhibitory effects on the maturation of DCs, the
infiltration of DCs in TME is also suppressed by tumour cells. For example, the high
mobility groupbox-1 is a tumour-produced cytokine which can induce the apoptosis of
DCs. It was reported that the concentration of mobility groupbox-1 in regional lymph
nodes, which drain lymph from the colorectal regions was high in patients with positive-
lymph nodal metastatic CRC, resulting in depletion of mature DCs in the tumour-

draining LNs [120].

The TME can also inhibit the anti-tumour response by inducing T-cell programmed
death. PD-L1 and PD-L2 are the binding ligands for programmed death 1 co-
stimulatory receptors on the surface of cytotoxic T cells [56]. The PD-L1 and PD-L2
can be overexpressed on the surface of tumour cells, which can suppress the anti-
tumour immune response by triggering the T-cell programmed death [109]. Moreover,
the IFN-y that is highly produced by tumour cells can also upregulate the production

of PD-L1 and PD-L2 from macrophages and dendritic cells [121].

Taken together, immunity's anti-tumour effects can be depleted by cancer cells
through decreasing the maturation and infiltration of DCs. Therefore,
immunomodulators that can enhance the maturation of DCs can potentially overcome
the tumour-mediated suppression in the TME, improving the immunotherapy

outcomes in patients affected by CRC.
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1.3 Toll-like receptor agonists: a promising target for cancer treatment

1.3.1 Toll-like receptors

Innate immunity and adaptive immunity are regulated by APCs, such as DCs, via the
pattern recognition receptors [122]. Toll-like receptors (TLRs) are one type of the
PRRs. There are 13 subtypes of TLRs reported, but only TLRs 1-10 are expressed in
humans [123]. TLR 1, 2, 4, 5 and 6 are expressed on the cell membrane, while TLR

3,7, 8,9 and 10 are found in the endosomal membrane [124].

The roles of different subtypes of TLRs in various disease are complex and the
mechanisms of all functions has not been clearly understood. It was shown that TLR
3, 7, 8 and 9 can recognise the nucleic acid from organisms, such as viruses and
bacteria [124]. TLR 7, 8 or 9 are associated with anti-cancer and anti-tumour therapy
since the activation of those receptors could induce a high production of INF- a,

promoting anti-cancer and anti-viral action [125].

All toll-like receptors are activated through myeloid differentiation primary-response
protein 88—-dependent pathway, except TLR 3 [126]. There are two important
compartments in TLRs: toll-interleukin-1 receptors and toll-interleukin-1 receptors
domain leucine-rich repeats [123]. After binding to ligands (such as TAAs), the TLRs
recruit the primary-response protein 88 for the activation of the nuclear factor kappa
signalling pathway. The activation of the nuclear factor kappa signalling pathway can
further promote the translocation of interferon regulatory factor 7, which increases the

production of type I interferon, as well as facilitate the maturation of DCs [124,126].
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1.3.2 Toll-like receptor 7

Toll-like receptor 7 (TLR 7) can be found in antigen-presenting cells, lymphocytes and
cancer cells. The DCs express a high level of TLR 7, which enables DCs to recognise
viral nucleic acids and endogenous mutant tumour antigens [106]. TLR 7 has two
ligand binding sites. The first binding pocket is similar to the TLR 8, which can
recognize both viral nucleotides and TAAs. The second binding pocket allows the

binding of the ssRNA, which facilitates the activation of the first binding site [127].

The activation of TLR 7 on tumour-resident DCs stimulates the maturation of DCs and
increases the production of proinflammatory cytokines (such as IFN-a, IL-12 and TNF-
a) [124]. Consequently, the cross-presenting of DCs to naive T cells is improved,
resulting in the increase in T cell infiltration in the tumour sites. Therefore, the
activation of TLR 7 can potentially convert the ‘cold’ tumour into a ‘hot’ tumour and
facilitate the immune system to overcome the tumour-mediated immune suppression
[78,128]. Moreover, it has been shown that the activation of the NF-kB transcription
factor pathway stimulated by the activation of TLR 7 could amplify the cross-presenting
between DCs and T cells, suggesting that the proinflammatory-cytokines environment

in the TME is important for the effectiveness of the PD-1/PD-L1 treatment [129].

However, the function of TLR 7 could be controversial in cancer therapy. It was
reported that a high systemic level of type | IFN (such as IFN-a) could upregulate the
expression of PD-1 and indoleamine-pyrrole 2,3-dioxygenase (IDO), which are
immunosuppressive factors, on the DCs themselves and cytotoxic T cells, diminishing
the anti-tumour immune response [122]. Moreover, it was shown that the unspecific
overactivity of TLR 7 on DCs and lymphocytes could build up a tumour resistance to
immunotherapy, facilitating tumour growth, survival and metastasis in cancer patients
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[130]. Therefore, systemic activation of TLR 7 in immune cells may not be beneficial
for cancer treatment, suggesting that a specific activation of TLR 7 in the targeted

regions is required.

1.3.3 Imiquimod: a powerful TLR 7 agonist

Imiguimod (IMQ) was the first small-molecule TLR agonist on the market [125]. It was
approved for basal cell carcinoma and genital warts by the Food and Drug
Administration (FDA) in 2012 [131]. Imiquimod has been well-studied and an
increasing number of research works for imiquimod focus on its antitumour effects

[125,126,128,132].

IMQ use as an anti-cancer agent was first investigated as it is a potent proinflammatory
cytokines inducer [126]. It was reported that IFN-a treatment has been used for solid
tumours as the IFN-a can regulate tumour apoptosis and reduce tumour cell
proliferation. Additionally, high-dose of IFN-a injection demonstrated a potent

antiangiogenic capacity, which results in slower tumour growth [61].

It has been reported that imiquimod is a potent IFN-a inducer in animal models and
humans [133-135]. It was shown that the effect on the production of IFN-a with the
oral administration of IMQ was dose-dependent [134,135]. A preclinical study showed
that the increase in production of IFN-a in rats was observed when the dose was
higher than 3 mg/kg [134]. Moreover, it was found that the production of
proinflammatory cytokines was significantly higher in rats treated with IMQ in
comparison to rats challenged with lipopolysaccharides (LPS). Interestingly, a
hyporesponsive state of IFN-a to IMQ was found in the daily administration group (30
mg/kg, consecutively for five days). This result suggests that the interferon resistance

mechanism may exist with the long-term administration of imiquimod [134].
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It has been reported that the blockage of TNF-a resulted in a depletion of anti-tumour
effects, which suggests the production of TNF-a is associated with anti-tumour
immune response [61]. TMX-101 is a liquid formulation of IMQ, which has been
investigated for the treatment of non-muscle invasive bladder cancer via intravesical
administration in animal studies on rats and pigs [136,137]. The results showed that

IMQ leads to higher production of TNF-a in comparison to other treatment agents.

A phase I clinical trial suggested that IMQ is a powerful interferon inducer in humans
as well [133]. It was shown that the serum level of IFN-a increased to 100-2300 U/mL
with a 300-500 mg imiquimod dose (p.o.) over 24 hours. The increase in the serum
level of IFN-a was higher in comparison to direct injection of IFN-a or administration

of another IFN-a inducer (in this study, polylCLC) at equivalent doses.

It was also shown that there was no severe haematological toxicity of IMQ found at
the does range of 100-500 mg (p.o.), but several minor adverse side effects (such as
fever and headache) were observed, which are probably related to the increase of
levels of IFN-a in the systemic circulation [133]. Another phase | clinical trial, which
recruited patients affected with asymptomatic human immunodeficiency virus,
reported dose-limiting toxicity of IMQ in patients receiving >200 mg of the drug weekly
[138]. Additionally, it was reported that the low-dose IMQ treatment (25mg per day)
was found to have no adverse effects in humans [139]. However, no increase in IFN-
a level was detected in this group. This limited production of IFN-a following oral
administration of the drug may be a result of low oral bioavailability (Forar) of imiquimod

(< 47 %) in humans and limited exposure to targeted cell types, such as DCs [140].

Since 2002, the pharmacological effects of IMQ as a TLR 7 agonist in the

immunotherapy of cancer have also been investigated. The current clinical
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applications of IMQ is mainly based on its topical formulation. Improved therapeutic
outcomes after using IMQ cream have been found in patients affected by cutaneous
cancer or cutaneous metastasis (such as T-cell lymphoma), pre-neoplastic and
malignant on the skin (such as squamous cell carcinoma and melanoma), and
accessible epithelial cancer (such as vaginal and cervical cancers) [131]. By 2018,
IMQ had been tested in combination with neoadjuvant, 5-fluorouracil based
chemotherapy, and checkpoint inhibitors in the treatment of cancer, as well as tested
as a preventive agent for tumour recurrence in the postoperative period [141]. Other
investigations of IMQ as an adjuvant for virus or tumour vaccine have been reviewed
in [142,143]. It should be noted that the use of IMQ via other administration routes,
such as intravenous (IV) bolus or subcutaneous administration is limited due to its poor

solubility, as well as its low Foral (< 47%) [136,137,140].

1.3.4 Application of IMQ in CRC

To the best of our knowledge, clinical trials investigating the therapeutic effects of IMQ
in patients with colorectal cancer (CRC) are limited. This may be due to the fact that
the currently available formulation of IMQ is a topical cream, which is not suitable for

targeting tumours in deep tissues.

However, the clinical use of IMQ has been reported in the treatment of anal epithelial
neoplasia and anal squamous intraepithelial lesions, where topical administration is
feasible. Dindo et al. reported that, until 2010, 80.4% of dermatologists and 28.2% of
surgeons in the EU and Austria had prescribed IMQ as a non-invasive treatment for
patients with human papillomavirus (HPV) or human immunodeficiency virus (HIV)
who were diagnosed with anal intraepithelial neoplasia[144]. It has been shown that

77% of patients achieved complete clearance of anal intraepithelial neoplasia following
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a 16-week treatment with 5% IMQ cream or IMQ suppositories. Although IMQ is not
approved by the FDA for intra-anal administration in the United States, it has been
used as an off-label prescription in HIV patients who were diagnosed with high-grade
squamous intraepithelial lesions[145]. Studies have shown that 35% of patients with
anal squamous intraepithelial lesions achieved complete healing following treatment

with IMQ suppositories.

In a previous in vitro study, Caco-2 cells were incubated with IMQ for 3 days. A
significant change in the expression of BCL-2 (a pro-apoptotic biomarker) was found
following the IMQ treatment. Additionally, a significantly increased number of
autophagic vesicles was observed in the treatment group in comparison to the control
group [146]. Results suggested that IMQ have a direct anti-tumour activity on human-

derived colon adenocarcinoma cell lines through the modulation of autophagy.

Additionally, the anti-tumour effects of IMQ have been evaluated in CRC mouse
models. In a previous in vivo study, a CRC model was established by injecting mouse
colorectal cancer cells into the flank of BALB/c mice. Once the tumour reached a size

of =50 mm3, IMQ was administered intraperitoneally at 2.5 mg/kg weekly for one

month. The results demonstrated that IMQ significantly suppressed tumour growth,
leading to an improvement in survival rate over a 60-day observation period [147].
Furthermore, synergistic effects of IMQ in combination with other therapies have been
observed in CRC models. Rostamizadeh et al. reported that IMQ combined with HIF-
1a inhibitors significantly enhanced pro-inflammatory cytokines (such as IFN-y and IL-
12) in the tumour microenvironment, resulting in a notable reduction in tumour growth
in CRC-bearing mice [148]. In another study, Yang et al. developed an injectable

hydrogel for intra-tumoral administration of doxorubicin, tumour-associated antigens,
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and IMQ, enabling a sustained and localized release of chemotherapy and vaccine
components at the tumour site. In this study, IMQ was used as an adjuvant to enhance
the immune response in the CRC mouse model. The results showed that the addition
of IMQ in hydrogel increased immune cell infiltration within tumours and promoted
CD8+ T cell activation in the injected regions. This led to tumour suppression and

prevention of metastasis to distant organs, such as the lungs [149].

1.4 Intestinal lymph nodes are important targets for toll-like receptor agonist

The lymphatic system in humans consists of a complex vessel network. Lymph
contains many proteins, fluids and molecules derived from interstitial spaces due to
the high permeability of lymphatic vessels related to their open-junction structures.
Therefore, the formation and drainage of lymph can regulate tissue fluid homeostasis
[150]. In addition to regulating fluid balance, the lymphatic system also serves as an
important environment for immune response [150] and offers a transport pathway for
immune cells and metastatic cancer cells [151]. During the progression of cancer,
vascular endothelial growth factor C (a lymphangiogenic factor) is produced, activating
the growth of lymphatic vessels [29]. As a result, lymphatic vessels with loose epithelial
structures facilitate tumour metastasis [33,152]. In the metastasis of CRC, the tumour
invasion pathway partially follows the mesenteric lymph nodes (MLNs) and
retroperitoneal lymph nodes (such as iliac lymph nodes, ILNs), draining the lymph from
the colorectal regions (Figure 1-1) [30,32,34,153]. It was reported that in the TME and
lymph nodes (LNs), the maturation of DCs is suppressed, and the infiltration of mature
DCs is reduced, resulting in the diminished ability of the immune system to recognise

cancer cells [93,120].
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Additionally, the LNs within the lymphatic system, containing a large population of
macrophages, lymphocytes and dendritic cells, are the primary immunity response
place [154]. It was shown that naive T cells that are located in the paracortex zone of
LNs are not attracted towards activated DCs through chemotactic gradient but rather
interact with them by chance. Normally, mature/activated DCs can efficiently cross-
present tumour antigens to T cells at the ratio of one DC to ten T cells [155]. However,
in the tumour-draining lymph nodes, immature/inactivated DCs can be inhibited from
activation by two pathways. They can respond to immune suppression cytokines
released from cancer cells, such as TGF-B3, or by uptaking debris derived from

apoptotic cancer cells, resulting in incomplete T-cell activation [156,157].

Therefore, targeted delivery of immune activators, such as IMQ, to the lymph nodes
draining the colorectal region (MLNs and ILNs) could facilitate the activation of DCs
and overcome the inhibitory immune responses that are regulated by cancer cells,

potentially improving the treatment outcomes of people affected by CRC.

1.5 Targeted delivery of IMQ to the intestinal lymphatics following oral

administration

In general, therapeutic molecules can be delivered to specific regions of the lymphatic
system via different administration routes [158,159]. Peripheral lymphatics targeting
can be achieved via subcutaneous or intradermal administrations that allow
therapeutic agents to be transported into the lymphatic system involving peripheral
local-drainage lymph nodes [158]. In addition, it was reported that monoclonal
antibody checkpoint inhibitors can be directly delivered to tumour-draining LNs through
intra-tumour injection [160]. However, compared to parental administrations, lymphatic

targeting following oral administration benefits from exposure to the largest lymph
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node system in the body (mesenteric and retroperitoneal lymphatic systems) and can
maintain a systemic plasma concentration at multi-dosage regimens. The concept of
delivering small molecules into the intestinal lymphatics in a targeted manner following
an oral administration takes the benefit of the intestinal absorption of lipids, which is

explained in the following sections.

1.5.1 Absorption of lipids via the intestinal lymphatics

The diagram of the lipids digestion and absorption is shown in Figure 1-2. The
digestion of food-derived lipids (which mainly come in the form of triglycerides, TG)
starts in the stomach. The initial crude emulsion is formed with partial hydrolysis of TG
(10 — 30 %) by gastric acid lipase, producing free fatty acids and diglycerides via a
preferentially cleaving on the sn-1 or sn-3 position of TG [161,162]. After stomach
emptying, the digested products stimulate the secretion of bile salts and pancreatic
lipase, which facilitates the hydrolysis of up to 70 % of TG [163]. The emulsion will
further convert to a small-droplet emulsion with phospholipids and cholesterol
surrounding its surface [164]. The diglycerides are effectively digested into sn-2
monoglycerides and fatty acids due to the emulsification with bile salts [162]. In the
small intestine, hydrolysed products of lipids, together with bile salts and phospholipids,
form amphiphilic micelles, which can cross the unstirred water layer to the border of
enterocytes [165]. Then, these lipidic substances cross the apical membrane of the
enterocytes by the mechanism of passive diffusion or by active transport via lipid-
binding proteins [165,166]. In the enterocytes, fatty acids with short or medium carbon
chains (C<12) can directly enter the systematic circulation via the portal vein [164]. In
contrast, long-chain fatty acids (C=12) are transported to the endoplasmic reticulum

of enterocytes and are esterified into fatty acyl-CoA by acyl-CoA synthetase [164,167].
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Then, the fatty acyl-CoA are resynthesized into diglycerides with monoglycerides and
subsequently TGs by monoacylglycerol acyltransferases and diacylglycerol
acyltransferases, respectively [167]. The resynthesized TGs form pre-chylomicrons
(pre-CMs) with integrating lipoprotein B48 in the endoplasmic reticulum and are
transported to the Golgi apparatus by pre-chylomicron transport vesicles [168,169].
Mature chylomicrons (CMs) that are stored in the Golgi apparatus are secreted and

eventually enter the lymphatic vessels [169].
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Figure 1-2 The digestion and transport of lipids. Triglycerides (TGs) are first digested into
monoglycerides (MGs) and fatty acids in the intestinal lumen. In the enterocytes, the short- to medium-
chain fatty acids (SCFAs and MCFAs) are directly absorbed into blood vessels. The long-chain fatty
acids (LCFAs) are resynthesized into TG with MG and diglycerides (DGs) by monoacylglycerol
acyltransferases (MGAT) and diacylglycerol acyltransferases (DGAT). The resynthesized TG form pro-
chylomicrons (pre-CMs) on the endoplasmic reticulum (ER) and then are transported to the Golgi
apparatus. The mature CMs are eventually secreted and absorbed into lymphatic vessels. (Created
with BioRender.com

1.5.2 Lymphatic targeting via lipophilic prodrug approach

Following oral administration, molecules are usually transported into blood capillaries,
as opposed to lymphatic lacteals, and then absorbed into the systemic circulation after
potential first-pass metabolism in the liver. This is because the flow rate of the blood

in the intestinal capillaries is approximately 500-fold and 750-fold faster than the flow
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rate of the intestinal lymph in rodents and humans, respectively [170-172]. The CMs
that are assembled in the enterocytes have a particle size covering the range from 75
to 1,500 nm [173,174]. Due to the tight zipper-like junctions of the vascular structure
of intestinal capillaries, macro-size CMs cannot enter the blood vessels. The intestinal
lymphatic vessels have a relatively loose button-like vascular structure, which allows
the passage of CMs [175]. Therefore, drug molecules with a high affinity for CMs can
be transported into the intestinal lymphatics using CMs as a carrier. Additionally, drugs
that are absorbed into the intestinal lymphatic capillaries will flow with the lymph
through the mesenteric duct, cisterna chyli and thoracic duct, and they will eventually

enter the blood circulation via the left subclavian vein [176-178].

Cannabinoid (CBD) is a lipophilic molecule that demonstrated high affinity for CMs in
in vitro and ex vivo assessments [179]. Following oral administration to rats, it was
found that the concentration of CBD in the mesenteric lymph is 250-fold higher than
its concentration in the plasma [180], indicating the feasibility of lymphatic targeting

via the CMs pathway.

However, a high affinity to CMs is not always found in drug molecules, especially for
hydrophilic compounds. It has been suggested that only molecules that meet certain
physicochemical properties and have high solubility in triglycerides (> 50 mg/mL) are
likely to associate with CMs in the enterocytes [181-184], being transported into the

intestinal lymphatic following an oral administration.

Previously, chemical modification was applied to hydrophilic molecules to improve
their affinity for CMs. Porter’s group has developed a series of prodrug structures that
mimic the chemical structure of TG or digested product of TG [185-189]. In these

studies, the active parent molecules are attached to the sn-2 position of the TG
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structure, which avoids the enzymatic hydrolysis by lipase in the intestinal lumen and
enables the TG-mimetic prodrugs to assemble into pre-CMs along with natural TGs.
Additionally, Porter’s group suggested that the TG-mimetic chemical modifications are
more effectively involved in the association with CMs in comparison to other lipidic

structures, such as simple alkyl groups.

Our group has previously targeted bexarotene, retinoic acid, and lopinavir, which have
limited affinities to CMs, into intestinal lymphatics using activated alkyl prodrug
structures [190,191]. The in vivo studies showed that the concentrations of bexarotene
and retinoic acid were 17-fold and 2.4-fold in MLNs, respectively, in comparison to
orally administered unmodified drugs [190]. Additionally, the concentration of lopinavir
in the MLNs was significantly improved and reached the protein binding-adjusted
concentration required of 90% viral inhibition [191]. Interestingly, the TG-mimetic
structure of bexarotene did not efficiently release the active molecules in the intestinal
LNs, although a substantial amount of TG-mimetic prodrugs was transported into the

intestinal lymphatics [190].

Previous studies by us and others suggested that simple alkyl prodrug structures were
not able to efficiently release the parent drug in the mesenteric lymph and LNSs,
although the highly lipophilic prodrugs themselves were transported into the intestinal
lymphatics via the CMs pathway [170,185,190,191]. However, previously Yenju et al.
showed that a simple alkyl structure of dolutegravir significantly increased the
concentration of dolutegravir in the mesenteric lymph and MLNs by 9.4- and 4.8-fold
following an oral administration in comparison to the administration of unmodified

parent drug [192].
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1.6 Aim of this PhD project

DCs is an important APCs that cross-present the TAAs to other lymphocytes, such as
naive T cells, stimulating anti-tumour immune response. The maturation process of
the DCs is the key to their antigen-presenting capacity. However, the
activation/maturation of the DCs is downregulated by the tumour-mediated
immunosuppressive signals in the patients affected by CRC, especially in the MLNs
and iliac LNs. These LN drain lymph from the colorectal regions and are enriched in
DCs. IMQ is the currently only approved TLR 7 agonist, which can facilitate the
maturation of DCs. However, in the pre-clinical studies and clinical trials, limited
therapeutic outcomes and dose-limiting toxicity were observed following the
administration of IMQ, suggesting an unspecific distribution of IMQ. Therefore, in this
project, we aimed to deliver IMQ in a targeted manner to intestinal LNs using a
lipophilic prodrug approach to facilitate the maturation of DCs in these regions,
potentially enhancing the anti-tumour immune response and eventually improving the

therapeutic outcomes in patients affected by CRC.

The specific objectives of this work are described as follows:

Chapter 3

1. Developing a bioanalytical method for the determination of IMQ and its prodrugs
in biological samples

2. Partial validation of developed bioanalytical methods

Chapter 4

1. Insilico and in vitro assessment of the lymphatic transport potential of unmodified
IMQ.
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2. Developing safe formulations of IMQ for intravenous (IV) bolus and oral
administration.

3. Invivo pharmacokinetic (PK) studies of IMQ following 1V bolus and oral
administration.

4. In vivo biodistribution (BD) studies of IMQ following an oral administration of IMQ

using lipid-based formulation.

Chapter 5

1. Design of highly lipophilic prodrugs of IMQ based on the in silico predicted affinity
of prodrugs to chylomicrons (CMs).

2. Chemical synthesis of designed prodrugs using a high yield amidation reaction
and characterization of the synthesized molecules.

3. Assessing the potential of intestinal lymphatic transport of prodrugs using artificial
CMs.

4. Developing and validating an ex vivo model for assessing the biotransformation
of prodrugs to the parent drug using brush border enzyme vesicles (BBMVS).

5. Evaluation of the biotransformation of prodrugs to the parent drug in the intestinal
lumen, enterocytes and lymphatics using in vitro and ex vivo assays.

6. In vivo PK studies of IMQ and prodrugs 5 and 8 following IV bolus and oral
administration of prodrugs.

7. Invivo BD studies of IMQ and prodrugs 5 and 8 following IV bolus and oral

administration of prodrugs.
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Chapter 2 Materials and Methodology

2.1 Materials

Imiquimod (CAS: 99011-02-6) was purchased from Key Organics Ltd. (Cornwall, UK).
Lauroyl chloride, fatty acids (decanoic acid, myristic acid, palmitic acid, stearic acid,
myristoleic acid, palmitoleic acid, oleic acid and linoleic acid), propranolol, d-
chloroform, Intralipid®, Dulbecco’s phosphate buffered saline (DPBS), serum
triglycerides kits, porcine hepatic esterase, ethylenediaminetetraacetic acid (EDTA),
sodium, sesame oil, sodium chloride (NaCl), sodium hydroxide (NaOH) pellet, sodium
fluoride (NaF), Bradford reagents and bovine albumin standard (1 mg/mL) were all
purchased from Merck Life Science (Gillingham, UK). Calcium chloride (CaCl2) was
purchased from Alfa Aesar (Lancashire, UK). The alkaline phosphatase assay kit and
leucine aminopeptidase activity assay kit were purchased from Abcam (Cambridge,
UK). Rat plasma (pooled male Sprague Dawley rat plasma) was purchased from
BIOIVT (Burgess Hill, UK). Propylene glycol (European Pharmacopoeia grade),
Polyethylene glycol 200 (PEG200), Polyethylene glycol 400 (PEG400),
Dimethylsulfoxide (DMSO), L-alpha-phosphatidylcholine from egg yolk, ammonium
formate (LC-MS grade), methyl tertiary-butyl ether, and Costar Spin-X centrifuge tube
filters were purchased from Fisher Scientific (Leicestershire, UK). Other agents and
solvents were purchased from commercially available sources and were HPLC or LC-

MS grade.
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2.2 In silico prediction of association of drugs with chylomicrons

The lymphatic transport of IMQ and its prodrugs via the chylomicrons (CM) pathway
following oral administration were initially evaluated using a previously reported in

silico model [182].

This model was developed based on the experimental CM association of 6 tested drug
molecules (probucol, vitamin E, benzopyrene, vitamin D, halofantrine and DDT) and
their physiochemical properties. The correlation between the experimental CM
association and the physicochemical properties of tested compounds was assessed

using a partial least squares model.

The physicochemical properties, including LogP, LogD~.4, polar surface area (PSA),
number of H-bond donors (H-donors) and H-bond acceptors (H-acceptors), number of
free rotated bonds (FRB), density and molar volume of tested molecules were
calculated using ACD-I/LAB (Advanced Chemistry Development Inc., Toronto, ON,

Canada).

The in silico predicted CM association of a drug molecule is calculated using the

following equation,

10Y

In silico predicted CM Association (%) = 100 X a+im

The Y is a numeric sum of calculated physicochemical properties. Each
physicochemical property is multiplexed by its corresponding unscaled regression

coefficient constant. The equation for the calculation of Y is shown as below,
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Y = (Log D7.4 x 0.299879) + ((LogP — LogD7.4) x —0.238127)
+ (PSA x —0.00855215) + (H — acceptors x —0.184359)
+ (FRB % 0.0805226) + (Density x 1.45337)

+ (Molar volume x 0.00545912) + (H — donors x 0.0823094) + K

K is a calculated constant (generated by the partial least squares model) equal to -

5.24138.

The in silico predicted affinities of IMQ and its prodrugs were summarized in Table

4-1 (Chapter 4) and Table 5-1 (Chapter 5).

2.3 Chemical synthesis of IMQ prodrugs

The potential affinities of designed lipophilic prodrugs to CMs were first calculated as
described in Section 2.2. Then, the designed prodrugs were synthesised as described
in this section. The amidation of IMQ was achieved using three different reactions. The
reaction which provided the highest yield was applied to compile the synthesis of all

prodrugs.

2.3.1 Synthesis of IMQ prodrugs using acyl halides

A lipophilic prodrug of IMQ was synthesised with lauroyl chloride. This reaction
followed a previously reported protocol with minor modifications [192]. Briefly, 0.4
mmol of lauroyl chloride and 0.1 mmol of IMQ were mixed in anhydrous

dimethylformamide (DMF) under nitrogen at 0 °C for 24 hours (Figure 2-1).

The reaction was monitored by thin-layer chromatography (TLC) and LC-UV-MS.

Products were purified by flash chromatography using a 4 g silica gel-packed column
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with MeOH and dichloromethane (DCM) (50:50, v/v) as the mobile phase.

)\\N

)\\ )(J)\/\/\/\/\/\ <\N | N
N cl HN__O
<\ | Lauroyl Chloride
N = N
NH, Nitrogen, 0 C
Imiquimod (IMQ) Stirring overnight Lauroylated Imiquimod

Figure 2-1 The chemical synthesis of lauroylated imiquimod.

The yield of the reaction was calculated using the following equation,

) Actual yield of product (mg)
Yield (%) = — x 100
Theoretic yield of prodrug (mg)

2.3.2 Synthesis with coupling reaction

2.3.2.1 Amidation of IMQ using NHS-DCC

Based on a previously reported methodology, IMQ decanoic acid prodrug was

synthesised using the amide coupling reagent combination of N-hydroxysuccinimide

(NHS) and N, N'-dicyclohexylcarbodiimide (DCC) [193]. Briefly, the carboxylic acid

was activated by mixing 0.1 mmol of decanoic acid, 0.2 mmol of DCC and 0.2 mmol

of NHS in anhydrous DMF under Nz at room temperature for 24 hours. After the

transient NHS ester was formed, 0.1 mmol of IMQ was added. The reaction was

monitored by TLC and LC-UV-MS. The schematic presentation of the chemical

synthesis of the decanoic IMQ prodrug structure is shown in Figure 2-2. The yield of

the reaction was calculated using the equation described in Section 2.3.1.
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Figure 2-2 Chemical synthesis of decanoic imiquimod using NHS-DCC coupling.

2.3.2.2 Amidation of IMQ using TCFH-NMI

The amidation of imiquimod was achieved with N, N, N, N'-
tetramethylchloroformamidinium hexafluorophosphate (TCFH) and N-
methylimidazole (NMI) as previously reported [194]. The corresponding fatty acids
(0.3 mmol) were activated with TCFH (0.35 mmol) and NMI (1.05 mmol) in 2 mL
anhydrous N-methyl-2-pyrrolidone (NMP) and stirred under nitrogen at 45 °C for 30
mins. Then, imiquimod (0.39 mmol) was added and the mixture was stirred for 24
hours. The reaction process was monitored by thin-layer chromatography (TLC) and
LC-UV-MS. The crude reaction product was purified by flash chromatography using
a 12 g silica gel-packed column and hexane-ethyl acetate (50:50, v/v) as the mobile
phase. The schematic presentation of chemical synthesis and all IMQ prodrug
structures are shown in Figure 2-3. The yield of the reaction was calculated using

the equation described in Section 2.3.1.
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Figure 2-3 Chemical synthesis of IMQ lipophilic prodrugs using TCFH-NMI.

2.3.3 Characterisation of synthesised prodrugs

Purified prodrugs were dissolved in chloroform-d for NMR examination. 'H NMR and
13C NMR spectra of the synthesised prodrugs were obtained using a Bruker 400
Ultrashield Spectrometer at 400 and 100 MHz, respectively. NMR spectra were
analysed using MestReNova (Version 14.2.2, Mestrelab). Chemical shifts (&) are
reported as parts per million (ppm) relative to chloroform-d ('H, & = 7.24 ppm; *C, 6 =
77.16 ppm). High-resolution mass spectrometry was also conducted to characterise

the prodrugs using a Bruker MicroTOF.

Il with electrospray (ESI). Characterisations of all synthesised prodrugs are shown in

Appendix.
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2.4 In vitro assessment of lymphatic transport potential of imiquimod and

prodrugs following oral administration

The affinities of IMQ and prodrugs to CM were assessed with artificial CMs. The
preparation of artificial CMs is described in section 2.4.1. Tested compounds were

incubated with artificial CMs, as described in section 2.4.2.

The percentages of compounds associated with CM were determined using the

following equation:

o o (Amount of compound in CMs -+ 0.9)
Chylomicrions association (%) = - x 100
Amount of compound in method recovery

2.4.1 Preparation of artificial emulsion from Intralipid®

A CM-like emulsion was prepared by diluting 20% intralipid® ((Merck Life Science,
Gillingham, UK)) with Dulbecco’s phosphate buffered saline (DPBS) to yield an
emulsion with the triglyceride concentration at 100 mg/dL. The triglyceride
concentration in the emulsions was measured using a serum triglyceride determination
kit as per the manufacturer’s instructions (Cat.RT100, Sigma Aldrich, Dorset, UK).
Briefly, the triglycerides in the intralipid® were hydrolysed by the lipase (provided
within the kit) to glycerols and free fatty acids. The released glycerols were further
reacted with adenosine-5*-triphosphate (provided within the kit), forming glycerol-1-
phosphate, adenosine-5- diphosphate and hydrogen peroxide. The hydrogen
peroxide that was formed during the reaction was then reacted with substrates
(provided within the kits), producing a quinoneimine dye that has an absorbance at

540 nm. The amount of triglycerides in the intralipid® was determined using a
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calibration curve that was generated with the triglyceride standard solution (provided

within the Kits).

2.4.2 Association with CMs assay procedure

The assessment of CM affinity for IMQ and its prodrugs followed previously reported
methodology with minor modifications [182,190,191,195,196]. The stock solutions of
tested compounds were prepared in DMSO at 1 mM. The density solutions were made
by adding the appropriate amount of KBr into DPBS to reach the density at 1.006,

1.019 and 1.063 mg/mL.

Experimental CMs association and mass recovery samples were established by
adding 2 pL of stock solutions into 998 uL of CM-like emulsion to reach the final
concentration of prodrug at 2 uM. A control sample was made by spiking 2 uL of stock
solutions into 998 uL of DPBS. All samples were incubated in a 37 °C water bath for 1
hour with magnetic stirring at 170 rpm. After the incubation, mass recovery groups

were stored at 15 C until processed for HPLC-UV analysis. On the other hand, 900

ML of incubation mixture from CM association groups and control groups and quality
control were transferred into polyallomer ultracentrifuge tubes and mixed with the
appropriate amount of KBr to reach the density of 1.1 g/mL. The density gradient was
built up by gently layering density solutions in the following order: 4 mL of 1.063 mg/mL,
4 mL of 1.019 mg/mL and 2 mL of 1.006 mg/mL. Following the completion of the
density gradient, tubes were transferred into an ultracentrifuge (SORVALL® equipped
with TH-641 rotor, Thermo Fisher Scientific, UK) for ultracentrifugation at 268,350 g at
15°C for 35 mins. The white artificial CMs floating on the top in the testing group were

collected. In the quality control groups, 1 mL of the top layer was collected. All samples
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collected from CM association, mass recovery and control groups were processed for
HPLC analysis described in section 2.8.3. All experiments were performed in

triplicates.

2.5 In vitro and ex vivo assessment of biotransformation of prodrugs to IMQ

The rate of biotransformation of prodrugs to IMQ was described as the stability (half-
life, t12) of the prodrug in biorelevant media. In general, concentration-time profiles of
prodrugs were obtained by incubating prodrugs with biorelevant media
(FaSSIF+esterase and BBMVs media) and rat plasma. The preparations of FaSSIF
supplemented with esterase and the BBMVs media are described in section 2.5.2

and section 2.5.3, respectively.

The logarithmic scale was used to calculate the slope. The half-life of a prodrug in

incubational biorelevant media was calculated as:

—0.693
k

Half — life =

Results generated in this section are shown in Chapter 5.

2.5.1 Collection of brush border membrane vesicles from rat small intestine

The extraction of brush border membrane vesicles (BBMVs) from rats’ small intestines
was performed as previously described with some adjustments[197]. Fresh jejunum
and ileum were harvested from SD male rats (weight 270 — 350 g) and were flushed
with ice-cold saline to remove the intestinal contents. Harvested small intestines were

stored at -80°C until used.
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On the day of the experiments, 20 g of the rat’s small intestine samples were cut into
small pieces (about 1 g) after being thawed to room temperature. Processed tissues
were immersed in 12 mM Tris/Chloride buffer (pH = 7.1), which contained 300 mM
mannitol in a 250 mL baker. After vortexing for 5 mins, connective tissues were
discarded using a 1 mm Buchner funnel. The suspension was diluted with ice-cold
water at a 1:6 ratio and then homogenised (POLYTRON® PT 10-35 GT, Kinematica
AG, Luzern, Switzerland) at 20,000 rpm for 3 mins in an ice bath. Calcium chloride
powder was added into the ice-cold suspension and well-mixed to reach a final
concentration of 10 mM. The suspension was kept on the ice bath for 15 mins to allow
cell components to interact fully with calcium ions. The suspension was then spun
down at 3,000 x g at 4 °C and the precipitates were discarded. At this stage, the
BBMVs were distributed in the supernatant. The supernatant was continuously
centrifuged at 27,000g at 4 °C for 30 mins to collect crude BBMVs pellets. Collected
pellets were purified by resuspending into 40 mL of 10 mM Tris/chloride buffer (pH =
7.1) plus 50 mM of mannitol and centrifuged at 27,000g at 4 °C for 30 mins. The
purified white BBMVs pellets were collected and resuspended in a small volume (less
than 1 mL) of 50 mM sodium maleate buffer (pH = 6.8) and stored at -20 °C until used
[198]. Extraction procedures were repeated several times until sufficient quantities of

BBMYV pellets were obtained to perform the experiments described in sections 2.5.4.

Alkaline phosphatase (ALP) and leucine aminopeptidase (LAP) were selected as
representative control enzymes in BBMVs, and their activities were measured with

commercial kits (Abcam, Cambridge, UK) to monitor the enzymatic activity of BBMVs.

Briefly, these two commercial kits measured the activity of ALP or LAP using a
colourimetric assay. Purified BBMVs pellets were diluted 10,000 times with assay

buffers (provided within the kits). Diluted pellets were then incubated with pNPP
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(substrate for ALP, provided with the kits) or AMC (substrate for LAP, provided with
the kits) in a 96-well plate for 45 — 60 min at 37 °C. The fluorescence of examined

samples was monitored at 368/460 nm (for LAP assay) or 405 nm (for ALP assay).
The amount of fluorescent products was determined using standard solutions

(provided within the kits). The final activity of the enzymes was calculated as:

Enzyme activity (umol/min/mL or U/mL) = ( )X D

TXV

Where B is the amount of fluorescent products in the sample well calculated from the
standard curve (umol); T is the reaction time (min); V is the volume of sample added
into the reaction well (mL); D is the sample dilution factor. All measurements were

performed in triplicates.

The purification of BBMVs was confirmed by the enzymatic activities of alkaline
phosphatase and leucine aminopeptidase, which increased by at least 30-fold

compared to the homogenised suspension.

2.5.2 Development and validation of brush border membrane vesicles ex vivo

model

In the initial experiment where the total protein concentration of BBMVs in this model
was investigated, bovine albumins were used as surrogate proteins for BBMVs. The
concentrations of bovine albumin solutions were determined using Bradford reagents
(ThermoFisher SCIENTIFIC, UK) with bovine albumin as standard. Aloumin solutions
at concentrations of 0, 0.1, 0.5 and 1 mg/mL (in 25 mM HEPES/Tris buffer, pH = 7),
were pre-heated to 37 °C. The incubation was started by spiking prodrug 1 (IMQ

conjugated with decanoic acid) into albumin solutions at a concentration of 10 yM and
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shaking at 200 rpm on a thermo-controlled incubator (ThermoFisher SCIENTIFIC,
MaxQ4000, MA, USA) for two hours. One hundred and twenty microliters of the
incubated mixture were collected at pre-determined time points and immediately
added into 360 L of -20 °C acetonitrile to terminate the reaction. After the addition of
10 uL of 50,000 ng/mL of propranolol as internal standard (IS), the concentration of
prodrug 1 in the mixture was assessed using HPLC-UV bioanalytical method as

described in Section 2.8.3 Preparation of HPLC-UV samples

In the experiments in which the enzymatic kinetic parameters were determined for 1
mg/mL BBMVs proteins, procedures were performed using a similar protocol as
previously reported [199]. Prodrug 1 was spiked into 25 mM HEPES/Tris buffer (pH =
7), which contained 1 mg/mL (total protein level) of BBMVs, to reach the final
concentrations of 0.5, 1, 2, 4, 6 and 8 uM. At pre-determined time points, 120 uL of
the incubated mixture was sampled as described earlier. After the addition of the same
amount of IS, the mixture was processed for HPLC analysis. The peak area ratio
between the peak area of prodrug 1 and the peak area of IS was used for the

determination of the concentrations of prodrug 1 in the samples.

The concentrations of prodrug 1 in samples collected at different time points and
sampling times were plotted on an X-Y graph to determine the slope. Subsequently,
these slopes, obtained from incubating various substrate (prodrug 1) concentrations
with BBMVs and their corresponding substrate concentrations, were assessed using
GraphPad Prism (version 10, GraphPad Software, Inc., San Diego, CA, USA). The
maximum rate of reaction (Vmax) is visually predicted using the GraphPad Prism
Kinetics model. The correlation between Vmax and Michaelis constant (Km) is shown

below,
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v = Vmax X X

- (Km+X)
Where Y is the enzyme velocity (WM/min) at a known concentration of substrate; X is
the concentration of substrate (UM); Vmax is the maximum enzyme velocity (M)
predicted using GraphPad Prism; Km is Michaelis-Menten constant (uM/min).

Therefore, when Y = 1/2 Vmax, the Km is equal to the X.

All experiments were performed in triplicates. Samples generated in this section were
processed as described in section 2.8.2 and analysed using HPLC-UV. Results are

shown in section 5.3.5.

2.5.3 Incubation media to simulate fasted state intestinal fluid

The fasted state simulated intestinal fluid (FaSSIF) was prepared using a previously
reported protocol [200]. The ingredients in the FaSSIF can be found in Table 2-1. After
the dissolution of all ingredients in water, the FaSSIF solution was stored in a
refrigerator at 4°C, with a maximum storage duration of one month. On the day of the
experiments, porcine hepatic esterase was added to the FaSSIF media to reach a

concentration of esterase at 20 1U/mL.

Table 2- 1 The recipe of fasted state simulated intestinal fluid (FaSSIF) [200].

Materials Concentration
Sodium taurocholate 3 mM

Lecithin 0.75 mM
NaOH (pellets) 0.174 g
NaH2PO4.H20 1.977¢g

NacCl 3.093 ¢

Water (HPLC grade) 500 mL
Media has a pH of 6.50 and an osmolality of
about 270 mOsmol/kg.
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2.5.4 Biotransformation of prodrugs in biorelevant media

The rate of biotransformation of prodrugs to IMQ was assessed as the stability of
prodrugs in varying biorelevant media which mimic the gastrointestinal environment in
rats. Figure 2-4 demonstrates the general workflow of in vitro and ex vivo assessment
of prodrug stabilities. Experiments performed in this section followed the previously

reported protocols with minor modifications [190-192].

Conversion assay
IMQ,.\ f\ : :
. Collecting Using HPLC-UV analytical
Incubation at samples at pre- method
37 °C E L
determined time

Biorelevant Incubation points
media mixture

Analysis

Figure 2-4 Schematic diagram of biotransformation assay for prodrugs.

Incubation media used in assessments, including BBMVs, FaSSIF (supplemented
with 20 IU/mL of esterase) and rat plasma, were freshly prepared before
experiments. FaSSIF supplemented with esterase was prepared as described in
section 2.5.3. The BBMVs pellets were extracted as described in section 2.5.1 and
suspended into 25 mM HEPES/Tris buffer (pH = 7) to reach the total protein
concentration at 1 mg/mL. It is important to note that all prodrugs were tested with
the same bench of BBMVs pellets. This approach aimed to minimise the potential

impact of varied enzymatic activities of BBMVs among different batches.

Stock solutions of prodrugs were prepared by dissolving appropriate amounts of
prodrugs in DMSO at concentrations of 1,000, 500 and 200 uM. Incubations were

initiated by spiking 10 uL of prodrugs stock solution into 990 pL of media, which were
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pre-heated to 37°C. Then, the mixture was incubated at 37°C, stirring at 200 rpm on
a temperature-controlled orbital shaker. One hundred and twenty microliters of the
mixture were collected into a fresh testing tube, and 360 uL of acetonitrile (-20 °C)
were immediately added to terminate the enzymatic hydrolysis of prodrugs. Initial
concentrations of prodrugs added into biorelevant media and sampling times are

shown in Table 2-2.

Table 2-2 The initial concentration of prodrugs added into the incubation media and sampling times.

Initial concentration of

prodrug (uM) Sampling times (min)

Biorelevant matrix

Rat plasma? 5 0, 5, 10, 15, 30, 60 and 120

BBMVsP 2 0, 60, 120, 180, 240, 300 and 360

0, 2, 4, 6, 10, 15 and 204 or
0,5

FaSSIF + esterase® 10 .5, 10, 15, 30, 60 and 120¢

a Pooled male Sprague-Dawley rat plasma;

b1 mg/mL BBMVs pellets suspended into 25 mM HEPES/Tris buffer (pH = 7);
¢ FaSSIF supplemented with 20 1U/mL of porcine hepatic esterase

d Sampling time for prodrug 1 in FaSSIF + esterase media

e Sampling time for prodrug 2-8 in FaSSIF + esterase media

Collected samples were processed for HPLC analysis as described in section 2.8.3
and analysed by the HPLC-UV method. Calibration curves were also generated using
the same batch of stock solutions in relevant matrix. All experiments were performed

in triplicates.

2.6 Triglyceride solubility measurements

As previously reported, the solubilities of tested compounds in long-chain triglycerides
were assessed using olive oil [192,195]. Six mg of the tested compound was added to

100 pL of olive oil at 37°C and stirred for 72 hours. After incubation, the remaining drug
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particles were removed using Costar Spin-X Centrifuge tubes with a 0.22 um filter via
centrifugation at 2,400 g for 10 min at 37 -C. The filtrates were 10-fold diluted with
acetone, followed by 100-fold dilution with ethanol. Several diluted samples undergo
another 10-fold dilution with MeOH, depending on the concentration of tested
compounds in triglycerides. Concentrations of compounds were determined by means

of HPLC-UV. All experiments were performed in triplicates.

2.7 Animal experiments

2.7.1 Preparation of formulations

2.7.1.1 Development of formulations for imiquimod oral and intravenous

administrations

The oral administration (PO) dose of IMQ used in this work was 8 mg/kg, which was
translated by allometric scaling from a previously reported clinical trial [140]. In this
work, we aimed to generate a safe formulation of IMQ at 8 mg/mL and minimise the

volume of liquid administered to animals via oral gavage.

Eight milligrams of IMQ powders were added into selected 1 mL of formulation
vehicles, including water, normal saline, ethanol/water (20:80, v/v), propylene glycol
(PG), polyethylene glycol 200 (PEG 200) and HCI at different concentrations (0.1 N,
0.05 N and 0.025 N). The mixture was stirred in a water bath at 37 °C for 24 hours,
with regular monitoring to assess the dissolution of the IMQ powder. The complete
dissolution of drug powder in the tested formulation vehicles was first visually
assessed by the absence of drug particles in the solution. Subsequently, 500 uL of the
transparent solution was transferred into a Spin-X Costar centrifuge tube (Fisher
Scientific, Loughborough, UK) and centrifuged at 2,400 g at 37°C for 20 minutes. The

filtrate was collected and subjected to a two-step dilution: first, a 100-fold dilution with
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acetone, followed by another 100-fold dilution with MeOH. The final concentration of
IMQ in the diluted solution was determined using the HPLC-UV method, as described
in section 2.8.3. The solubility of IMQ in the tested vehicles was calculated based on
the measured IMQ concentration multiplied by the dilution factor. Results generated
in this section are presented in section 4.3.2. Formulation vehicles that provided IMQ
solubility at 8 mg/mL and could be safely administered to animals via oral gavage were

selected and used for pharmacokinetic and biodistribution study of IMQ.

2.7.1.2 Formulation of IMQ and prodrug 5 and 8

The doses of IMQ via intravenous (V) bolus administration and oral administration
(PO) were 0.8 mg/kg and 8 mg/kg, respectively. The dose safety was confirmed by

previous literature [140,201].

The oral lipid-free formulation of IMQ was prepared by dissolving IMQ powder in 0.05
N HCI (pH = 2.8 to 3.2) at 8 mg/mL. The IV formulation of IMQ was obtained by a 10-
fold dilution from the oral lipid-free formulation with 80:20 propylene glycol/water (v/v)

at 0.8 mg/mL. The pH of the IMQ IV formulation was adjusted to 6.5 -7 with 4 N NaOH.

Prodrugs 5 and 8 were administered to the animals at a molar equivalent dose of IMQ.
The oral formulations of prodrugs 5 and 8 were prepared by dissolving prodrugs in
olive oil at 14.9 mg/mL and 16.9 mg/mL for the doses at 14.9 mg/kg and 16.9 mg/kg,
respectively. The IV bolus formulations of prodrugs 5 and 8 were prepared by
dissolving prodrugs in vehicles (80:10:10 propylene glycol/water/ethanol, v/v) at 1.49

mg/mL and 1.69 mg/mL for the doses at 1.49 mg/kg and 1.69 mg/kg, respectively.
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2.7.2 Animals

The protocols for pharmacokinetic and biodistribution study for IMQ and its prodrugs
were reviewed and approved by the University of Nottingham Ethical Committee under
the Animals [Scientific Procedures] Act 1986. Male Sprague Dawley rats weighing
275-300 g were purchased from Charles River Laboratories (UK) and housed in the
Bio Support Unit at the University of Nottingham in an environmentally controlled room
(12 h light/dark cycle) with free access to food and water for at least seven days. The
weight of rats before the pharmacokinetics (PK) or biodistribution (BD) study was 300-

350 g.

2.7.3 Pharmacokinetic study

The right jugular vein cannulation surgery was performed on each rat under general
anaesthesia (3 % isoflurane in oxygen) following previously reported protocol [190—
192,195,196,202,203]. After the surgery, animals were allowed to recover for two
nights with free access to food and water. Animals were fasted for 10 hours prior to
the drug administration with free access to water. Food was given to animals 5-6 hours

after the drug administration.

2.7.3.1 Pharmacokinetic study of IMQ

In the IMQ pharmacokinetic (PK) study, rats were divided into IV bolus, oral lipid-free

and oral lipid-based groups.

For the IV groups, the IMQ IV formulation was administered via the jugular vein
cannula as the IV bolus for over 30 seconds. Following IV administration, 0.25 mL of
heparinised saline (100 1U/mL) was administered through the cannula to remove any

residual IV formulation in the cannula. At pre-determined time points 5, 15, 30, 60, 90,
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120, 180, 240, 300 and 360 mins, 0.25 mL of whole blood was sampled from the

cannula.

For the oral lipid-free groups, the IMQ lipid-free formulation was administered to rats
by oral gavage and followed by an administration of 1 mL of water. In the preliminary
lipid-free PK study, whole blood (0.25 mL) was sampled at pre-determined time points
0.25, 0.5, 1, 2, 4, 8, 12, 16, 24, and 36 h. In the full-scale study, whole blood was

sampled at 0.5, 1, 2, 4, 8, 12, 16, 20, 24 and 28 hours.

For the oral lipid-based groups, the IMQ lipid-free formulation was administered to rats
by oral gavage, followed by the same volume of olive oil as the lipid-free formulation.
After the formulation administration, 1 mL of water was administered via oral gavage
to facilitate the emulsification of the administered oil. Following the administration,
blood samples were collected at pre-determined time points: 0.5, 1, 2, 4, 8, 12, 16, 20,

24 and 28 h.

2.7.3.2 Pharmacokinetic study of prodrug 5 and 8

In the PK study of prodrug 5 and 8, rats were divided into IV and oral lipid-based
groups. For the IV groups of prodrugs, IV formulations were administered to animals
following the same procedures described in section 2.7.3.1. For the oral lipid-based
groups, prodrugs prepared in olive oil were administered to animals by an oral gavage,
followed by 1 mL of water. Blood was sampled at 0.5, 1, 2, 4, 8, 12, 16, 20, 24 and 28

hours.
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2.7.3.3 Pharmacokinetic parameters analysis

Pharmacokinetic parameters were calculated from the plasma concentration profiles
by a non-compartmental analysis approach and compartmental models using
Phoenix® WinNonlin® 6.3 software (Pharsight, Mountain View, CA, USA). The
method of calculation Linear up Log down was applied to compute the area under the
curve (AUC). This method used the linear trapezoidal rule to compute the AUCs when
the concentration of the drug was increasing, while it used the logarithmic trapezoidal

rule to compute the AUCs when the concentration of the drug was decreasing.

Additionally, pharmacokinetic parameters were calculated from the plasma
concentration-time profiles using a compartmental model. The plasma concentration-
time profile of IMQ following IV bolus administration exhibited a biphasic decline
(Section 4.3.3, Figure 4-2), indicating that a two-compartment model could provide
the best fit for describing the pharmacokinetics of IMQ. To account for

heteroscedasticity and minimise the influence of high concentrations, the plasma

concentration of IMQ was weighted using w = in the two-compartment

_r
(Yhat+Yhat)
model. As a result, the selected model yielded an Akaike Information Criterion (AIC)
of -15.4 + 8.6 and a sequential Bayesian criterion (SBC) of -15.1 + 8.6. Similarly, the
pharmacokinetic parameters of the prodrugs following IV bolus administration were
estimated using the two-compartment model with the same weighting method. For
prodrug 5, the AIC and SBC were -8.4 + 3.7 and -7.2 = 3.7, respectively, while for

prodrug 8, these values were -12.5 + 4.9 and -11.9 + 5.3, respectively.

The oral bioavailability (Forar) of the drug was determined by comparing the area under

the plasma concentration-time curve from time zero to the last measurable time point
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(AUCo-1ast) following both IV bolus and oral administration. It was calculated using the

following equation:

x 100

F %) = AUCprq1 X Dosepy
oral(%) = AUC,; X Doseg,q

Results generated in this section were demonstrated in Section 4.3.3 and Section

5.3.7.

2.7.4 Biodistribution study of IMQ, prodrug5 and prodrug 8

IMQ formulation and prodrug formulations were prepared as described in section
2.7.1.2. In the biodistribution (BD) study of IMQ, IMQ was administered by oral gavage
to rats using the lipid-free formulation followed by oral gavage of olive oil and water as
described in section 2.7.3.1. In the BD study of prodrugs, prodrugs were administered

to animals by an oral gavage followed by 1 mL of water.

At predetermined time points, blood samples were collected from the vena cava while
animals were under terminal anaesthesia. It should be noted that BD studies of IMQ
conducted at 1.5 h and 6 h were also used for a head-to-head comparison of BD
studies of prodrugs (Chapter 5, Section 5.3.8). In the BD studies of prodrugs, NaF
was added to the sample collection tubes to prevent the degradation of prodrugs
(Section 2.7.5). NaF was also added to the sample collection tubes for the BD studies
of IMQ. However, the addition of NaF also prevented the coagulation process.
Therefore, the serum was not able to be separated in the BD studies of IMQ at 1.5

and 6 h.

After animals were sacrificed by cervical dislocation, the mesenteric lymph fluid was
immediately withdrawn from the superior mesenteric lymph duct with a syringe

connected to a 23G needle. It should be noted that the collection of mesenteric lymph
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fluid was only possible in the BD studies at 1.5 h, 2 h and 6 h. Lipids (olive oil) that
were orally administered to rats stimulated the increase in the production of intestinal
lymph, resulting in a dilated mesenteric lymphatic duct and a white colour of lymph.
However, the lymphatic duct became transparent at 28 h. Therefore, it was not

possible to collect the mesenteric lymph at late time points.

Other tissues, including mesenteric lymph nodes (MLNSs), iliac lymph nodes, cervical
lymph nodes, brain, spleen, kidney, liver, skeleton muscle (right thigh) and intestinal

contents, were harvested from the cadavers.

2.7.5 In vivo sample storage and processing

Whole blood and mesenteric lymph fluid obtained from PK and BD studies of IMQ
were collected into 1.5 mL Eppendorf tubes with 1% 1.5M EDTA (v/v) as an
anticoagulant. For serum collection, whole blood was collected into a separate 1.5 mL
Eppendorf tube without any anticoagulant to allow blood coagulation. In the PK and
BD studies of prodrugs, whole blood and lymph fluid were collected into 1.5 mL
Eppendorf tubes containing 1% 1.5M EDTA and sodium fluoride (NaF, final
concentration at 10 mg/mL). The addition of NaF aimed to prevent the release of IMQ
following sample collection. Subsequently, plasma and serum were separated by
centrifuging non-coagulated and coagulated whole blood at 1,160g for 10 min at 10 °C,

respectively.

After animals were culled, fresh tissues were immediately collected and frozen in dry
ice. All harvested tissues were weighed. Large tissues, including kidney, brain, liver,
muscle and spleen, were homogenised with 10 mg/mL NaF solution at a ratio of 1:3
(w/v) using a Polytron® PT 10-35 GT homogeniser (Kinematica, Malters, Switzerland).

Intestinal contents, including liquid and solids, that were collected from small intestines,
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large intestines and rectums were homogenised with NaF solution at a ratio of 1:10 or

1:20, depending on the concentration of tested compounds in contents.

Lymph nodes were placed in 1.5 mL Eppendorf tubes with 3-5 Stainless Steel Beads
(Next ADVANCE, Web Scientific, USA) and NaF solution was added to obtain at least
100 uL volume of samples. Lymph nodes were homogenised using a Bullet Blender

24 Gold (Next Advance, USA).

All processed samples were kept at -80 °C, and the analysis of samples was finished
in up to one week. Concentrations of IMQ, prodrug 1 and prodrug 8 in the processed
samples were determined using LC-MS/MS as described in section 2.8.4. Results
that were generated as described in this section were demonstrated in Section 4.3.3

and Section 5.3.8.

2.8 Bioanalytical procedures

2.8.1 Schematic description of procedures

Two instruments were used to determine the concentration of analytes in samples.
Samples collected from in vitro and ex vivo experiments (Sections 2.4, Section 2.5
and Section 2.6) were analysed using HPLC-UV. Samples collected from in vivo
studies (Section 2.7) were analysed using LC-MS/MS to achieve higher sensitivity.
The general scheme of determining the concentration of analytes is shown in Figure

2-5.

The bioanalytical methods described in Section 2.8 were validated following the
protocols described in Section 2.9.7 and Section 2.9.8. The results of method

validation are shown in Section 3.4.3 and Section 3.4.5.
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Figure 2-5 Schematic diagram of the workflow for determining the concentration of analytes using
HPLC-UV or LC-MS/MS systems.

2.8.2 Instruments and chromatography conditions

2.8.2.1 HPLC-UV

The HPLC system consisted of a Waters Alliance 2695 separations module equipped
with a Waters 996 photodiode array detector. The injection volume was 60 pL.
Chromatographies were monitored at 319 nm for all analytes. A C18 150 x 2 mm, 5
Mm particle size reverse phase column (Gemini-LC-column, Phenomenex, US)
connected to a 3 um patrticle size guard column (Phenomenex, Macclesfield, UK) was
used as the solid phase for separation. The temperature of the column oven and
autosampler was 40 °C and 4 °C. The HPLC chromatography conditions and retention
time for IMQ and prodrugs are shown in Table 2-3. Chromatograms were processed

with Empower™ 2.
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Table 2-3 HPLC conditions for IMQ and prodrugs

Mobile phase
Compound Flow rate (mg/mL) Internal standard (IS) UV wavelength (nm) Retention time (min)
Buffera MeOH

IMQ Gradient 1° 0.3 Propranolol 319 8.9
Prodrug 1 Gradient 2°¢ 0.3 Propranolol 319 20.6
Prodrug 2 Gradient 3¢ 0.3 Propranolol 319 36.3
Prodrug 3 Gradient 4¢ 0.3 Propranolol 319 26.5
Prodrug 4 Gradient 1° 0.3 Propranolol 319 31.3
Prodrug 5 Gradient 34 0.3 Propranolol 319 29.4
Prodrug 6 Gradient 2 0.3 Propranolol 319 30.0
Prodrug 7 Gradient 1° 0.3 Propranolol 319 27.3
Prodrug 8 Gradient 2¢ 0.3 Propranolol 319 33.6

210 mM Ammonium formate (pH=3)

bGradient 1: 30% MeOH from 0-9 min, gradually increased to 90% from 9-14 min, maintain at 90 % from 14-30 mins, gradually decrease to 30% from 30-35 min,
maintain at 30% from 35-40 min.

¢Gradient 2: 30% MeOH from 0-9 min, gradually increased to 84% from 9-14 min, maintain at 84 % from 14-35 mins, gradually decrease to 30% from 35-40 min,
maintain at 30% from 40-45 min.

dGradient 3: 30% MeOH from 0-9 min, gradually increased to 80% from 9-14 min, maintain at 80 % from 14-40 mins, gradually decrease to 30% from 40-45 min,
maintain at 30% from 45-50 min.

eGradient 4: 30% MeOH from 0-9 min, gradually increased to 90% from 9-14 min, maintain at 90 % from 14-35 mins, gradually decrease to 30% from 35-40 min,
maintain at 30% from 40-45 min

ePropranolol concentration is 5000 ng/mL in each sample. The retention time of propranolol is 12.9 min.
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2.8.2.2 LC-MS/MS

The LC-MS/MS system consisting of an AB Sciex API Qtrap4000 tandem mass
spectrometry system coupled with a SHIMADZU LC-10AD binary pump and a
SHIMADZU SIL-HTc autosampler was used for analysis. The conditions of the mobile
phase and solid phase were the same for the HPLC-UV (Section 2.8.2.1). The

injection volume for the LC-MS/MS method was 10 pL.

The ionisation of analytes was conducted in positive mode with multiple reaction
monitoring. The remaining MS conditions were set as follows: ion spray voltage 5,000
V; temperature 350 °C; curtain gas 30 psi; ion source gas 1 and gas 2 40 psi; entrance

potential 10 V. The declustering potential (DP), collision energy (CE), collision cell exit

potential (CXP) and monitored ion pairs in Q1 and Q3 are shown in Table 2-4.

Table 2-4 The mass spectrometry condition and monitored ion pairs of IMQ, IS, prodrug 5 and

prodrug 8.
Compound Q1 mass? Q3 mass? DPb CEc CXPd
185.300 37.000 14.000
Imiquimod 241.300 141.200 40.000 62.000 14.000
114.200 80.000 13.000
241.300 90.000 46.000 15.000
Prodrug 5 449.400
185.100 70.000 70.000 15.000
241.300 80.000 56.000 20.000
Prodrug 8 503.500
185.100 130.000 43.000 28.900
Propranolol 260.200 116.300 40.000 27.000 12.000

(1s)

amass over charges (m/z);?Declustering potential (DP); cCollision energy (CE); 9Collision cell exit

potential (CXP)
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2.8.3 Preparation of HPLC-UV samples

Twelve microliters of 50,000 ng/mL propranolol as an internal standard (IS) were
added to 120 yL of samples. Then, protein precipitation was achieved by addition of
360 pL of cold acetonitrile (-20 °C) following a previously reported protocol[204].
Liquid-liquid extraction was performed by vortexing samples with 3 mL of methyl tert-
butyl ether for 10 mins. After centrifugation at 1160 g at 10 °C for 10 mins, the upper
organic layer was transferred into clean testing tubes and evaporated to dryness at
40 °C under nitrogen flow. Samples were reconstituted with 100 yL of 65:35

water/methanol (v/v) and transferred into sample vials.

Fresh calibration curves were established for each experiment using the same matrix
as the study samples and the same stock solution of tested compounds. The stock
solutions of IMQ and IS were prepared in methanol at 100 pg/mL. The stock solutions
of IMQ prodrugs were prepared in methanol at 1 mM. The working standard solutions
of IMQ were serially diluted with MeOH at concentrations of 50,000, 10,000, 5,000,
1,000, 500, 300, 200 and 150 ng/mL. The working standard solutions of prodrugs were
serial diluted with MeOH at 100, 50, 25, 20, 10, 5, and 3 uM. Calibration curve samples
were prepared by spiking 12 pyL of working standard solution into 108 uL of blank rat
plasma. All calibration curve samples were processed for HPLC-UV analysis as
described above. The nominal concentrations of the calibration curve for IMQ were at
5,000, 1,000, 500, 100, 50, 30, 20 and 15 ng/mL. The nominal concentrations of the

calibration curve for IMQ prodrugs were at 10, 5, 2.5, 2, 1, 0.5 and 0.3 uM.
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2.8.4 Preparation of LC-MS/MS samples

In vivo samples, after being processed as described in section 2.8.4, were prepared

for analysis using the LC-MS/MS system.

Ten microliters of 5,000 ng/mL propranolol as an internal standard (IS) were added to
100 uL of samples, followed by an addition of 360 pL of cold acetonitrile (-20 -C) for
protein precipitation. Liquid-liquid extraction was performed by vortexing samples with
3 mL of METB for 10 mins. After centrifugation at 1160 g at 10 °C for 10 mins, the
upper organic layer was transferred into clean testing tubes and evaporated to dryness
at 40 °C under nitrogen flow. Samples were reconstituted with 60 pL of 65:35

water/methanol (v/v) and transferred into sample vials.

Fresh calibration curves were created for each animal study using the same matrix as
the samples. The working standard solutions of IMQ, prodrug 5 and prodrug 8 were
serially diluted from formulations used in animal studies with methanol at
concentrations of 2000, 1000, 500, 200, 160, 120, 80, 50, 25 and 12.5 ng/mL.
Calibration curve samples were made by spiking 10 puL of working standard solution
into 90 pL of commercially available male SD rat plasma. All calibration curve samples
underwent the same procedures to become LC-MS/MS samples as described above.
The nominal concentrations of calibration curve samples were 200, 100, 50, 20, 16,

12, 8,5, 2.5, and 1.25 ng/mL.

2.9 Validation of bioanalytical methods

2.9.1 UV-spectrum of IMQ

The stock solution of IMQ was prepared in MeOH at a concentration of 100 ug/mL and

diluted with MeOH to reach a final concentration of 1 yg/mL. The UV spectrum of IMQ
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was measured using a Waters 996 photodiode array detector following an injection of
60 pL of 1 pg/mL IMQ solution into the system. A mixture of water and MeOH 50:50
(v/v) was used to elute IMQ following the injection. Additional information about the

Waters HPLC-UV systems and the separation column is described in Section 2.8.2.1.

2.9.2 Log D of IMQ

The chemical structure of IMQ was uploaded into the ACD/I-Lab online platform. The
Log D of IMQ at different pH (from pH = 0 to pH = 14) was calculated using this

software.

2.9.3 Selection of buffers

Two mobile phase buffers:10 mM ammonium formate (pH = 3) and 10 mM ammonium
acetate (pH = 10) were prepared. An isocratic elution method (buffer: MeOH 70:30,
v/v) was used to generate the chromatograms of IMQ following an injection of 60 uL

of 100 ng/mL IMQ (prepared in 65:35 water/MeOH, v/v).

2.9.4 Selection of biological matrix sample volume

Blank rat plasma at volumes of 100, 120 and 150 uL was processed for HPLC-UV
analysis as described in Section 2.8.3. The elution method 1 described in Section
2.8.2.1, Table 2-3 was used to generate the chromatograms of blank rat plasma

following an injection of 60 pL of samples.

2.9.5 Selection of IMQ and related ions

An IMQ solution was prepared with MeOH at a concentration of 100 ng/mL. Two
hundred microliters of IMQ solution were continuously injected into the LC-MS/MS

systems at a flow rate of 20 yL/min using a perfusion pump equipped with a 200 pL
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Hamilton syringe. The product ions of IMQ were generated and monitored using the
multiple reaction monitoring mode on the AB Sciex APl QTRAP 4000. Additional
information about the LC-MS/MS systems and instrument settings is described in

Section 2.8.2.2.

2.9.6 ldentifying the carryover of IMQ

To develop a bioanalytical method for the determination of IMQ in rat plasma using
the LC-MS/MS system, a short elution method was first used to separate IMQ from
endogenous plasma interferences (Table 3-1). This elution method was an empirical
LC gradient method, which was previously developed by others on the QTRAP 4000
LC-MS/MS system [205]. The carryover effect of this method was assessed by
injecting 5 L of 100 ng/mL IMQ (prepared in 65:35 water/MeOH). Then, 5 yL of blank
reconstitution solvent (65:35 water/MeOH) was repeatedly injected into the LC-MS/MS

to monitor the carryover of IMQ.

Table 3-1 An empirical LC gradient method for the elution of IMQ using the LC-MS/MS system. The
buffer used in this method was 10 mM of ammonium formate, pH = 3.
Time (mins) Buffer pH 3 (%) MeOH

0 90 10
4 10 90
6 10 90
6.1 90 10
10 90 10

Since an obvious carryover of IMQ was noticed with this elution method, in the next
step, four needle wash solvents: 50:50 MeOH/water (v/v), 50:50 MeOH/water + 0.1 %

formic acid (v/v), 25:25:25:25 MeOH/water/acetonitrile/isopropanol alcohol and 50:50
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formic acid/water were used to minimise the potential contamination of IMQ in the

autosampler system.

Additionally, the gradient method 1, which was previously developed for the HPLC-UV
system (Section 2.8.2.1, Table 2-3), was also applied to the LC-MS/MS system to

avoid the carryover of IMQ.

2.9.7 Validation of bioanalytical methods for the determination of the

concentrations of IMQ in biological samples

The HPLC-UV method and the LC-MS/MS method used for the generation of results
in Chapters 4 and 5 were partially validated following the US Food and Drug

Administration (FDA) guidelines for bioanalysis [206].

Calibration standards and instrument settings are described in Section 2.8.2. The
validation of selectivity, sensitivity, linearity and carryover was performed for the
HPLC-UV method. The validation of selectivity, sensitivity, carryover, linearity,

recovery, stability, and dilution effect was assessed for the LC-MS/MS method.

2.9.7.1 Selectivity

The selectivity of bioanalytical methods was demonstrated by the absence of
interference (in the biological matrix samples, such as plasma) at the same retention
time of analytes and IS. The absence of interference was confirmed in six validation

samples.

2.9.7.2 Carryover

The carryover was assessed for both HPLC-UV and LC-MS/MS bioanalytical methods.

Rat plasma samples spiked with IMQ at the concentrations of 1 pg/mL or 100 ng/mL
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were injected into the HPLC-UV system or the LC-MS/MS system, respectively.
Following the injection of IMQ, blank reconstitution solvent (65:35 water/MeOH) or
blank rat plasma samples were injected into the system to confirm the absence of
carryover. If a carryover of IMQ is found, the peak area of the carryover should be less

than 20% of the LLOQ [206].

2.9.7.3 Sensitivity

The sensitivity of the bioanalytical method for the determination of IMQ concentrations
in rat plasma was demonstrated by assessing the LLOQ of IMQ. Six rat plasma
samples spiked with IMQ at the LLOQ were prepared alongside a calibration curve.
RE and RSD between calculated concentrations and nominal concentrations were
conducted to assess compliance with acceptance criteria, ensuring RE and RSD were
both < + 20% in intra-day and inter-day analysis. Additionally, for the bioanalytical
method using the LC-MS/MS system, the signal-to-noise ratio between the IMQ at the

LLOQ and blank biological matrix should be more than five times [206].

2.9.7.4 Linearity and accuracy

Calibration curves of IMQ with the range 15 — 5,000 ng/mL (HPLC-UV assay) or the
1.25 — 200 ng/mL (LC-MS/MS assay) were generated by spiking IMQ into rat plasma
as described in section 2.8.3 and section 2.8.4.

The peak area ratios between analytes and IS against nominal concentration were
plotted on an X-Y graph. A least-squares linear regression (y=ax+b) was
established using 1/x weighting factors. The linearity of the generated linear regression
should be more than 0.99 (r? > 0.99). The acceptance criteria for accuracy and
precision were described as the RE of calculated concentrations < £15% compared to

nominal concentrations (except LLOQ < + 20%).
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2.9.7.5 Dilution effect

Blank rat plasma samples spiked with IMQ at the concentration of 4,000 ng/mL or 200
ng/mL were 20-fold diluted with rat plasma to reach the final concentration of 200
ng/mL or 10 ng/mL. The diluted samples were processed for bioanalysis using the LC-
MS/MS system. The concentration of IMQ in these diluted samples was determined
using a calibration curve with a range of 1.25 — 200 ng/mL. The calculated
concentrations were defined as measured concentrations multiplied by the dilution
factor. The RE and RSD between nominal concentrations and calculated

concentrations should be less than £ +15%

3.3.7.6 Recovery

The recovery of IMQ was determined by comparing the peak areas of processed
samples with the peak areas of standard solutions (prepared in reconstitution solvent
65:36 water/MeOH, v/v) at the equivalent concentration. The recovery of IS was

determined in the same manner as IMQ.

2.9.7.7 Stability

The stability of samples was assessed to evaluate the degradation of IMQ in different
conditions in which the samples were stored and analysed. In practice, rat plasma
samples collected from an in vivo study were stored in the -80 °C freezer until analysis
(up to one week). On the day of the analysis, processed samples were reconstituted
in 65:35 water/MeOH and stored in the autosampler (4 °C) until being injected into the

LC-MS/MS (within 24 hours).

Therefore, short-term stability was assessed by spiking IMQ to rat plasma and then

stored at -80 °C for 1 week. Autosampler stability was assessed by storing
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reconstituted samples (65:35 water/MeOH) at 4 °C for 24 hours. The stability of

analytes was demonstrated as the RE and RSD < +15% (except LLOQ < + 20%).

2.9.8 Validation of bioanalytical methods for the determination of the

concentrations of prodrugs in biological samples

2.9.8.1 Validation of selectivity, sensitivity and linearity

In in vitro assessments of prodrugs, biological samples containing prodrugs 1-8 were
processed for analysis using HPLC-UV. For in vivo studies that assessed the
lymphatic transport of prodrugs 5 and 8 (Chapter 5), biological samples containing
prodrugs 5 and 8 were processed for analysis using LC-MS/MS. Calibration curve
samples for prodrugs were prepared as described in sections 2.8.3 and 2.8.4,
respectively. The selectivity, sensitivity and linearity of bioanalytical methods for

prodrugs were assessed as described in sections 2.9.7.1, 3.3.7.3 and 2.9 .7.4.

2.9.8.2 Stability of prodrugs 5 and 8

The stability of samples containing prodrugs 5 and 8 was assessed to evaluate their

degradation in the on-bench conditions and autosampler.

The on-bench stability of prodrugs 5 and 8 was assessed by spiking them into rat
plasma and immediately transferring the mixture into Eppendorf tubes containing 1%
1.5M EDTA and sodium fluoride (10 mg/mL) on ice. The remaining percentage of

prodrugs in the plasma was monitored over a period of 6 h.

The Autosampler stability of prodrugs 5 and 8 was assessed by storing processed
samples (reconstituted in 65:35 water/MeOH) at 4 °C for 24 hours. The stability of

samples was demonstrated as the RE and RSD < £15% (except LLOQ < + 20%).
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2.10 General statistical analysis

All results shown in this work are presented as mean * standard deviation (SD).
Statistical analysis was conducted using GraphPad Prism version 10 (GraphPad
Software, Inc., San Diego, CA, USA). An outlier test based on nonlinear regression

(ROUT) with assumption Q = 1% was used to remove outliers where appropriate.

A two-tailed unpaired student t-test was used to assess the statistically significant
difference between the means of two independent groups. To determine if there is a
significant difference between 3 or more independent groups, the one-way analysis of
variance (ANOVA) was used to compare the means of groups. Additionally, post hoc
comparisons (Dunnett's comparison or Tukey’'s multiple comparisons) were
conducted following a significant one-way ANOVA to determine which specific groups
differ from each other. A significant difference was stated when a p-value was below

0.05.
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Chapter 3 Development and validation of bioanalytical methods for the

determination of imiquimod and its prodrugs in biological samples

3.1 Introduction

In CRC patients, the activation of DCs is significantly suppressed by tumours in the
mesenteric lymph nodes (MLNSs) and iliac lymph nodes (ILNs), which are the drainage
LNs for the colorectal regions [30,32,34,153]. Imiquimod (IMQ) is a small molecule of
toll-like receptor 7 agonists. Preclinic studies suggested that IMQ is a potent immune
activator and can facilitate the maturation process of immature DCs [111,119].
However, a poor therapeutic outcome and dose-limited toxicity of IMQ were previously
observed in clinical trials [141,207]. The unsatisfactory therapeutic results and adverse
side effects of IMQ may reflect the fact that IMQ was not efficiently target delivered to
the affected area, such as LNs.

Therefore, in this study, we aimed to use a lipophilic prodrug approach combined with
a lipid-based formulation to deliver IMQ to these LNs following oral administration. To
examine the pharmacokinetic parameters and biodistribution of IMQ in the target
regions, a sensitive and robust bioanalytical method for determining the concentration
of IMQ in a biological sample is essential.

Interestingly, in the previous studies involving target delivery of IMQ, the success of
drug delivery to the target area was not directly demonstrated. In one study, the
distribution of nanoparticles was reported as a proxy to represent the local
concentration of IMQ [208]. In addition, the difference in pharmacodynamic results
between experimental groups (a.k.a. animals that received IMQ encapsulated in
nanoparticles) and control groups (a.k.a. animals that received free IMQ molecules)

was used to prove the successful target delivery of IMQ [209-211].
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To our best understanding, validated analytical methods for the determination of the
concentration of IMQ in in vivo samples were limited. Previous analytical methods for
IMQ were developed for 1) identifying IMQ in topical formulations [212,213]; 2)
monitoring the potential impurities and byproducts of IMQ that were produced during
the chemical synthesis [214]; and 3) monitoring the stability of IMQ in various inorganic
solvents or under different physical conditions [215]. These methods only allow the
guantification of IMQ in a simple matrix. Sabri et al. previously reported an analytical
method for determining IMQ in a biological sample (porcine skin). However, this
method required processing samples with solid-phase extraction, which is very costly,
and only achieved a poor lower limit of quantification (LLOQ) > 1 pg/mL. It has been
reported that the oral bioavailability of IMQ in rats is close to zero, suggesting the
actual concentration of IMQ that will be found in our work could be very low [140].

Therefore, this chapter aimed to develop a simple, sensitive, and cost-effective
bioanalytical method for determining IMQ in rat plasma. Additionally, bioanalytical
methods for the determination of the concentrations of lipophilic prodrugs of IMQ
(synthesized as described in Chapter 5) in biological samples were also generated.
The methods developed in this chapter were used to generate data in Chapter 4 and

Chapter 5.

3.2 Experimental design

Figure 3-1 demonstrates the process of the development of bioanalytical methods for
the determination of the concentrations of IMQ and its prodrugs in plasma. The
development was initially started with high-performance liquid chromatography
equipped with an ultraviolet detector (HPLC-UV). Then, the bioanalytical method was

further optimized with LC equipped with tandem mass spectrometry (MS/MS) to
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achieve a higher sensitivity. Bioanalytical methods using different detectors were

validated according to the FDA guidelines [206].

Method development

Analytical method for IMQ Validation

HPLC-UV analytical
method Carryover

LC-MS/MS Dilution

analytical method

Analytical method for Selectivity

prodrugs Sensitivity

HPLC-UV analytical =
method Stability

Recovery
LC-MC/MC : :
analytical method Linearity

Figure 3-1 Schematic diagram of developing development of the bioanalytical methodology for the
determination of the concentrations of IMQ and its prodrugs in rat plasma samples using HPLC-UV or
LC-MS/MS systems.

3.4 Results

3.4.1 Development of a bioanalytical method for the determination of the

concentrations of IMQ using an HPLC-UV system

It was shown that IMQ has three peaks of UV absorbance at wavelengths of 226, 244
and 319 nm (Figure 3-2 A). During the method development process, the unique UV
spectrum of IMQ was used to identify the peak of IMQ. The Log D of IMQ at different
pH levels was calculated using ACD/I-Lab. Figure 3-2 B shows that the lipophilicity of
IMQ reaches the maximum (Log D = 3.0) when the pH > 8. By contrast, the lipophilicity
of IMQ reaches -1 when the pH < 3.
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Figure 3-2 Panel (A) UV-spectrum of IMQ; Panel (B) Calculated Log P of IMQ at different pH (calculated
by ACD/I-lab).
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Figure 3-3 Chromatograms of 100 ng/mL IMQ stock solution (prepared in 65:35 water/MeOH, v/v) and
solvent blank (65:35 water/MeOH). Panel (A) represents the chromatogram that was generated using
an acidic buffer (10 mM ammonium formate, pH = 3). Panel (B) represent the chromatogram that was
generated using an alkaline buffer (10 mM ammonium acetate, pH = 10). The chromatogram was
monitored at the UV wavelength = 319 nm.

95



The chromatograms showed that peaks of IMQ were sharp and symmetric when either
the acidic buffers (10 mM ammonium formate, pH = 3) or alkaline buffer (10 mM
ammonium acetate, pH = 10) was used (Figure 3-3). The retention time of IMQ using
the acidic buffer (5.1 min) was shorter than it was using the alkaline buffer (25.6 min).
Figure 3-4 shows that no interference was found in blank rat plasma samples that
were prepared with 100 pL (blue) or 120 pL (red) of rat plasma. However, an obvious

interference peak was noticed when 150 pL (green) of rat plasma was used.
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Figure 3-4 The chromatogram of 50 ng/mL IMQ solution (65:35 water/MeOH, v/v) and rat plasma blank
samples that were prepared with different volumes of plasma. The blue, red and green lines represent
chromatograms of blank rat plasma prepared with 100, 120 and 150 uL plasma, respectively. The black
line represents the chromatogram of 50 ng/mL IMQ solution. The chromatograms were monitored at
the wavelength of 319 nm.

3.4.2 Development of a bioanalytical method for the determination of IMQ using

an LC-MS/MS system

Three main product ions of IMQ were found using the MRM scan mode. A product ion
m/z 241.3/185.3 demonstrated the strongest signals and, therefore, was selected to
monitor the presence of IMQ (Figure 3-5). Other product ions of IMQ, m/z 241.3/141.2
and m/z 241.3/114.2, were also selected as characteristic ions to confirm the presence

of IMQ.
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Figure 3-5 The predicted structure of IMQ product ion m/z 241.3/185.3.

An empirical gradient method (Table 3-1) was first used to elute IMQ on the LC-
MS/MS system. Following an injection of 5 yL of 100 ng/mL IMQ (prepared in 65:35
water: MeOH, v/v), the signal of product ion m/z 241.3/185.3 was also detected in a
subsequent injection of 5 pL of reconstitution solvent (65:35 water: MeOH, v/v),

indicating the presence of carryover (
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Table 3-2). Additionally, it was noted that the peak area of carryover was gradually
decreased during the continuously repeated injections of the blank reconstitution

solvent (Table 3-3).
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Table 3-2 Carryover of IMQ after the injection of 5 yL of 100 ng/mL IMQ stock solution.
(n=3)

Product ion (m/z) The peak area of 5 uyL of The peak area of 5 Carryover (%)

100 ng/mL IMQ uL of MeOH

241.3/185.3 3945000 + 1477853 915500 + 374059  27.0+19.3

Table 3-3 The peak area of IMQ product ion m/z 241.3/185.3 in 100 ng/mL of IMQ stock solution and
in repeated injections of the solvent blank (65:35 water: MeOH, v/v).

Injection sequence Peak area of IMQ product ion (m/z
241.3/185.3)

5 pL of 100 ng/mL IMQ 3948000

5 L of MeOH (15t injection) 47450

5 pL of MeOH (2 injection) 1664

5 pL of MeOH (3 injection) 744

5 pL of MeOH (4t injection) 812

5 uL of MeOH (5" injection) 361

5 pL of MeOH (6% injection) 479

5 pL of MeOH (7t injection) 436

5 pL of MeOH (8t injection) 547

5 pL of MeOH (9t injection) 206

5 pL of MeOH (10%injection) 137

Initially, we considered that the carryover of IMQ was a result of contamination in the
autosampler (such as injector needle and connection tubing). It meant the current
needle-wash solvent, 100 % MeOH, could not efficiently remove IMQ residues in the
autosampler. Therefore, we applied other needle-wash solvents to clean the
autosampler between each injection. It was shown that these needle-wash solvents
demonstrated certain positive impacts for minimising IMQ carryover compared to

100 % MeOH, but still could not fully avoid the carryover of IMQ (

Table 3-4). Based on the current results, the mixture of 50:50 MeOH/water was

selected as the needle-wash solvent.
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Table 3-4 The percentage of IMQ carryover using different needle wash solvents.

Needle 50:50 MeOH

50:50 MeOH 25:25:25:25 50:50 Formic
wash and water +

and water MeOH/ACN/IPA/Water acid/Water
solvent 0.1% formic acid
Carryover

13.4 19.7 23.1 24
(%)

ACN, acetonitrile; IPA, isopropanol alcohol

Then, we suspected that the carryover of IMQ was derived from the separation column
(C18 150 x 2 mm, 5 ym particle size, Gemini-LC-column, Phenomenex, US). This
meant that substantial amounts of IMQ were retained in the column and could not be
fully eluted. To evaluate this hypothesis, 5 yL of 100 ng/mL IMQ and 5 pL of
reconstitution solvent were consecutively injected into the mass spectrometry
bypassing the separation column. It was shown that no carryover was detected in the
absence of a column, suggesting the presence of IMQ residue in the column.

Finally, we aimed to adjust the elution method to minimize the carryover of IMQ. It
should be noted that no carryover of IMQ was previously detected using the gradient
method 1 (Section 2.8.2, Table 2-3) on the HPLC-UV system. Therefore, we applied
the same elution method to the LC-MS/MS system. As we expected, no carryover was
found. The result suggested that elution method 1 can be used for both the HPLC-UV

system and the LC-MS/MS system.
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3.4.3 Method validation for bioanalytical method of IMQ

3.4.3.1 Selectivity

The selectivity of bioanalytical methods using HPLC-UV or LC-MS/MS was
demonstrated as the absence of interference at the retention time of analytes and IS.
The chromatograms presented in Figure 3-6 and Figure 3- 7 illustrate the effective
selectivity of IMQ using HPLC-UV or LC-MS/MS bioanalytical methods, respectively.
Chromatograms suggest that IMQ was well separated from endogenous interferences

within the rat plasma.

101



(a) Rat plasma blank
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(b) Rat plasma spiked with IMQ at the concentration of 15 ng/mL.
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(C) Rat plasma spiked with IMQ at the concentration of 1,000 ng/mL.
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Figure 3-6 Representative HPLC-UV chromatograms of (a) rat plasma blank sample; (b) rat plasma
spiked with IMQ and IS at the concentration of 15 ng/mL, and 5,000 ng/mL, respectively; (c) rat plasma

spiked with IMQ and IS at the concentration of 1,000 ng/mL and 5,000 ng/mL. All chromatograms were
monitored at A = 319 nm.
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(a) Blank rat plasma
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Figure 3- 7 Representative LC-MS/MS extracted ion chromatograms of (a) blank rat plasma monitoring
at m/z 241.3/185.3; (b) rat plasma spiked with IMQ at the concentration of 1.25 ng/mL monitoring at
m/z 241.3/185.3. (c) rat plasma spiked with IMQ at the concentration of 100 ng/mL monitoring at m/z
241.3/ 185.3.
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3.4.3.2 Carryover

There was no carryover of IMQ observed when either the finalised HPLC-UV or LC-

MS/MS analytical method was used.

3.4.3.3 Sensitivity

The sensitivity of bioanalytical methods was determined by the lower limit of
guantification (LLOQ) of IMQ spiked into rat plasma samples. The LLOQ was
assessed for its relative error (RE) and relative standard deviation (RSD) < +20%
across intra-day and inter-day runs.

The LLOQ of the HPLC-UV bioanalytical method for the determination of the
concentrations of IMQ in plasma was only assessed for RE and RSD across intra-day
runs (n = 6) (Table 3-5). The result showed that the concentration of IMQ in rat plasma
can be determined as low as 15 ng/mL using the HPLC-UV bioanalytical assay.

The LLOQ of the LC-MS/MS bioanalytical method for determining the concentration
of IMQ in plasma was assessed for RE and RSD across both inter-day and intra-day
runs (Table 3-6). The result indicated that 1.25 ng/mL was the LLOQ of this
bioanalytical method. Additionally, the signal-to-noise ratio between IMQ at LLOQ

(1.25 ng/mL) and the blank matrix sample was more than five times (intensity response
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Loq) = 38800 + 2362 vs. intensity response (plank) = 6613 + 778, n = 6), which meets

the criteria in the FDA guidelines.

Table 3-5 The intra-day validation of LLOQ of IMQ using HPLC-UV.

Nominal Intra-day (n =6)

concentration Accuracy Precision
(ng/mL) (RE, %) (RSD, %)
15 13.8 6.4

Table 3-6 The intra-day and inter-day validation of LLOQ of IMQ using LC-MS/MS.

Nominal Intra-day (n =6) Inter-day (n =6)

concentration Accuracy Precision Accuracy Precision
(ng/mL) (RE, %) (RSD, %) (RE, %) (RSD, %)
1.25 6.3 4.6 9.7 2.5

3.4.3.4 Linearity and Accuracy

The correlation coefficient (r?) of IMQ calibration curves that were established using
the HPLC-UV method was greater than 0.99 (Table 3-7). The calculated
concentrations met the criteria of RE < £15% compared to nominal concentrations
(except LLOQ % < 20%).

Peak areas of IMQ and IS that were obtained using LC-MS/MS, and nominal
concentrations were uploaded into MultiQuant (version 3.0.3, USA) to generate a

calibration curve. It was shown that the r2 of the calibration curve was greater than
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0.99, and the RE of calculated concentration was < +15% compared to nominal

concentrations (excluding LLOQ, which met the criteria of < £20%) (Table 3-8).

Table 3-7 The results of validation for accuracy and linearity using the HPLC-UV method.

Nominal Calculated Accuracy Linear regression
concentration concentration (RE, %)

(ng/mL) (ng/mL)

15 18 19.3 Slope 0.00175
20 20 -0.7 Intercept -0.00958
30 30 11 r2 0.99916
50 45 -9.7

100 100 0.4

500 478 -4.3

1,000 918 -8.1

5,000 5104 2.1

Table 3-8 The results of validation for accuracy and linearity using the LC-MS/MS method (data
generated using MultiQuant (version 3.0.3).

Nominal Calculated Accuracy Linear regression
concentration concentration (RE, %)

(ng/mL) (ng/mL)

1.25 1.02 -18.4 Slope 0.00631
2.5 2.14 -14.4 Intercept 0.00468
5 5.08 1.6 r2 0.99671
8 7.79 -2.6

16 17.98 12.4

20 22.94 14.7

50 53.86 7.7

100 105.71 5.7

200 186.24 -6.9

3.4.3.5 Recovery

The absolute recoveries (mean + SD) of IMQ after sample preparation were 82.0
7.2 % and 94.8 + 8.8 % at the concentration of LLOQ and 100 ng/mL, respectively.
The recovery of the IS was 90.9 + 3.3 %. The high recovery of the analytes and IS in

this assay contributed to achieving good sensitivity.
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3.4.3.6 Dilution effect

The dilution effect was validated for the LC-MS/MS bioanalytical method for IMQ.

Table 3-9 shows the RE and RSD of the calculated concentrations compared to
nominal concentrations were less than 10 %. Results suggest that the dilution of
samples did not affect the accuracy and precision of the LC-MS/MS bioanalytical

method.

Table 3-9 The results of validation of dilution effects.

Nominal Calculated concentration (n = 3)
concentration Accuracy Precision
(ng/mL) (RE, %) (RSD, %)
4,000 4.5 6.8

200 7.3 2.6

3.4.3.7 Stability

The stability of IMQ in the short-term storage conditions (one week at -80 °C) and the
autosampler conditions (24 h at 4 °C) were accessed and are summarized in Table 3-

10. It was shown that IMQ was stable in these storage conditions.

Table 3-10 Stability results of IMQ in rat plasma at -80 °C for one week and IMQ in 65:35 water/MeOH
at 4 °C for 24 h.

Concentration  Short-term stability (-80 °C, one Autosampler stability (4 °C, 24 h) (n

(ng/mL) week) (n =6) =6)
Accuracy Precision Accuracy Precision
(RE, %) (RSD, %) (RE, %) (RSD, %)
1.25 3.7 1.2 2.9 3.3

100 12.0 3.1 13.2 1.8
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3.4.5 Validation of the bioanalytical methods for determination of prodrugs in

biological samples

3.4.5.1 Selectivity, sensitivity and linearity of the bioanalytical methods for the

determination of prodrugs

Figure 3-8 to Figure 8-15 indicate the good selectivity of the HPLC-UV bioanalytical
method for determining the concentration of prodrugs 1 — 8 in plasma samples. The
good selectivity of LC-MS/MS bioanalytical methods, which were used to determine
the concentration of prodrug 5 and prodrug 8 in plasma samples, is demonstrated in

Figure 3- 16 and Figure 3- 17.
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Figure 3-8 Representative chromatograms of HPLC-UV. (a) rat plasma blank sample at A = 319 nm
and (b) rat plasma spiked with prodrug 1 and IS at the concentration of 5 yM and 5,000 ng/mL,
respectively, at A = 319.
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Figure 3-9 Representative chromatograms of HPLC-UV. (a) rat plasma blank sample at A = 319 nm
and (b) rat plasma spiked with prodrug 2 and IS at the concentration of 10 uM and 5,000 ng/mL,
respectively, at A = 319.
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Figure 3-10 Representative chromatograms of HPLC-UV. (a) rat plasma blank sample at A = 319 nm
and (b) rat plasma spiked with prodrug 3 and IS at the concentration of 5 yM and 5,000 ng/mL,
respectively, at A = 319.
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Figure 3- 11 Representative chromatograms of HPLC-UV. (a) rat plasma blank sample at A = 319 nm
and (b) rat plasma spiked with prodrug 4 and IS at the concentration of 5 uM and 5,000 ng/mL,
respectively, at A = 319
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Figure 3- 12 Representative chromatograms of HPLC-UV. (a) rat plasma blank sample at A = 319 nm

and (b) rat plasma spiked with prodrug 5 and IS at the concentration of 5 yM and 5,000 ng/mL,
respectively, at A = 319.
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Figure 3- 13 Representative chromatograms of HPLC-UV. (a) rat plasma blank sample at A = 319 nm

and (b) rat plasma spiked with prodrug 6 and IS at the concentration of 5 uM and 5,000 ng/mL,
respectively, at A = 319.
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Figure 3-14 Representative chromatograms of HPLC-UV. (a) rat plasma blank sample at A = 319 nm

and (b) rat plasma spiked with prodrug 7 and IS at the concentration of 5 uM and 5,000 ng/mL,
respectively, at A = 319.
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Figure 3-15 Representative chromatograms of HPLC-UV. (a) rat plasma blank sample at A = 319 nm
and (b) rat plasma spiked with prodrug 8 and IS at the concentration of 5 uM and 5,000 ng/mL,
respectively, at A = 319.
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Figure 3- 16 Representative LC-MS/MS extracted ion chromatograms of (a) blank rat plasma
monitoring at the product ion of m/z 449.4/241.3 and (b) rat plasma spiked with prodrug 5 at the
concentration of 100 ng/mL, monitored at the product ion of m/z 449.2/241.3.
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Figure 3- 17 Representative LC-MS/MS extracted ion chromatograms of (a) blank rat plasma
monitoring at the product ion of m/z 503.5/241.3 and (b) rat plasma spiked with prodrug 8 at the
concentration of 100 ng/mL, monitored at the product ion of m/z 503.5/241.3.

The sensitivity, linearity and accuracy of the bioanalytical methods using HPLC-UV for
the determination of the concentrations of prodrugs 1-8 in rat plasma samples are
summarised in Table 3- 11 to Table 3- 18. The results show that 0.3 uM was the LLOQ
of these assays. The LLOQ), linearity and accuracy of the bioanalytical methods using

LC-MS/MS for determining the concentration of prodrugs 5 and 8 in rat plasma

113



samples were summarised in Table 3- 19 and Table 3- 20. The results show the LLOQ

of prodrugs 5 and 8 was 1.25 ng/mL using the LC-MS/MS.

Table 3- 11 The validation of LLOQ and linearity of prodrug 1 using HPLC-UV bioanalytical method.

Cor':lgglt?:tlion C%?\lt.:. ER (%) dezé%r)\) :(ir;ft)er— Linear Regression
(HM) (uM) '
10 9.9 1.1 \ Slope 0.439954
5 5.1 13 \ Intercept -0.06428
2.5 2.4 -4.3 \ 2 0.998695
2 2.0 -0.3 \
1 0.9 -10.7 \
0.5 0.6 18.0 \
0.3 0.4 222 8.7

Table 3- 12 The validation of LLOQ and linearity of prodrug 2 using the HPLC-UV bioanalytical
method.

Cor':lgglt?:tlion C%ilé. ER (%) dezf/;) =(ir;ft)er— Linear Regression
(UM) (UM) ’
10 10.9 10.9 \ Slope 0.344528
5 5.0 5.0 \ 0.039727
2.5 2.4 2.4 \ 0.998047
2 2.2 2.2 \
1 1.0 1.0 \
0.5 0.4 0.4 \
0.3 0.3 0.3 _
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Table 3- 13 The validation of LLOQ and linearity of prodrug 3 using HPLC-UV bioanalytical method.

Nominall Cal. Conc. . RSD (%) . .
Concentration (M) ER (%) (inter-day, n = Linear Regression
(MM) 4)
10 9.3 7.1 \ Slope 0.180251
5 7.6 8.3 \ Intercept 0.03868
2.5 5.7 14.2 \ r2 0.991292
2 2.4 4.1 \
1 0.8 -17.0 \
0.5 0.5 7.1 \
0.3 0.4 18.7 2.2

Table 3- 14 The validation of LLOQ and linearity of prodrug 4 using the HPLC-UV bioanalytical
method.

Nominal Cal. o (i
Concentration Conc. ER (%) dezé /(r? =(|r;ft)er— Linear Regression
(HM) (M) ’
10 10.7 7.1 \ Slope 0.304874
5 5.0 1.0 \ Intercept -0.02937
2.5 2.4 -6.0 \ r2 0.998939
1 1.0 -2.7 \
0.5 0.5 2.0 \

0.3 0.3 16.2 9.6
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Table 3- 15 The validation of LLOQ and linearity of prodrug 5 using HPLC-UV bioanalytical method.

Cor':lgglt?:tlion C%?\lt.:. ER (%) dezé%r)\) :(ir;ft)er— Linear Regression
(HM) (M) '
10 9.8 -1.7 \ Slope 2.376726
7 7.4 6.3 \ Intercept -0.27596
5 4.8 -4.1 \ r2 0.998129
2.5 2.3 -7.8 \
1 1.0 0.6 \
0.5 0.5 9.3 \
0.3 0.4 22.2 99

Table 3- 16 The validation of LLOQ and linearity of prodrug 6 using HPLC-UV bioanalytical method.

Cosgglt?:tlion C%ilé. ER (%) dezf%r? :(ir;ft)er— Linear Regression
(M) (LM) ’
10 9.8 -15 \ Slope 0.254421
5 5.3 5.6 \ Intercept 0.04471
2.5 2.4 -4.9 \ r2 0.999079
2 1.9 -0.8 \
1 1.0 0.5 \
0.5 0.4 -15.2 \
0.3 0.2 -20.3 11.1
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Table 3- 17 The validation of LLOQ and linearity of prodrug 7 using HPLC-UV bioanalytical method.

Nominal Cal. o (i
Concentration Conc. ER (%) dez; Ar)]) :('T)er' Linear Regression

(HM) (LM) '
10 10.5 5.2 \ Slope 0.095547
5 4.2 -16.3 \ Intercept -0.00428
2 2.1 6.2 \ r2 0.987066
0.5 0.6 16.5 \

0.3 0.2 -28.0 .

Table 3- 18 The validation of LLOQ and linearity of prodrug 8 using the HPLC-UV bioanalytical

method.
Corl\llt(:)é?lltrr]:tlion CCO?II(.). ER (%) dezf%r’]) :(ir;t)er- Linear Regression

(HM) (HM) '
10 10.2 1.8 Slope 0.251304
5 5.1 2.3 \ Intercept -0.02023
2.5 2.0 -19.5 \ r2 0.988817
2 2.3 15.3 \
1 1.0 0.0 \

0.5 0.5 4.4 \

0.3 0.3 14.5
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Table 3- 19 The validation of LLOQ and linearity of prodrug 5 using the LC-MS/MS bioanalytical
method.

Nominal Calculated Accuracy RSD (%) (inter- Linear regression
concentration concentration (RE, %) day, n = 6)

(ng/mL) (ng/mL)

1.25 1.41 12.8 16.1 Slope 0.00280
25 3.49 39.6 \ Intercept  0.00497
5 5.54 10.8 \ R? 0.99473

8 6.88 -14.0 T
16 14.46 -9.6 T
20 18.05 -9.8 T
50 50.57 1.1 T
100 107.47 7.5 T
200 206.85 3.4 T

Table 3- 20 The validation of LLOQ and linearity of prodrug 8 using the LC-MS/MS bioanalytical
method.

Nominal Calculated Accuracy  RSD (%) (inter- Linear regression
concentration concentration (RE, %) day, n = 6)

(ng/mL) (ng/mL)

1.25 1.22 -2.4 2.26 Slope 0.00693
2.5 2.34 -6.4 \ Intercept 0.00689
5 4.69 -6.2 \ R? 0.99613

8 8.89 11125 T —
16 16.32 2.0 T
20 19.11 -4.45 T
50 49.49 -1.02 T
100 112.89 12.89 T
200 187.56 -6.22 e

3.4.5.2 Stability of prodrugs in storage conditions

In the pharmacokinetic and biodistribution studies of prodrugs 5 and 8 (Chapter 5),
plasma collected from animals was stored in Eppendorf tubes that were pre-spiked
with NaF (final concentration 10 mg/mL) and EDTA (1% 1.5 M) and stored on ice. The
addition of NaF aimed to prevent the enzymatic hydrolysis of prodrugs in the plasma
[192]. Figure 3- 18 shows that prodrugs 5 and 8 were stable in the rat plasma with the
presence of NaF and EDTA. In addition, no IMQ that could be released from prodrugs

was observed.
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Figure 3- 18 Stability of prodrug 5 and prodrug 8 in stabilised plasma (containing NaF at 10 mg/mL) on
ice.

On the day of bioanalysis, plasma samples that contained prodrugs 5 or 8 were
processed for LC-MS/MS analysis. After the sample preparation, prodrugs were
reconstituted in 65:35 water/MeOH and stored in the autosampler (4 °C) until being
injected (within 24 h) into LC-MS/MS. Therefore, the stability of prodrugs in the
reconstituted solvent in the autosampler was also assessed. Table 3-21 shows that

prodrugs 5 and 8 were stable in the autosampler.

Table 3-21 Stability results of prodrugs 5 and 8 in autosampler.

Compound Concentration  Autosampler stability (4 °C, 24 h)
(ng/mL) (n=16)
Accuracy Precision
(RE, %) (RSD, %)
Prodrug 5 1.25 17.4 10.8

Prodrug 8 1.25 6.8 14.2
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3.5 Discussion

To date, a number of analytical methods for the determination the concentration of
imiquimod (IMQ) in non-biological samples [212-214] and biological samples
[216,217] using HPLC-UV [140,216,218,219] or LC-MS/MS [220-222] have been
developed. However, to the best of our understanding, no bioanalytical methods
have been generated and validated for the determination of the concentrations of
IMQ in the rat plasma samples. A robust, convenient and sensitive bioanalytical
method is a cornerstone for pharmacokinetic (PK) and biodistribution (BD) studies.
Therefore, in this chapter, we aimed to establish a bioanalytical method for IMQ,
which can be used for the continuous PK and BD studies in Chapter 4 and Chapter

5.

3.5.1 Bioanalytical method for the determination of IMQ using HPLC-UV

The development of the analytical method for IMQ was initiated with an HPLC-UV
system. Figure 3-2 A shows that at a wavelength of 226 nm, IMQ has the highest UV
absorbance, resulting in a higher sensitivity of detection compared to other
wavelengths. This result was consistent with the previously reported HPLC-UV
analytical method of IMQ [214]. However, in the previous analytical methods, only a
relatively clean non-biological matrix was involved [212-214]. In biological matrices,
such as plasma, there are substantial amounts of nucleotides and nucleosides, which
also have large UV absorbance at wavelengths of 220 to 240 nm [216]. Therefore, in
the current method, a wavelength of 319 nm was selected to monitor the
chromatography of IMQ, avoiding the interference of the endogenous substances.

Figure 3-2 B shows that the hydrophilicity of IMQ was increased with the decrease of
pH, suggesting that the drug molecules will be ionised in an acidic environment. During
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preliminary studies, both acidic (10 mM ammonium formate, pH = 3) and alkaline (10
mM ammonium acetate, pH = 10) buffers were tested to select the best pH range of
this method. Results showed that the peak of IMQ was symmetric and without tailing
when either acidic or alkaline buffer was used as the mobile phase (Figure 3-3).
However, the retention time of IMQ using the alkaline buffer (25.6 min) was
significantly longer than it was using the acidic buffer (5.1 min), suggesting the pH
conditions dramatically influence the elution of IMQ. As a result, the acidic pH was
selected to promote a fast elution of IMQ without tailing.

It should be noted that this bioanalytical assay was developed for in vivo studies. It
means that the health and safety of animals (e.g. the maximum blood volume that can
be safely sampled from rats) should be carefully considered when deciding the volume
of matrix used in the assay. During the initial experiment, we aimed to use a higher
volume of plasma to improve the LLOQ of this assay. Results showed that no
endogenous interference was observed with 100 pyL or 120 pL of plasma in
comparison to 150 L of plasma, where a clear interference was noticed (Figure 3-4).
Therefore, 120 uL of plasma was selected as a sample volume for this current method.
The validation of selectivity showed that IMQ was well-separated from endogenous
interference in rat plasma, indicating minimum matrix effect and absence of carryover
(Figure 3-6). Moreover, this current HPLC-UV method also demonstrated good
linearity and accuracy across intra-day runs (Table 3-7). Most importantly, this assay
was validated for the quantification of IMQ in the plasma at a concentration range of
15 — 5,000 ng/mL (Table 3-5), which is more sensitive than most previously reported
methods [215,216,219]. Soria et al. previously reported an analytical method for

determining the concentration of IMQ in human plasma with an LLOQ at 1 ng/mL [140].
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However, in their assay, 1 mL of serum (a.k.a around 2 mL of blood) was used to

achieve this sensitivity, which is not realistic to be used for studies in rodents.

3.5.2 Bioanalytical method of IMQ using LC-MS/MS

In section 3.5.1, an HPLC-UV bioanalytical method for the determination of IMQ in rat
plasma with an LLOQ at 15 ng/mL was developed. However, it was reported that the
absolute oral bioavailability of IMQ in rodents is zero [140]. This suggested that a more
sensitive bioanalytical method was required to complete the pharmacokinetics (PK) of
the drug in rats. Therefore, tandem mass spectrometry (MS/MS) was introduced to

improve the sensitivity of the current method.

Different from the UV detector, the MS/MS can selectively monitor only the product
ions of analytes. It allows for the flexibility to shorten the total run time without
concerns about the overlap between the peak of IMQ and peaks of potential
interferences. Therefore, in the initial experiments, an empirical LC gradient method
(Table 3-1) was used for the elution of IMQ. However, it was found that a substantial

amount of IMQ remained in the column using this empirical elution method (

Table 3-4). Other elution methods, such as an isocratic elution method using a 50:50
MeOH/ buffer (10 mM ammonium formate, pH = 3), have been tested to avoid the
carryover of IMQ. Unfortunately, none of these attempts diminished the carryover of
IMQ. As a result, the same elution method designed for the HPLC-UV bioanalytical
assay was applied to the LC-MS/MS system, resulting in a minimum matrix effect

and absence of carryover (Figure 3- 7).

The validation of sensitivity and linearity showed that this current LC-MS/MS method
can accurately and precisely quantify IMQ in rat plasma at concentrations range of

1.25-200 ng/mL (Table 3-6 and Table 3-8). Most importantly, the LLOQ of this assay
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(1.25 ng/mL) was more sensitive in comparison to our HPLC-UV method (LLOQ = 15
ng/mL) and previously reported LC-MS/MS method (LLOQ = 10 ng/mL) [220].
Additionally, the previously reported method requires processing biological samples
with a strong cation exchange solid phase extraction to avoid endogenous
interferences and improve recovery. In our assay, IMQ was efficiently and rapidly

extracted using methyl tert-butyl ether with a recovery of over 85 % [220].

Previously, Kim et al. developed an LC-MS/MS analytical method for the determination
of IMQ at a range of 780 — 50,000 ng/mL in non-biological samples [219]. However,
we noticed that the linearity of calibration curves generated using our mass
spectrometry system (AB Sciex APl Qtrap4000) significantly decreased when the
concentration was above 200 ng/mL. Therefore, for samples with an IMQ
concentration exceeding 200 ng/mL, a 20-fold dilution with plasma was applied. Table
3-9 shows that the dilution of the sample did not affect the accuracy and precision of
the bioanalysis, suggesting the range of detection was extended from 1.25 — 200

ng/mL to 1.25 — 4,000 ng/mL with dilution.

The current assay takes 40 minutes for each run. This suggests that samples need to
be stored at -80 °C or autosampler for days before bioanalysis. Table 3-10 indicate
IMQ has excellent stability in storage conditions. This result is consistent with a
previous report that degradation of IMQ was not observed in most storage conditions
but was only found in the presence of strong oxidants [215]. As a result, the good
stability of IMQ indicates the feasibility of using this current LC-MS/MS assay for

bioanalysis in preclinical studies.
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3.5.3 Bioanalytical method for prodrugs

Due to the fast elution of IMQ in the first 10 min, the bioanalytic method of IMQ can be
easily adjusted for bioanalysis of prodrugs. Results showed that with an extension of
the gradient method, peaks of prodrugs can be well-separated from endogenous
interference (Figure 3-8 to Figure 8-15). As a result, these bioanalytical methods can

determine the concentrations of IMQ and its prodrugs within the same run.

The validation of sensitivity and linearity showed that bioanalytical methods described
in section 2.8.2.1 and section 2.8.3 could be used to determine the concentrations
of the prodrugs 1-8 at the range of 0.3 — 10 uM using the HPLC-UV system (Table 3-
11 to Table 3- 18). The LLOQ of these assays (0.3 pM) was sensitive enough to

complete the in vitro and ex vivo experiments for prodrugs in Chapter 5.

Additionally, the LLOQ of the analytical methods for prodrugs 5 and 8 was improved
using the LC-MS/MS system to 1.25 ng/mL, allowing the application of this assay for

in vivo studies.

To accurately describe the PK parameters of prodrugs 5 and 8 following intravenous
bolus or oral administration, it was important to develop suitable storage conditions for
samples that contain prodrugs. These conditions were expected to prevent the
degradation of the prodrugs and the release of the parent drug in rat plasma or
reconstitution solvent. Fluoride is a strong inhibitor of esterase, lipase and amide
hydrolase [223-225]. In previous studies, sodium fluoride (NaF) was added to human
or rat plasma to prevent the hydrolysis of unstable compounds [226]. Results showed
that NaF could also prevent the hydrolysis of prodrugs 5 and 8 in rat plasma (Figure
3- 18). Therefore, in the PK and BD study for prodrugs, sample collection tubes were

pre-spiked with NaF (10 mg/mL) to prevent the hydrolysis of prodrugs. Additionally, it
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was found that prodrugs 5 and 8 were also stable in reconstitution solvent in
autosampler, suggesting that the current LC-MS/MS bioanalytical method for prodrugs

5 and 8 can also be used for the preclinical research in Chapter 5.

3.6 Conclusion

In this chapter, two bioanalytical methods for the determination of the concentration of
IMQ in rat plasma were developed. The two methods reported in this work have been
partially validated with good selectivity, sensitivity, linearity and accuracy. The HPLC-
UV method with an LLOQ at 20 ng/mL is technically simple to perform and can be
reliably used in most in vitro or ex vivo studies involving the quantification of IMQ. In
addition, a more sensitive bioanalytical method for IMQ using LC-MS/MS was also
developed in this work. With the tandem mass spectrometry detector, the
concentration of IMQ in the plasma as low as 1.25 ng/mL can be accurately quantified.
Therefore, this method can be used in the preclinical pharmacokinetic and

biodistribution studies of IMQ.
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Chapter 4 Pharmacokinetics and biodistribution of imiquimod in rats

4.1 Introduction

Dendritic cells (DCs), being one of the most potent antigen-presenting cells, can
activate the immune system against tumours via cross-presenting tumour-related
antigens (TAAs) on the MHC Il to other lymphocytes, such as naive T cells
[111,119,122]. The ability of DCs to present TAAs is dependent on the maturation of
the cell. In colorectal cancer (CRC) patients, the maturation of DCs is downregulated
by tumour cells in both solid tumours and lymph nodes that drain lymph from the
tumour regions. As a result, the polarisation of naive T cells to cytotoxic T cellsand T
helper cells is diminished, limiting the anti-cancer immune response [93,120]. The
programmed cell death protein and programmed death ligands (PD-1/PD-L1) and
cytotoxic T-lymphocytes antigen 4 (CTLA-4) are well-known checkpoint inhibitors. It
was reported that a low therapeutic response was found in cancer patients who
received only immune checkpoint inhibitors without immune adjuvants [79]. The low
therapeutic effects of checkpoint inhibitors may be attributed to immune suppression
by tumour cells, suggesting the addition of immune activators to cancer treatment is

necessary.

Imigquimod (IMQ) is a small molecule of toll-like receptor 7 (TLR7) agonist. Its ability to
stimulate immature dendritic cells (DCs) to transition into mature DCs is a critical factor
in its therapeutic potential as an anti-cancer immunomodulator [131,141,207,227]. In
a phase 1 clinical trial, IMQ was found to stimulate a detectable level of
immunostimulatory cytokines following the oral administration of the drug. However,
no therapeutic effects of IMQ were observed in cancer patients. Additionally, dose-

dependent adverse effects, such as flu-like symptoms, of IMQ were reported [133,139].
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These results could potentially suggest that IMQ was not specifically delivered into
targeted areas, such as lymph nodes which are enriched in immature dendritic cells

and lymphocytes [154,228].

To the best of our understanding, the reported pharmacokinetics (PK) data of IMQ are
limited, especially in rodent models. Previously, several studies have investigated
advanced delivery platforms for IMQ using nanoparticles and liposomes through a
parenteral injection [201,208—-211,229-232]. However, none of them described the PK
parameters of IMQ when free drug molecules (a.k.a. without nanoparticles) were
administered to animals via intravenous injection or oral administration. It may be
related to the poor solubility of IMQ in commonly used formulation vehicles, resulting
in difficulties in developing a safe injectable formulation for IMQ [233]. It should be
noted that the PK profile following the IV administration of free drug molecules is
generally considered the best way to describe the fundamental PK parameters of an
API, providing a direct measurement of drug distribution, metabolism and elimination

without the complexity introduced by formulations of the drug.

TMX-101 is an injectable formulation developed by Falke et al. [137]. The composition
of TMX-101 has not been reported, and unfortunately, TMX-101 is not commercially
available. Previously, IMQ was dissolved in 0.1 N HCI for subcutaneous injection into
humans [140]. However, due to the acidic pH of 0.1 N HCI, this formulation is
unsuitable for administering to rodents via an intravenous (IV) bolus administration.
Yan et al. have developed a solution that contains 10 % DMSO for IMQ IV formulation.
The authors did not mention any observed side effects of this formulation; however,
we were concerned about the safety of this formulation since it contains such a high
percentage of DMSO. Therefore, in this chapter, we first aimed to develop a safer

formulation for IMQ that would allow us to generate the PK parameters of the drug in
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rats. Then, the PK parameters of IMQ were calculated following IV and oral

administration of the drug.

A few studies have been done for the targeted delivery of IMQ to lymph nodes (LNSs)
[201,208-211,229-232]. However, none of them reported the distribution of IMQ into
the intestinal LNs, such as mesenteric lymph nodes (MLNs) and iliac lymph nodes
(ILNs). MLNs and ILNs drain lymph from the colorectal and retroperitoneal regions
and are primary reservoirs of DCs and lymphocytes (Figure 1-1, Chapter 1),
suggesting they are important targets for IMQ [27,153,234]. It was previously shown
that small molecules can be delivered into intestinal LNs following oral administration
[190-192]. Therefore, in this chapter, the intestinal lymphatic absorption of IMQ and
biodistribution of the drug in the intestinal LNs following oral administration were
assessed. Additionally, the data generated in this chapter was used as a

control/comparison group for IMQ prodrugs reported in Chapter 5.

4.2 Experimental design

The in silico and in vitro assessment of IMQ affinity to CMs were performed as
described in Sections 2.2, 2.4 and Sections 2.6. Samples generated in these
sections were processed for bioanalysis using a validated HPLC-UV bioanalytical
method reported in Chapter 3. Studies of IMQ were conducted as described in
sections 2.7.3 and 2.7.4 using the formulation developed in Section 2.7.1.1. In vivo
samples were analysed using a validated LC-MS/MS bioanalytical method, as

described in Chapter 3. The scheme of work is shown in Figure 4-1.
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Figure 4-1 Schematic diagram of experimental design for generating pharmacokinetic profiles of IMQ.

4.3 Results

4.3.1 Physicochemical properties, predicted affinity to CMs and association with

artificial CMs of IMQ

The physicochemical properties of IMQ were calculated using ACD/I-Lab and inputted
into a previously reported in silico model to predict the affinity of IMQ to CMs (Table
4-1) [182]. It showed that IMQ is a moderately lipophilic compound (Log P = 3.46) and
is not ionised in the plasma (Log P — Log Dz.4 = 0). The affinity of IMQ to artificial CMs
was also assessed to confirm the in silico result following a previous protocol (Table
4-1) [181]. Both in silico and in vitro results showed that IMQ has a very limited affinity
to CMs. Moreover, the triglyceride solubility of IMQ was 7.4 £ 1.0 uyg/mL measuring
with olive oil. These results strongly suggest a meagre chance of IMQ being absorbed
into intestinal lymphatic systems following oral administration by the mechanism of

association with CMs.
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Table 4-1 The physicochemical properties and the CMs affinity of IMQ.

Teste H- Mola H- Predicte  Associat
d LogD Log Log P - PS Acceptor FR Dens r Donor dCM ion with
comp 7.4¢ pe Log D Aac o Bbc ity© Volu s associati  artificial
ound mes on (%) CM (%)
IMQ 3.46 364 0 8?'1 7 19 1.28 1%7' 1 1.81 <1.78

a Polar surface area; P Free rotatable bond;
¢ Calculated by ACD/I-lab

d The artificial CMs association was determined by the LLOQ of the IMQ analytical method (15 ng/mL) using
the HPLC-UV analytical method reported in Chapter 3.

4.3.2 Development of a safety formulation for imiquimod animal study

The solubilisation of 8 mg of IMQ powder in 1 mL of tested formulation vehicles was

assessed and listed in
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Table 4- 2. Complete dissolution was assessed by the absence of drug powder in the
tested vehicles, following the determination of the IMQ concentration in the vehicles

using the HPLC-UV bioanalytical method as described in Section 2.7.1.1.

It was found that commonly used formulation vehicles, including water, normal saline,
ethanol, propylene glycol (PG), and polyethene glycol 200 (PEG 200), are inadequate
for preparing an oral formulation of IMQ at a concentration of 8 mg/mL. The calculated
pKa of IMQ (7.3) indicates that it is a weak base, suggesting that the solubility of IMQ
may be increased in acidic formulation. Herein, 0.05 N HCI solution was selected as

the most appropriate formulation vehicle for the IMQ oral formulation.
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Table 4- 2 The results of the solubilisation of IMQ in tested formulation vehicles and the pH of the
formulation.

Tested Sterilised ~ Normal Ethanol/water pGa PEG 01N 005 0.025N
formulation water Saline (20:80, viv) 200 HCI NHCI HCI
Dissolved
(YIN)e N N N N N Y Y N
pH 5.6 5.6 N/Ad 10.2 5.7 1.2 1.8 21

apropylene glycol glycol;

b polyethylene glycol 200;

¢ The dissolution test of IMQ was performed by dissolving 8 mg of IMQ powders into 1 mL of tested
vehicles and stirring for up to 24 h in a 37°C water bath. The dissolution was identified as the absence
of drug powders in tested vehicles following HPLC-UV analysis of the concentration of IMQ in
dissolved solution.

dN/A did not measure

For developing an intravenous (V) formulation of IMQ at a concentration of 0.8
mg/mL, solubilisation experiments were repeated and mirrored those procedures
performed for the development of the oral formulation. Apart from the HCI solution,
the solubilities of IMQ in tested vehicles were lower than 0.8 mg/mL. Apparently, due
to the low pH of the HCI solution (< 2.5), it was unsuitable for IV administration.
Alternatively, we decided to prepare the IMQ IV formulation via a 10-fold dilution of
the IMQ oral formulation (8 mg/mL in 0.05 N HCI) with water, PG, or a water-PG
mixture, followed by adjusting its pH to a safe range (6 - 8). As a result, it was found
that diluting the oral formulation with an 80:20 water/PG (v/v) mixture and adjusting
the pH to 6 - 6.5 with a small amount of 4 N NaOH (less than 5 pL) was the current

optimal approach.

4.3.3 Pharmacokinetics of IMQ in rats

The pharmacokinetic profiles of IMQ in plasma were generated following IV bolus
administration and oral (PO) administration (without or with the presence of lipids) in
rats (Figure 4-2). In Figure 4-2 panel (A), the concentration-time profile after IV bolus
administration is plotted at a semi-logarithmic scale (log concentration vs. linear time).
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This approach effectively represents a wide range of drug concentrations, particularly
in IV bolus administration. This is because the concentration of IMQ was initially very
high but decreased to very low levels in the later phase following the IV bolus
administration of the drug. The semi-logarithmic scale provides a clear visualisation of
the first-order elimination kinetics of IMQ. Similarly, the concentration-time profile
following oral administration is plotted at a semi-logarithmic scale in panel (B) to

maintain consistency in data presentation across both panels.

Pharmacokinetic parameters derived from plasma concentration-time profiles are

summarised in Table 4- 3.

IV :administraion of IMQ PO administraion of IMQ
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Figure 4-2 Plasma concentration-time profile in rats following administration of IMQ (mean + SD).
Panel (A) shows IV bolus of IMQ (0.8 mg/Kg, n=4); Panel (B) shows Oral administration of IMQ (8
mg/Kg) in lipid-free formulation (n=6) and with lipids (n=5).

The concentration of IMQ was lower than LLOQ (1.25 ng/mL) at 360 mins following
the IV bolus administration of IMQ (Figure 4-2 A). Following IV administration, a
relatively short half-life of IMQ (0.73 £ 0.05 mins) was found. Interestingly, although
the calculated Log P of IMQ is moderate (Log P = 3.46), the volume of distribution (Vss)

of IMQ after IV administration was very high (3376.3 + 1842.0 mL/Kg) (Table 4- 3).
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Table 4- 3 Pharmacokinetic parameters of IMQ following IV administration of IMQ (0.8 mg/Kg, n=4)
and oral administration of IMQ (8 mg/Kg)) with lipid (n=5) and without lipid (n=6) (mean *
SD).Parameters were calculated with a non-compartmental approach.

Compound dose Imiquimod
Route of administration v PO PO
(lipid-free) (lipid-based)
AUCo.inf (h-ng/mL) 203.2+£95.4
AUCo-1ast (h-ng/mL) 200.7 £ 96.0 168.3 + 90.0 136.3£85.3
Co or Cmax (ng/mL) 274.9+60.9 26.7 £ 14.6 17.1+10.9
CL (mL/h/kg) 4468.5 + 1569.8 - -
Vss (mL/kg) 3376.3 £1842.0 - -
ti2 (h) 0.73+£0.05 - -
Tmax (h) - 0.5-28 2-28
Foral (%) - 8.3 £4.5" 6.7+ 4.2"

AUCo-inf area under the curve from time zero to infinity; AUCo-ast area under the curve from time
zero to the last observed time point (0 — 300 min for IV bolus administration of IMQ; 0 — 28 h for
PO administration of IMQ); Cmax, maximum observed concentration; Co, concentration
extrapolated to time zero; CL, clearance; Vss, volume of distribution at steady state; ti2, half-life;
Foral, absolute oral bioavailability.

The absolute oral bioavailability was calculated with the AUCiast of IMQ IV bolus.

An unpaired two-tailed t-test was used to compare the Forai 0f IMQ between lipid-based and lipid-
free groups.

In addition to data analysis with the non-compartmental PK approach, the volume of
distribution of IMQ following IV administration was also calculated using two-, -

compartmental PK models.
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Table 4-4 shows that the distribution volume in the central compartment (V1) for IMQ

was very high.

Table 4-4 Two-compartment analysis of the volume of distribution of IMQ, prodrug5 and prodrug 8.

Compound dose IMQ
Administration v
route
(n=4)
AUCo-inf (h-ng/mL) 192.8 + 83.79
CL (mL/h/kg) 4646.0 + 1562.4
V1 (mL/kg) 2228.4 + 1472.2
V2 (mL/kg) 1448.5 + 594.7
Vss (ML/kg) 3676.9 + 1936.4
tuz (h) 0.9+0.1

AUCo.int, the area under the curve from time zero to infinity; CL, clearance; Vi. volume of
distribution in compartment 1; V2, volume of distribution in compartment 2; Vss, volume of

distribution at steady state; Tmax maximum concentration; ti2, elimination half-life in 3
phase .

In the preliminary study of IMQ oral administration groups (n = 7, using lipid-free
formulation), no IMQ was detected at 36 hours. Therefore, in the full-scale PK study,

the last sampling time point was 28 hours. The plasma concentration-time profiles of
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IMQ following oral administration indicated that the oral absorption of IMQ is prolonged
and erratic (Figure 4-2 B), resulting in the difficulty of identifying Tmax clearly (Table 4-
3). In addition, the oral absorption varied significantly among rats, resulting in
substantial differences in IMQ concentrations. In some rats, IMQ concentrations were
undetectable after 20 hours, while in others, they remained notably high. Considering
the 3Rs (replacement, reduction, and refinement) principle in designing animal studies,
we decided not to escalate the sample size to mitigate data variability or add extra
sampling points between 28 and 36 hours. As a result, the elimination phase of IMQ
following oral administration was not displayed in this study. The Fora of IMQ was
limited (< 10 %), and there is no difference found between the Foral Of the IMQ lipid-
free group and the Fora Of the IMQ lipid-based group, suggesting that the presence of

lipids did not facilitate the oral absorption of IMQ.

4.3.3 Biodistribution of IMQ following oral administration of IMQ in rats

The biodistribution (BD) of IMQ at apparent Tmax points (1.5, 2, 6 and 28 h) following

oral administration of unmodified IMQ with lipids is presented in Figure 4-3.

It should be noted that in this figure, the concentration of IMQ in plasma, serum, lymph
fluid, and whole blood is shown in ng/mL, whereas the concentration of IMQ in tissues
is reported in ng/g. We were aware that the statistical analysis in this figure involves
comparing values with different units. However, previous reports indicated that the
density of rat plasma, serum or lymph fluid is less than 1.006 g/mL, while the density
of whole blood is approximately 1.056 g/mL [235-237]. Therefore, the concentrations
of IMQ in the examined biofluids expressed as ng/mL can be approximately equated

to ng/g, allowing for direct comparison in the statistical analysis. Additionally, the
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concentrations of IMQ in the examined biofluids are presented as ng/g in the

Appendix (Figure Appx.-1).

There was no statistical difference in the concentration of IMQ in plasma, serum and
whole blood at 2 h and 28 h, suggesting a low intracellular distribution of IMQ in blood

cells (Figure 4-3 B and D)

The distribution of IMQ into the high blood-perfused tissue (spleen, liver, kidney) and
into the less well-perfused tissue (skeleton muscle and brain) was determined. It
should be noted that the brain was initially separated into right and left hemispheres
for analysis. However, there was no difference in the concentration of IMQ between
the right and left brains. Therefore, only the concentration of IMQ in the whole brain is

shown in Figure 4-3.

The concentrations of IMQ in all analysed tissue samples were highly variable. The
average concentration of IMQ in the main organs (liver, kidney, spleen, and brain) at
early time points (1.5 h to 2 h) was 6- to 9-fold higher than the average concentration
of IMQ in plasma, suggesting that IMQ rapidly distributes into non-targeted regions

following oral administration of the drug.
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Figure 4-3 The biodistribution of IMQ following oral administration of IMQ (8 mg/kg) with lipids at local
Tmax 1.5 h, 2 h, 6 h and 28 h (mean + SD, n = 4 to 6). MLN, mesenteric lymph node; ILNs, iliac lymph
nodes; CLNSs, cervical lymph nodes; IGLNs, inguinal lymph nodes. An unpaired t-test was used for the
comparison of IMQ concentration in plasma and other samples. One-way ANOVA followed by
Turkey's comparison was used to compare the concentration of IMQ in the plasma, serum and whole
blood at 2 h and 28 h. *, p <.05; **,p < .01. n/a: Samples were not collected.

Interestingly, although IMQ showed poor affinity to CM, the average concentrations of
IMQ in mesenteric lymph nodes (MLNs) were 3.9-, 3.9-, 4.9- and 12-fold higher than
the concentration of IMQ in plasma at 1.5 h, 2 h, 6 h and 28 h, respectively. Similarly,
the average concentrations of IMQ in iliac lymph nodes (ILNs) were 4.5-, 4.7-, 3.1-
and 3.0-fold higher than plasma at 1.5 h, 2 h, 6 h and 28 h, respectively. However,
there is no statistical difference between the concentration of IMQ in the mesenteric

lymph fluid and plasma.
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The concentration of IMQ in the gastrointestinal (Gl) tract was also assessed to
understand the potential absorption window of IMQ in the GI tracts. After oral
administration of IMQ, intestine contents (including both solids and liquid) were
collected at 2 h and 28 h from small intestines (ilium and jejunum), large intestines
(cecum and colon) and distal rectum (Figure 4- 4). It was shown that IMQ mainly
remained in the small intestinal contents at 2 h. There was still a large amount of IMQ
remaining within the intestinal lumen at 28 h.
1 Small intestinal contents

[0 Large intestinal contents

10000
* %k %k @ Rectum contents

1000q % xx* 1

ol |
TP

Figure 4- 4 The concentration of IMQ in small intestinal contents, large intestinal contents and rectal
faeces at 2 h and 28 h following oral administration of IMQ (8 mg/kg) with lipids (n = 4). *** p < .001.
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4.4 Discussion

Imiquimod is a small-molecule of toll-like receptor 7 (TLR7) agonist. It is the first TLR
agonist on the market as an immunomodulator for anti-cancer treatment. Previously,
there were a large number of studies that have investigated the targeted delivery of
IMQ to cancer-related regions [201,208-211,229-232]. However, none of them
reported the details of the pharmacokinetic (PK) profiles of IMQ, as well as the
distribution of the drug into intestinal lymph nodes, which are the primary targets for

colorectal cancer. Therefore, in this work, we first described the PK parameters of IMQ
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following IV and oral administration and the biodistribution of the drug into LNs and

other tissues or organs.

4.4.1 Development of formulations for IMQ oral and intravenous administration

Imiguimod (IMQ) is a class IV molecule in the biopharmaceutical classification system,
indicating its limited solubility in the Gl tract and poor permeability across the intestinal
epithelial cells when it is orally administered [238]. In general, a drug molecule with
good oral bioavailability is correlated to its good solubility in the gastrointestinal (Gl)
tract [239,240]. This is because, in most cases, free drug molecules can be absorbed
into epithelial cells and eventually enter the systemic circulation. By contrast, insoluble
drugs stay as solid particles in the Gl tracts, limiting their oral absorption. Previously,
it was reported that IMQ has limited solubility in most commonly used solvents, such
as water, ethanol and DMSO [233]. Therefore, developing an oral formulation that

facilitates the solubility of IMQ is crucial for the application of IMQ in preclinical studies.

The oral dose of IMQ used in this study is 8 mg/kg, which was translated by allometric
scaling from a previously reported clinical trial [140]. To minimise the volume of
formulation administered to animals via oral gavage, the concentration of this
formulation was designed to be at a concentration of 8 mg/mL. The solubility of IMQ
in tested formulation vehicles suggested that its solubility increased when the pH of

the formulation vehicles decreased (
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Table 4- 2), aligning with previous findings [230,233]. Although hydrochloric acid is
rarely used as a formulation vehicle for oral administration, the safety of HCl as an oral
formulation vehicle was previously reported. It was shown that oral administration of
0.05 N HCI did not differ from saline in triggering gastric inflammatory response [241].
Moreover, dosing as high volume as 1 mL of low-concentration of HCI (0.05-0.35 N)
orally to rats was able to protect their stomachs from necrotising agents [242]. In
addition, in a clinical trial, a concentration of 0.1 N HCI was used as an injectable
formulation for IMQ [140]. Based on these studies, 0.05 N HCI was selected as the

optimal formulation vehicle for oral administration in the current study.

The intravenous (V) bolus administration dose for IMQ was 0.8 mg/kg, with its safety
confirmed by previous in vivo studies [137,201]. The IV formulation of IMQ was initially
prepared by diluting the oral formulation 10-fold with only water and adjusting the pH
to 6 - 6.5 using NaOH. After the pH was adjusted, IMQ precipitated, indicating the
solubility of IMQ in water was lower than 0.8 mg/mL when the pH was close to neutral.
Interestingly, no precipitation of IMQ was observed when the oral formulation was
diluted 10-fold with the propylene glycol (PG)-water mixture (80:20, v/v) at the pH
range of 6 - 6.5. This observation suggested that the PG-water mixture exhibits a better
capacity for facilitating IMQ solubility. This enhanced capacity may be attributed to
hydrotropic solubilisation by adding PG and the formation of a water-miscible
cosolvent system [243-245]. PG contains both a hydrophobic group (methyl) and two
hydrophilic groups (hydroxyl), allowing it to act as a hydrotrope. The addition of PG in
the co-solvent system can disrupt the structured network of water molecules
surrounding the poorly soluble IMQ, reducing the hydrophobic effect and improving

the solubility of the drug [246]
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4.4.2 An erratic and prolonged oral absorption of IMQ

IMQ, as a small molecule with a molecular mass less than 500 Da, a log P less than
5, hydrogen bond donor less than 5 and hydrogen bond acceptors less than 10 (Table
4-1), meets the criteria of Lipinski rule of five, suggesting its potential for oral
administration. However, the concentration-time profile of IMQ following oral
administration shows that the absorption of IMQ was prolonged and erratic (Figure 4-

2 B).

We hypothesised that this prolonged absorption profile is related to the solubilisation
of IMQ in the different regions of Gl tracts and multiple sites of absorption of IMQ. In
the PK study, IMQ was dissolved in an acidic formulation (0.05 N HCI) to facilitate its
solubility for oral administration. In the first two hours after oral administration, a
relatively rapid increase in plasma concentration of IMQ was found, suggesting
absorption from the upper Gl tract. However, with a gradual increase in pH in the lower
parts of the small intestine and proximal colon, IMQ could precipitate, resulting in
limited absorption from these regions [247—-249]. A second peak in IMQ concentration
was observed after 20 hours. At this stage, the remained IMQ in the Gl tract would
likely to be already in the lowest parts of the rectum. The second peak could reflect
the absorption from this area, which partially avoids hepatic first-pass metabolism
[250]. This hypothesis was investigated by assessing the concentration of IMQ in the
intestinal contents at 2 h and 28 h, which were considered as the two apparent Tmax
points of IMQ following oral administration. It was shown that IMQ was mainly found
in the small intestine at 2 hours, and a substantial amount of IMQ was trapped within

the intestinal lumen up to 28 h (Figure 4- 4).

In general, rats are a good in vivo model for predicting the oral absorption of drugs in

humans [55]. Additionally, the intestinal physiology of rats is similar to humans [251].
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However, in the case of IMQ, an obvious difference in plasma concentration profile
and PK parameters was found between rats and humans following oral administration
of IMQ [140]. The oral absorption of IMQ in humans was observed between 2 to 4
hours, depending on the fasted and non-fasted states. Importantly, a clear elimination
phase of IMQ from plasma was also observed in humans. Previously, it was reported
that the oral bioavailability of IMQ in rats was practically zero [252]. However, in our
study, it was found that the oral bioavailability of IMQ was limited (< 10 %) but not zero
(Table 4- 3). It was shown that the oral bioavailability of IMQ was various across
different species, such as 47 % in humans and 80-91 % in monkeys [140]. One of the
explanations for the differences in Foralis the variability of first-pass metabolism of IMQ
in different species. It was reported that IMQ is primarily metabolised by cytochrome
P450 (CYP450) 1A1 and 1A2 [253]. CYP1Al and CYP1A2 in humans are 10-fold less
sensitive to their substrate compared to in rats [254]. Therefore, the first-pass
metabolism of IMQ in humans following oral administration may be less than in rats,

resulting in higher Forai of IMQ in humans than in rats.

It was previously reported that using a long-chain triglycerides lipid-based formulation
for oral administration could potentially avoid the first-pass metabolism by improving
intestinal lymphatic transport of drugs, resulting in increased Forai [183,255]. IMQ has
a limited solubility in olive oil (7.4 £ 1.0 yg/mL) and a low CMs affinity in the in silico
and in vitro assessments (Table 4-1). Therefore, we hypothesised that the presence
of lipids following the oral administration of IMQ (a.k.a IMQ lipid-based group) would
not increase the Foral Of IMQ. As expected, there was no significant difference in Foral

of IMQ between lipid-free and lipid-based groups (Table 4- 3).

Although the lipophilicity of IMQ is moderate (Log P = 3.46), the Vss of IMQ was found

to be very high (3376.3 £ 1842.0 mL/Kg) (Table 4- 3). We have also calculated the Vss
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of IMQ following IV administration using data reported by other authors in previous
work [137,201]. The results showed that this high Vss found in our study was consistent
with previous studies (7295.8 mL/Kg and 6784.3 mL/Kg). There was no significant
difference in the concentration of IMQ between blood and plasma (Figure 4-3 B and
D), suggesting a low distribution of IMQ into blood cells. Therefore, it could not explain
the large Vss of IMQ. Using a two-compartment model analysis, it was shown that IMQ
has a higher volume of distribution in the central compartment (V1: 28951.4 mL/Kg)
than in the peripheral compartment (V2: 14484.9 mL/Kg). The difference in the
volumes of distribution of IMQ between compartments suggested that IMQ is mainly
distributed in the plasma and highly blood-perfused organs (such as the liver, kidney
and spleen) which are represented as the central compartment. Previously, a similar
distribution of a drug molecule in the systemic compartment was also found in animals
following administration of metformin [256]. Metformin is a small molecule that is used
in diabetes. It is a hydrophilic molecule with a log P at —1.43. In general, for such a
drug molecule, like metformin, it should have a low volume of distribution. However,
Stepensky et al. previously reported that the Vss of metformin in rats was 1310 mL/Kg
[256]. The authors proposed a pharmacokinetic model to explain the disposition of
metformin in rats. They suggested that, apart from plasma, the Gl wall and liver could
be large reservoirs that are responsible for the accumulation of metformin. Since
metformin and IMQ share a similar amine structure, we suspect that the large Vss of

IMQ could also be a result of the disposition of IMQ in the GI wall and liver.
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4.4.3 Unexpectedly high lymph nodes distribution of IMQ following oral

administration

Previously, it was suggested that a high affinity of small molecules to CMs and a high
solubility of drug molecules in long-chain triglycerides (> 50 mg/mL) are two important
indicators for intestinal lymphatic transport following oral administration [181-184]. In
previous studies, we have demonstrated that artificial CMs are a good surrogate for
ex vivo plasma-isolated CMs, and the affinity of molecules to artificial CMs also
correlated with the percentage of dose that can be transported into intestinal
lymphatics [181,182]. The in silico prediction and the in vitro assessment of IMQ show
the drug has a low affinity to CMs (< 1.75 %) and has limited solubility in triglycerides
(7.4 £ 1.0 yg/mL), indicating that IMQ cannot be transported into the lymphatic system
following oral administration even in the presence of long-chain triglycerides via CMs
association mechanism. However, BD studies of IMQ following oral administration
showed that the drug substantially accumulated in LNs, especially MLNs which are
LNs draining lymph from the Gl tract (Figure 4-3). MLNs are a large group of LNs that
are allocated on the base of the mesentery. The lymph fluid that is drained from the
duodenum, small intestines, ascending and transverse colon passes through superior
MLNs and then enters the cisterna chyli [178]. The unexpected accumulation of IMQ
in MLNs may suggest the existence of lymphatic uptake of IMQ, which is against the
previous theory that the high CMs affinity and high triglyceride solubility are the key to
intestinal lymphatic transport following oral administration [181]. However, it was
previously reported that molecules which were transported into the intestinal lymphatic
system following oral administration via the CMs pathway have a higher concentration
in the superior mesenteric lymph duct compared to plasma [189-192,195,203,257]. In

this study, there was no significant difference in concentrations of IMQ in plasma and
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mesenteric lymph fluid (Figure 4-3), suggesting that the accumulation of IMQ in
intestinal LNs was not the result of intestinal lymphatic transport or, at least, was not

associated with CMs pathway.

In addition to MLNSs, it was noted that the IMQ also accumulated in the superficial
inguinal LNs and cervical LNs (Figure 4-3). Superficial inguinal LNs are located within
the subcutaneous fat near the superficial epigastric veins and are responsible for
lymph drainage from the thighs and lower abdomen [178]. Superficial and deep
inguinal LNs drain into iliac lymph nodes. In this study, both superficial and deep
cervical lymph nodes (CLNs) were harvested and combined together for analysis.
Superficial CLNs drain lymph from the tongue and nasolabial lymphatics, whereas
deep CLNs drain lymph from the brain [258]. Due to the one-way direction of lymph
flow, IMQ in the intestinal LNs were directly transported into blood circulation through
the cisterna chyli and thoracic duct [61]. Therefore, the accumulation of IMQ in the
inguinal LNs and cervical LNs is unlikely related to the intestinal transport of IMQ,

suggesting a substantial distribution of IMQ to all LNs.

Wong et al. reported that lamivudine (a nucleoside analogue of antiretroviral agents),
which has a limited affinity to CMs, was also primarily distributed to the MLNs following
oral administration [196]. The authors suggested that the lymphatic accumulation of
lamivudine may be attributed to potential active transporters for nucleoside analogues,
such as organic cation transporters and concentrative nucleoside transporters.
However, IMQ is not a classic nucleoside analogue but is a derivative of
imidazoquinoline (hetero-cyclic amine). Therefore, the active transport of IMQ to the
lymphatic system is less likely to be the reason for the high accumulation of IMQ in

LNSs.
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In addition to active transporters, IMQ-targeted cells, such as dendritic cells (DCs),
macrophages and lymphocytes, may carry IMQ into the LNs. In blood, IMQ can
penetrate into the DCs by passive diffusion, activating DCs by binding to the
intracellular TLR7. It was reported that the activation of DCs could promote the
production of type 1 interferon, leading to lymphocytes and antigen-presenting cells
migration into the nearest LNs [259]. As a result, IMQ may be transported into the LNs
with cell migration. However, it was observed that the cell migration into LNs normally
takes several hours to initiate. The accumulation of IMQ in the LNs has been observed
as early as 1.5 h following oral administration of the drug, suggesting that

transportation of IMQ by DCs is unlikely to be the reason for the accumulation.

It was reported that molecules with high albumin binding can be transported into the
lymphatic system by the albumin-hitchhiking mechanism [260]. The term ‘albumin-
hitchhiking’ describes the phenomenon that albumin returns from the interstitial fluid
to blood circulation via the lymphatic system. The concentration difference of albumin
in the blood (40 mg/mL) and in interstitial fluid (< 15 mg/mL) results in a passive
diffusion of albumin from high-concentration regions to low-concentration regions
through a leaky vasculature, such as a lymphatic vessel. The exact affinity of IMQ to
rat albumin has not been reported. However, in vitro assessment showed that IMQ
has more than 90 % protein binding to human plasma proteins [261]. Additionally,
other small molecules derived from the same chemical structure as MQ have shown
a high albumin binding in the albumin [262]. Herein, we hypothesized that IMQ might
also have a high affinity to rat albumin, resulting in transportation into the lymphatic

vessel followed by entering MLNs due to the mechanism of albumin hitchhiking.

It was noted that the Vss of IMQ is high (3.376 L/kg) (Table 4- 3), suggesting that the

high concentration of IMQ in LNs may also be associated with high and non-specific
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distribution of IMQ into various tissues and organs Therefore, we analyzed IMQ
concentration in both highly blood-perfused organs (kidney, spleen and liver) and
relatively low blood-perfused organs (skeleton muscle) (Figure 4-3). It was found that
the concentration of IMQ in the highly blood-perfused organs was significantly higher
than it was in plasma (Figure 4-3 A and C). Additionally, the high distribution of IMQ
into the liver and kidney was also observed in mice that received IMQ IV injections
[210].Therefore, the high non-specific distribution of IMQ could be one of the reasons
for the accumulation of IMQ in the LNs. Moreover, it was noted that IMQ was also
highly distributed into the brain (Figure 4-3). The high penetration to the central
nervous system and non-specific distribution of IMQ could be the reason for the
observed flu-like symptoms in patients after the administration of IMQ

[131,141,207,263].

4.5 Conclusions

To the best of our knowledge, this is the first reported pharmacokinetic and
biodistribution study of IMQ in rats. We found that the plasma concentration-time
profile of IMQ following oral administration was prolonged and erratic, which may be
attributed to a complex absorption of IMQ in the small intestines. It was observed that
although IMQ has a limited affinity to CMs, it still substantially accumulated in the LNs.
Additionally, IMQ was also non-specifically distributed into various organs and tissues.
The unspecific systemic distribution of IMQ may be responsible for the adverse effects
of IMQ and low therapeutic response in clinical trials. Therefore, in Chapter 5, several
lipophilic prodrugs of IMQ were designed and synthesized, which were expected to
minimise its non-specific distribution and improve the therapeutic effect of IMQ by

targeted delivering the drug into the MLNs and ILNs.
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Chapter 5 Targeted delivery of IMQ to intestinal lymph nodes using lipophilic

prodrug approach

5.1 Introduction

As described in Section 1.1.1, CRC is the third most commonly diagnosed cancer,
with a mortality rate of 10 % in both males and females [2]. In recent years,
immunotherapies involving immune checkpoint blockade, such as programmed cell
death protein and programmed death ligands (PD-1/PD-L1) inhibitors and adoptive
cell therapy (cytotoxic T-lymphocytes antigen 4 (CTLA-4)), have demonstrated
promising potential in cancer treatment [264—267]. However, these immunotherapies

were less effective in CRC than in other cancer types [77,268].

In addition to the mechanism of tumour resistance to immunotherapy, described in
Section 1.1.4.3, the tumour-mediated secretion of pro-tumorigenic cytokines, such as
IL-6 and IL-17, can protect the malignant colorectal epithelium by overstimulating the
production of vascular endothelial growth factor and promoting cancer cell proliferation,
resulting in resistance to immunotherapy [268]. To overcome tumour resistance to the
current immunotherapies, the combination of immunotherapeutics with different
mechanisms of action was suggested [269]. The recruitment of dendritic cells (DCs)
was proposed as an important strategy in cancer immunotherapy [106,119,122]. As

described in Section 1.2.4, activated DCs can present tumour-associated antigens
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(TAAs) to CD8* T cells and facilitate the Th1 cell differentiation of CD4+ T cells [119].
In addition to stimulation of adaptive immune response, activated DCs can also
enhance the innate immune response to cancer cells by stimulating natural killer cells
[269]. Therefore, the simulation of DCs is an important aspect of immunotherapy of

CRC.

In the metastasis of CRC, the tumour invasion pathway partially follows the mesenteric
lymph nodes (MLNs) and retroperitoneal lymph nodes (such as iliac lymph nodes,
ILNs), draining the lymph from the colorectal regions [30,32,34,153]. It was reported
that in the TME and lymph nodes (LNs), the maturation of DCs is suppressed, and the
infiltration of mature DCs is reduced, resulting in the diminished ability of the immune

system to recognise cancer cells [93,120].

Imigquimod (IMQ) is an agonist of toll-like receptor 7 (TLR 7). Early studies showed that
IMQ facilitates the secretion of immunostimulatory cytokines, such as interferon-a
(IFN- a), resulting in suppression of the tumour growth [134,135]. Briefly, the
production of cytokines is regulated by the activation of dendritic cells (DCs) by IMQ
binding to TLR7 through the MyD88 signalling pathway. After stimulation by IMQ, DCs
transform into mature state, promoting both innate and adaptive immune responses
to the cancerous cells [111,119]. Despite the fact that in many preclinical studies TLR
agonists have demonstrated great potential as anti-tumour agents, in most clinical
trials TLR agonists were not very effective for cancer treatment [141,207]. In addition,
in a phase | clinical trials of IMQ, a dose-limiting toxicity of the drug (> 50 mg) was
observed in patients with refractory neoplasms [139]. The systemic adverse effects,

such as flu-like symptoms and nausea, and limited therapeutic success of IMQ in
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clinical trials could be related to its extensive non-specific distribution into tissues, and
lack of targeted delivery to relevant organs, such as draining lymph nodes, enriched
in DCs [231,270,271]. Intestinal lymphatic targeting following oral administration is one
of the strategies to deliver small molecules to the MLNs. This strategy is based on the
physiological pathway of digestion and absorption of dietary lipids. Chylomicrons (CMs)
are large lipoproteins that are assembled in the enterocytes in the presence of long-
chain lipids. Due to their large size, CMs cannot penetrate blood capillaries and,
therefore, are taken up selectively by lymph lacteals [164,272]. Drug molecules with
high affinity to CMs can be transported efficiently into the intestinal lymphatic system
[181]. Highly lipophilic compounds with Log D74 > 5 and solubility in long-chain
triglycerides (LCTs) > 50 mg/mL are most likely to be transported into the intestinal

lymphatic system through CMs pathway [182,273].

IMQ is not a highly lipophilic compound with a calculated log D7.4 of 3.36 (ACD/I-lab),
suggesting that this molecule is unlikely to be transported into the intestinal lymphatic
system following oral administration by the CM association pathway. Previously, a
lipophilic prodrug approach has been used to increase lipophilicity and hence CMs
affinity of drugs, achieving intestinal lymphatic targeting [186,189-192]. Successful
lipophilic prodrugs should resist chemical and enzymatic hydrolysis in the
gastrointestinal (Gl) tract, but efficiently release active moieties in the intestinal
lymphatic system. In addition, multiple works have suggested that the presence of
LCTs in the lipid-based formulation facilitates the intestinal lymphatic transport of
highly lipophilic compounds following oral administration [184]. The improvement in
intestinal lymphatic transport using LCT lipid-based formulation has also been

observed in our previous studies [179,180,182,190-192,203,255].
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Therefore, the main aim of this chapter was to achieve targeted delivery of active IMQ
to the intestinal lymph nodes draining from the colorectal region, with the ultimate goal

of improvement in treatment outcomes of CRC.

In most previous studies, prodrug candidates for intestinal lymphatic targeting
following oral administration were based on the ester bond structure [186,189-192].
However, Han et al. reported a lipophilic prodrug of modified mycophenolic acid (MPA)
that was conjugated with an alkyl chain via an amide bond. The approach was found
to be not efficient for targeting intestinal lymphatics following oral administration since
the amide prodrug did not release the active moiety efficiently within the lymphatic
system [188]. IMQ has only a primary amine as a prodrug-able functional group that
can be conjugated with lipophilic groups through an amide bond. However, IMQ
release from the amide prodrugs could be efficient due to the electron resonance

between the amine and imidazoquinoline in IMQ.

5.2 Experimental design

The general scheme flowchart of the experimental design is shown in Figure 5- 1. The
lipophilic prodrugs of IMQ were designed as described in Section 2.2. Prodrugs were
synthesized and characterized as described in Section 2.3.2.2 and Section 2.3.3,
respectively. The ex vivo model of brush border membrane vesicles was developed
and validated as described in Section 2.5.1 and Section 5.3.5. The potential for
intestinal lymphatic transport of synthesized prodrugs was assessed by their affinity to
chylomicrons and solubility in long-chain triglycerides as described in Section 2.4 and
Section 2.6, respectively. A further selection of prodrug candidates was determined

by resistance to enzymatic hydrolysis in the intestinal lumen, and release of IMQ in
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the lymphatics using fasting state simulated intestinal fluid (FaSSIF) supplemented
with esterases (20 Ul/mL), brush border enzyme vesicles and rat plasma following the
protocol described in Section 2.5.4. Sample collected from in vitro and ex vivo studies
were processed for bioanalysis using the bioanalytical method reported in Section

2.8.3.

The pharmacokinetic (PK) parameters and biodistribution (BD) in rats were assessed
for the most promising compounds, prodrugs 5 and 8, as described in section 2.7.4.
Samples were collected from in vivo studies as described in Section 2.7.5 and were
processed for bioanalysis using the bioanalytical method reported in Section 2.8.4.

The PK parameters were calculated as described in Section 2.7.3.3.

Selection of potential

candidates In vivo
Design and synthesis The potential of intestinal assessment
lymphatic absorption
Prodrug design (in - o Plasma
silicomodel) Affinity to artificial CMs Most h it
promising pharmacokinetics
Solubility in long-chain candidates

Prodrug synthesis triglycerides

Biodistribution to
lymphatics

Biotransformation

FaSSIF + esterase

Development of BBMVs e
model

BBMVs
Enzymatic kinetic

Figure 5- 1 The experimental workflow scheme of development of highly lipophilic prodrugs of IMQ
for targeted delivery of IMQ to intestinal lymphatics following oral administration. FaSSIF, fast state
stimulated intestinal fluid; CMs, chylomicrons; BBMVs, brush border membrane vesicles.
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5.3 Results

5.3.1 Prodrug design

The high affinity of molecules to CMs is important for intestinal lymphatic absorption
following oral administration of the drug molecules. Therefore, in this section, we

aimed to design highly lipophilic prodrugs for IMQ that have a good affinity to CMs.
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Figure 5-2 Chemical structures of IMQ and its lipophilic prodrugs 1-8.

Prodrugs 1-4 were designed by conjugating the amine group of IMQ with 10-, 14-, 16-
and 18-carbon chain length saturated fatty acid. Prodrugs 5-8 were designed by
conjugating the amine to unsaturated fatty acid, including myristoleic acid, palmitoleic

acid, oleic acid and linoleic acid, respectively (Figure 5-2).
154



The physicochemical properties of the prodrugs were calculated by ACD/I-Lab and
imported into an in silico model [182] to predict their affinity to CMs (as described in
Chapter 2, Section 2.2). Results of the physicochemical properties of the prodrugs
and the predicted affinity of the prodrugs to CMs are listed in Table 5-1. Comparing
the IMQ’s affinity to CMs (Table 4-1, Chapter 4) and the prodrugs’ affinities to CMs
(Table 5-1), it suggests that IMQ has a negligible predicted affinity to CM (< 1.75 %),

while the prodrugs 1-8 have moderate (>50 %) to high (> 90 %) predicted affinity.

For prodrugs 1-4, with an extension of chain length from 10 to 14 carbons, the
predicted CMs association increases from moderate to high. Additionally, unsaturated
fatty acids were also used to develop prodrugs 5-8, improving the biotransformation
of prodrugs to IMQ in the lymphatic system. With the introduction of unsaturation to
fatty acids, the predicted CMs association of prodrugs that contain unsaturated fatty
acids (prodrugs 5-8) was not obviously changed compared to prodrugs that contain

the corresponding saturated fatty acids (prodrugs 1-4).

Table 5-1 Calculated physicochemical properties of designed prodrugs and their predicted affinity to
CMs using an in silico model.

Prodrugs 1 2 3 4 5 6 7 8 9 10
LogD 7.4 6.35 8.31 9.2 10.09 7.95 8.84 9.72 9.36 5.38 10
Log P 7.12 9.24 10.31  11.37 8.73 9.79 10.85 10.33 5.98 10.91

LogP -Log D 0.77 0.93 111 1.28 0.78 0.95 1.13 0.97 0.63 0.91

PSA 59.81 59.81 59.81 59.81 59.81 59.81 59.81 59.81 86.11 86.11
H-Acceptors 3 3 3 3 3 3 3 3 7 7
FRB 12 16 18 20 15 17 19 18 7 18

Density 1.11 1.08 1.06 1.05 1.07 1.06 1.04 1.04 1.2 1.11

Molar Volume | 352.7 416.9 449 481.1 416.9 449 481.1 481.1 389.5 534.6
H-Donors 1 1 1 1 1 1 1 1 1 1

Predicted CM
association 50.12 93.81 98.10 99.45 91.16 97.33 99.19 98.86 4.71 97.6
(%)
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In addition to the design of lipophilic prodrugs using fatty acids, coumarin-derived
prodrug structures (prodrugs 9 and 10) were also designed to improve both the affinity
of CMs and the biotransformation of prodrugs to IMQ (Figure 5-3 A). The coumarin-
based structure was expected to increase the affinity of drug molecules to CMs (Table

5-1) and facilitate the release of IMQ from the prodrugs (Figure 5-3 B).
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Figure 5-3 Panel (A) chemical structure of IMQ coumarin-based prodrugs 9 and 10; Panel (B) predicted
mechanism of the hydrolysis of IMQ coumarin-based prodrugs 9 and 10.

5.3.2 Prodrug synthesis and structural characterisation

Due to the time frame limitation for this PhD project, only prodrugs 1-8 were
synthesized. Therefore, the amidation of IMQ was performed using the three different

reactions, which are described in section 2.3.
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In the amidation reaction with acyl chloride (Figure 2-1), a white cloudy mixture was
observed, indicating that the starting materials, particularly IMQ, were not completely
dissolved in the anhydrous dimethylformamide (DMF). The formation of the product
(lauroylated imiquimod) was first detected after 1 hour. The amount of the product
gradually increased over the next 6 hours (monitored by HPLC-UV). However, no
further increase in the amount of the product was observed for up to 24 hours,

indicating that the reaction had finished. The yield of this reaction was less than 10 %.

In the next step, different coupling reactions were used to improve the yield of IMQ
prodrugs (Figure 2-2). An amidation reaction of IMQ using a mixture of NHS and DCC
was conducted following a previously reported protocol [193]. Again, a white cloudy
mixture was found in the flask, indicating that starting materials were insoluble in the
reaction solvent (DMF). Surprisingly, no products were found during the 24 hours of

reaction.

Therefore, another coupling reaction for IMQ prodrugs using TCFH-NMI was used
(Figure 2-3) following a previously reported protocol [194]. In this reaction, DMF was
replaced by anhydrous N-methyl-2-pyrrolidone (NMP) to facilitate the solubility of IMQ.
A dark yellow (or light yellow, depending on the fatty acids used in the reaction) and
transparent mixture was observed following the initiation of the reactions, suggesting
all starting materials were fully dissolved in the NMP. The yield of all prodrugs 1-8

using the TCFH-NMI coupling reaction was high (> 70 %).

The characterisation of synthesised prodrugs using HRM, NMR *H and *3C are

summarised in Appendix.
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5.3.3 Affinity of prodrugs to artificial CMs

The affinity of drug molecules to artificial CMs is a reasonable predictor to estimate
the potential lymphatic absorption of drugs following oral administration [181].
Compounds 1-4 are highly lipophilic prodrugs of IMQ conjugated with saturated fatty
acids. As predicted, IMQ had no affinity to CM, while the affinities of prodrugs 1-4 to
artificial CMs were substantial (Figure 5-4). The second generation of prodrugs with
unsaturated fatty acids (prodrugs 5-8) was designed and synthesised. These
unsaturated fatty acids are of the same chain length as saturated fatty acids used in

prodrugs 1-4. No difference was found in affinity to CMs between the saturated and

unsaturated prodrugs (Figure 5-4).
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Figure 5-4 Affinities of IMQ and its prodrugs to artificial CMs. One-way ANOVA followed by Tukey’s
comparison was used for statistical analysis. All results are presented as mean + SD (n = 3)."s,
p >.05 *p <.05; **,p <.01; ***p < .001; **** p < .0001.
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5.3.4 Long-chain triglyceride solubility of prodrugs

The long-chain triglyceride solubilities of the tested compounds were determined by
dissolving 6 mg of each compound in 100 pL of olive oil at 37°C and stirring the mixture
for 72 hours, as described in Section 2.6. At the end of the study, if all the added
compounds were completely dissolved, no additional compound would be added. The

solubilities of prodrugs in olive oil are summarised in Table 5-2.

Prodrugs 1 and 2 were in powder form. Following a 72-hour solubility test, powder of
prodrugs 1 and 2 were still noticeable in the oil phase. Prodrugs 3 and 4 were in a
waxy form, while prodrugs 5-8 were in an oily form. By the end of the solubility test,
prodrugs 5-8 were fully dissolved in olive oil, suggesting that triglyceride solubility

exceeded 50 mg/mL for prodrugs 3-8 (Table 5-2).

Table 5-2 Triglycerides solubilities of prodrugs (mean £ SD, n = 3).

Compounds Triglycerides solubility (ug/mL)
IMQ 74+1.0
Prodrug 1 2510210
Prodrug 2 46400 +£7300
Prodrug 3
Prodrug 4
Prodrug 5
Prodrug 6 > 50000
Prodrug 7

Prodrug 8
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5.3.5 Validation of brush border enzyme vesicles vivo model to access IMQ

stability in the small intestine

In this work, brush border enzyme vesicles (BBMVs) were introduced to estimate the
stabilities of amide prodrugs in the gastrointestinal tract (Gl tract). To generate a robust
ex vivo model, the concentration of BBMVs protein pellets and the concentration of
prodrugs used in this assay need to be optimised and validated. In this section,
prodrug 1 (IMQ-decanoic acid) was selected as a representative prodrug to evaluate
the enzymatic kinetic parameters of prodrugs in the BBMVs. The prodrug 1 was the
only available prodrug when the BBMVs model was developed and validated. In this
work, we were aware that the affinity of different prodrugs to BBMVs could be various,

resulting in different enzymatic kinetics.

BBMVs pellets were collected from rats’ small intestine as described in section 2.5.1.
The enzymatic activities of leucine aminopeptidase (LAP) and alkaline phosphatase

(ALP) in homogenates suspension and purified BBMVs pellets are summarised in
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Table 5-3. After extraction and purification, the enzymatic activities of LAP and ALP in
BBMV pellets dramatically increased by 32-fold and 80-fold, respectively. The
significant increase in the enzymatic activities of these two representative enzymes

indicated the robust quality of purified BBMV pellets.
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Table 5-3 The enzymatic activity of leucine aminopeptidase and alkaline phosphatase in
homogenised suspension and purified BBMVs pellets.

Samples Leucine aminopeptidase Activity Alkaline phosphatase Activity
(U/mL)ac (U/mL)b:c

Homogenised
suspension 3.5+0.34 0.05 + 0.001

Purified BBMVs pellets 112.7 + 1. 7% 4.0 + Q. 5rr**

@ The activity of leucine aminopeptidase is measured with LAP substrates provided with the
commercial kits.

b The activity of alkaline phosphatase is measured with p-nitrophenyl phosphate provided with the
commercial kits.

cU/mL = yM/min/mL
™" p<0.001

Theoretically, when highly lipophilic prodrugs are spiked to a protein-free medium, the
concentration of prodrugs can rapidly decrease due to the precipitation of lipophilic
molecules but not the hydrolysis of prodrugs. Therefore, in the initial experiment, we
aimed to measure the solubility of lipophilic prodrugs in solutions with various

concentrations of protein.

Prodrug 1 (final concentration in media at 10 uM) was spiked into albumin solutions at
different concentrations of protein. Figure 5-5 demonstrates that the prodrugs were
unable to exist as free molecules in the absence of proteins. It should be noted that
no IMQ released from prodrug 1 was observed. Results suggested that the decrease

in the concentration of prodrug 1 was not a result of the hydrolysis of the prodrug.

It was found that the solubility of prodrug 1 was increased with the addition of albumin.
In practice term, the amount of BBMVs collected from animals was limited. Thus, the

protein concentration of 1 mg/mL was selected as the optimised condition and applied
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to the continuous experiments to validate the enzymatic stability of prodrugs in the

BBMVs ex vivo assay.
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Figure 5-5 The concentration-time profile of prodrug 1 was observed following its incubation
at 10 uM with a 25 mM HEPES/Tris buffer (pH = 7) that was supplemented with varying
concentrations of albumin.

In the next step, we aimed to calculate the rate of reaction (Vmax) and Michaelis
constant (Km) for prodrugs in the BBMVs suspension. Prodrug 1 (at final
concentrations of 0.5, 1, 2, 4, 6 and 8 uM) was spiked into BBMVs at the protein
concentration of 1 mg/mL in 25 mM HEPES/Tris buffer (pH = 7). The concentration
of substrate (prodrug 1) and their corresponding velocity were input into the
GraphPad Prism (Figure 5- 6) using the Michaelis-Menten Kinetics model to
compute the Vmax and Km as described in Section 2.5.2. It was found that the Vmax
and Km of prodrug 1 in 1 mg/mL of BBMVs proteins was 0.00688 uM per min and

4.696 UM, respectively.

To ensure an efficient enzymatic reaction between IMQ lipophilic prodrugs and 1

mg/mL of BBMVs, 2 uM (< ¥2 Km) was selected as the optimised concentration of

163



prodrugs in the BBMVs assay. Moreover, since the Vmax was relatively slow, the

period of incubation was extended from 120 min to 360 min.
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Figure 5- 6 Substrate saturation curve for prodrug 1 in 1 mg/mL protein concentration of BBMVs.

5.3.6 Biotransformation of prodrugs to IMQ in biorelevant media and rat plasma

The biotransformation of prodrugs to IMQ was assessed as described in Section 2.5.4.
The biotransformation of prodrugs to IMQ was first estimated using two biorelevant
media representing the intestinal tract: FaSSIF with added esterase activity and
BBMVs, as well as rat plasma [190-192]. In this assay, rat plasma was used as a
surrogate for lymph fluid as previously described, since they share similar enzymatic
composition [274]. The rate of conversion was expressed as the half-lives of prodrugs
and summarised in Figure 5-7 D. It is worth noting that the esterase used in the
FaSSIF with added esterase activity assay was, in fact, a crude extract from porcine
liver characterised for esterase activity, but also containing additional enzymes with
not quantified activity. Despite the fact that the prodrugs designed in this study are

amides (known for better stability than esters), IMQ was released from the amide
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prodrugs quite efficiently with the presence of this extract in the FaSSIF. An increase
in the fatty acid carbon chain from 10 to 18 (prodrugs 1-4) resulted in prolonged half-
lives. Comparing the half-lives of prodrugs 2 vs 5, 3 vs 6, and 4 vs 7 or 8 in plasma, it
was found that unsaturation resulted in the reduction of the half-lives (Figure 5- 8). In
addition, BBMVs media (at the protein concentration of 1 mg/mL) was also used to
estimate the biotransformation of IMQ amide prodrugs. All tested prodrugs were stable
in the presence of BBMVs (Figure 5- 8). Taking together the artificial CMs affinity,
long-chain triglycerides solubility and the rate of IMQ release in the biorelevant media,
prodrugs 5 and 8 were selected as the most promising candidates to proceed to in

vivo studies.
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Figure 5-7 The biotransformation of prodrugs to IMQ (n = 3, mean + SD). Panels (A), (B) and (C)
show the kinetics of IMQ release from prodrugs in FaSSIF with porcine esterase (20 IU/mL), BBMVs
(1 mg/mL of total protein level) and rat plasma, respectively. Panel D shows the half-lives (t1/2) of
prodrugs in tested relevant media. One-way ANOVA, followed by Dunnett's comparison, was used for
statistical analysis. Asterisks denote significance against the half-life of the prodrug in plasma. **,p
<.01; ***,p <.001; **** p < .0001.
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A Halt-life of prodrugs in FaSSIF + esterase B Half-life of prodrugs in BBMVs C Half-life of prodrugs in rat plasma
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Figure 5- 8 Half-lives of prodrugs in (A) FaSSIF with porcine esterase (20 IU/mL), (B) BBMVs (1
mg/mL of total protein level) and (C) rat plasma. One-way ANOVA followed by Tukey’s comparison
was used for statistical analysis. **,p < .01; ***p < .001; **** p < .0001.

5.3.7 Pharmacokinetic studies of prodrug 5, prodrug 8 and IMQ that released

from prodrugs

The pharmacokinetic profiles of prodrugs 5 and 8 were generated following the
protocol described in Section 2.7.3.2, and pharmacokinetic parameters were

calculated as described in Section 2.7.3.3.

The plasma concentration-time profiles of IMQ that were released from prodrugs and

the profile of prodrugs 5 and 8 were generated following IV and PO administration of

prodrugs (Figure 5-9).
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Figure 5-9 Plasma concentration-time profiles of IMQ, prodrug 5 and prodrug 8 (mean + SD) following:
panel (A) IV bolus of prodrug 5 (1.49 mg/Kg, n=4); panel (B) Oral administration of prodrug 5 in lipid-
based formulation (14.9 mg/Kg, n=6); panel (C) IV bolus of prodrug 8 (1.69 mg/Kg, n=4); panel (D) Oral
administration of prodrug 8 in lipid-based formulation (16.9 mg/Kg, n=5).

The PK parameters of IMQ (released from prodrugs), prodrugs 5 and 8 were

calculated using a non-compartmental approach and summarised in

Table 5- 4 and Table 5-5.

A statistically significant difference was found between the terminal slope half-lives
(t22) of IMQ following IV administration of IMQ itself and IV administration of prodrugs
5 and 8, suggesting that the rate of IMQ release from prodrugs was slower than the

rate of elimination of IMQ (Table 4- 3 and
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Table 5- 4).

Table 5- 4 Pharmacokinetic parameters of IMQ following administrations of different compounds to
rats: 1) prodrug 5 (1.49 mg/kg for IV and 14.9 mg/kg for PO); and 2) prodrug 8 (1.69 mg/kg for IV and
16.9 mg/kg for PO) (mean + SD).

Compound dose Prodrug 5 Prodrug 8
Administration route iV, p.o. iV. p.o.
AUCint (h-ng/mL) 105.6 £ 26.5 415.4 +225.1 97.3+27.6 531.6 + 398.3
AUCast (h-ng/mL) 102.5 £ 26.1 313.8+198.1 954 +274 404.3 + 301.3
Coor Cmax (ng/mL) 390.2 + 243.8 78.0 £ 66.3 3104 + 72.8+37.7
CL (mL/h/kg) - - - -
Vss (ML/kg) - - - -
Tmax (h) - 2-6 - 2-6
tuz (h) 1.47+0.2™ 22+0.9 1.1+0.2" 49+27
Foral (%) - 15.6 + 9.8ns.b - 20.1 £ 15.0 nsb
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AUCint area under the curve from time zero to infinity; AUCiast area under the curve from time zero to
the last observed time point (0 — 360 min for IV administration of prodrugs; 0 — 12 h for PO
administration of prodrugs); Co, concentration extrapolated to time zero; CL, clearance; Vss, volume of
distribution at steady state; Tmax maximum concentration; ti, half-life; Foral, absolute oral
bioavailability. The absolute oral bioavailability was calculated using the AUCiast of IMQ following IV
bolus (Table 4-3).

a0ne-way ANOVA followed by Dunnett’'s comparison was used to compare the t12 of IMQ following IV
administration of unmodified IMQ (Table 4-3), prodrug 5 and prodrug 8. Asterisks denote significance
against IMQ. "s, p>.05 *, p < .05.

a0One-way ANOVA followed by Dunnett’'s comparison was used to compare the Fora 0f IMQ following
administration of unmodified IMQ (using lipid-based formulation) (Table 4-3), prodrug 5 and prodrug 8.
Asterisks denote significance against IMQ. s, p>.05 *, p < .05.

Following oral administration of prodrugs 5 and 8, the Tmax Of prodrugs themselves

was between 1-2 h, while the Tmax of IMQ was 2-6 h (

Table 5- 4 and Table 5-5). The plasma concentration-time profile of IMQ following oral
administration of prodrugs 5 and 8 is not erratic and prolonged, as opposed to the oral
administration of IMQ itself (Figure 4-2 and Figure 5-9). There is no difference in the
Fora Of IMQ between administrations of equimolar doses of the parent drug and

prodrugs (Table 4- 3 and

Table 5- 4).
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Table 5-5 Pharmacokinetic parameters prodrugs following administration of prodrug 5 (1.49 mg/kg for
IV and 14.9 mg/kg for PO) and prodrug 8 to rats (1.69 mg/kg for IV and 16.9 mg/kg for PO) (mean +
SD).

Compound Prodrug 5 Prodrug 8
dose
Administration AY2 p.o. V. p.o.
AUCint 5280.8 + 1601.2 749.3 £520.9 1186.4 £ 602.1 143.1 + 18.0
AUClast 5223.0 + 3516.0 609.9 + 286.7 1062.1 £614.3 129.6 £ 23.2
CoOr Crrax 33102.0 £27251.7  185.3 +87.0 2882.2 + 2564.6 51.8+10.3
CL (mL/h/kg) 434.8 + 327.1 - 1814.5 £ 683.1 -
Vss (ML/KQ) 433.9 + 202.7 *b - 2263.8 £ 1221.3 " -
b
Tmax () - 1-2 - 1-2
tiz (h) 1.4+£0.3 44+31 14+0.2 3312
Foral (%6) - 1.2+0.82 - 1.3+0.32

AUCint area under the curve from time zero to infinity; AUCiast area under the curve from time zero to
the last observed time point (0 — 360 min for IV bolus administration of prodrugs; 0 — 12 h for PO
administration of prodrugs); Cmax, maximum observed concentration; Co, concentration extrapolated
to time zero; CL, clearance; Vss, volume of distribution at steady state; Tmax maximum concentration;
tuz, half-life; Fora, absolute oral bioavailability.

aThe absolute oral bioavailability was calculated using the AUCast Of prodrugs following IV bolus.

b One-way ANOVA followed by Dunnett’s comparison was used to compare the Vss of IMQ (Table 4-
3), Vss of prodrug 5 and Vss of prodrug 8. Asterisks denote significance against IMQ. "s, p>.05 *, p

< .05.

Additionally, the PK parameters of prodrugs 5 and 8 were also calculated using a two-

compartmental model (

Table 5- 6). It should be noted that one data set of prodrug 5 was excluded due to the

insufficient time point in the elimination phase.

It was found that the volume of distribution of the central compartment (V1) of prodrug

5 was significantly lower than the V1 of IMQ (

Table 5- 6 and
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Table 4-4). However, no difference was found between the Vi of prodrug 8 and V1 of

IMQ.

Table 5- 6 Two-compartment analysis of the volume of distribution of IMQ, prodrug5 and prodrug 8 (n
= 31t0 4). (mean = SD)

Compound dose Prodrug 5 Prodrug 8
(n=23) (n=4)
Administration v v
AUC (h-ng/mL) 3975.4 + 3090.7 1152.5 + 234.7
CL (mL/h/kg) 544.1 + 349.2 1719.7 + 605.5
V1 (mL/kg) 157.3 + 144.0 1213.1 + 694.8"s
V2 (mL/kg) 457.5 + 182.8" 1279.4 + 1062.6™
Vss (ML/kg) 614.8 + 588.5" 2493.1 + 941.7m
tuz (h) 1.1+0.2 1.5+0.9

AUC, area under the curve; CL, clearance; V1. volume of distribution in compartment 1; Vz,
volume of distribution in compartment 2; Vss, volume of distribution at steady state; Tmax maximum
concentration; taz, 3 elimination half-life .

b One-way ANOVA followed by Dunnett's comparison was used to compare the V1, V2 and Vss of
prodrugs 5 and 8 to those parameters of IMQ (Table 4-4). Asterisks denote significance against
IMQ. s, p>.05 *, p < .05
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5.3.8 Biodistribution of prodrugs 5 and 8 and IMQ released by prodrugs

For assessment of intestinal lymphatic delivery of IMQ using prodrugs 5 and 8,
biodistribution (BD) studies were conducted at 1.5 h and 6 h following an oral gavage
of prodrugs. It should be noted that the concentration of IMQ in plasma, lymph fluid,
and whole blood is expressed in ng/mL, whereas in tissue, it is reported in ng/g. As
described in Section 4.3.3, the density of the analysed biofluids is approximately 1
g/mL, allowing for a direct comparison of IMQ concentrations in blood and tissue using
one-way ANOVA. Additionally, the concentrations of tested compounds in the
examined biofluids are presented as ng/g in the Appendix (Figure Appx.-2 to Figure

Appx.-4).

The selection of the time points was based on our previous works suggesting that
when the intestinal lymphatic transport occurs, the concentration of drugs in the
intestinal lymphatics could be highest at or just before the Tmax in plasma [190,191].
Figure 5- 10 A shows that substantial delivery of prodrug 5 to the mesenteric lymph
was achieved with 50-fold higher average concentration of IMQ in the lymph fluid in
comparison to plasma at 1.5 h. Similarly, the average concentrations of prodrug 8 in

mesenteric lymph were 11-fold higher than in plasma at 1.5 h (Figure 5- 10 C).
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Figure 5- 10 The biodistribution of prodrugs 5 and 8 in plasma, mesenteric lymph, mesenteric lymph
nodes (MLNs) and iliac lymph nodes (ILNs) (mean + SD, n = 4 to 8). Panels (A) and (B) show the
distribution of prodrug 5 (14.9 mg/kg) following oral administration at 1.5 and 6 h, respectively. Panels
(C) and (D) show the distribution of prodrug 8 (16.7 mg/kg) following oral administration at 1.5 and 6 h,
respectively. One-way ANOVA, followed by Dunnett’'s comparison, was used for statistical analysis.
Asterisks denote statistical significance against plasma. **** p < .0001.
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At 1.5 h after administration, the concentration of active IMQ released from prodrug 5
in MLNs was significantly higher than the concentration of IMQ in plasma (Figure 5-
11), indicating that prodrug 5 efficiently released IMQ in the intestinal lymphatic system.
The tissue-to-plasma ratio of IMQ levels in the mesenteric lymph and MLNs was
significantly increased from 0.5-fold to 1.9-fold and from 5-fold to 11-fold, respectively,
following the oral administration of prodrug 5 (Figure 5-12). A similar result was also
found with the administration of prodrug 8 (Figure 5- 11 and Figure 5-12). However,
as opposed to MLNs, the tissue-to-plasma ratio of IMQ in the ILNs was similar

following the administration of the prodrugs and unmodified IMQ.

Additionally, the average concentration of IMQ in MLNs and ILNs following oral
administration of unmodified IMQ and prodrugs was also separately compared (Figure

5-13). It was shown that the concentration of IMQ in the MLNs was significantly higher
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following the oral administration of prodrugs in comparison to the oral administration

of unmodified IMQ.
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Figure 5- 11 The distribution of IMQ in plasma, mesenteric lymph fluid, lymph nodes and main organs
following oral administrations of prodrug 5 (14.9 mg/kg) and 8 (16.7 mg/kg) using lipid-based formulation
at 1.5 and 6 h (mean £ SD, n =5 to 8). MLN, mesenteric lymph node; ILNs, iliac lymph nodes; CLNs,
cervical lymph nodes. One-way ANOVA, followed by Dunnett's comparison, was used for statistical
analysis. Asterisks denote statistical significance against plasma. * p < .05; ** ,p < .01, ***,p < .001,
*rxx p < .0001.

175



A 1.5 h: lymph B 1.5 h: MLNs C 1.5 h: ILNs
* %
15 —
o 15 15
g 10 E s 1
@ £ 10 £
2 2 s
o 5 !—\** 2 = L
5 * % o 5 o 5 T
7] — = >
[71]) n w0
= i e 7] 0o
- - |
L : " 0 0 T T T
MQ 5 8 Mo 5 8 MO 5 8
D 6 h: MLNs E 6 h: ILNs
15 15
2 ye)
e g
g 10 £ 10
o
© 5 5 T
> 3
3 2 {1
L [
0 0 ) 1 1 1
Ima 5 8 IMQ 5 8

Figure 5-12 The ratios of distribution of IMQ into panel (A) mesenteric lymph, panel (B) mesenteric
lymph nodes (MLNs) and panel (C) iliac lymph nodes (ILNs) following oral administration of unmodified
IMQ (8 mg/kg) with lipid, prodrug 5 (14.9 mg/kg) and prodrug 8 (16.7 mg/kg). All results are presented
as mean + SD (n = 4 to 8). One-way ANOVA, followed by Dunnett’'s comparison, was used for statistical
analysis. **, p < .01.
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Figure 5-13 The distribution of IMQ mesenteric lymph nodes (ILNs) and iliac lymph nodes (ILNSs)
following oral administrations of prodrug 5 (14.9 mg/kg) and 8 (16.7 mg/kg) using lipid-based formulation
at 1.5 and 6 h (mean £ SD, n = 4 to 8). One-way ANOVA, followed by Dunnett’'s comparison, was used
for statistical analysis. Asterisks denote significance against IMQ. * p < .05; ** p < .01, ***p < .001,
*% p < .0001.
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To understand if the distribution pattern of IMQ into tissues (Figure 4-3, Chapter 4)
was altered when prodrugs were administered, we compared the tissue-to-plasma
ratio of IMQ in main tissues following oral administration of IMQ and its prodrugs
(Figure 5- 14). It was shown that with the oral administration of prodrug 5 in particular,

the tissue-to-plasma ratio of IMQ was significantly decreased in comparison to the

administration of unmodified IMQ and prodrug 8.
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Figure 5- 14 The distribution of IMQ into the spleen, liver, kidney and brain following oral administration
of IMQ (8 mg/kg) with lipids, prodrug 5 (14.9 mg/kg) and prodrug 8 (16.7 mg/kg) present as the ratio of
IMQ concentration in the analysed sample to IMQ concentration in plasma at 1.5 h and 6 h. All results
are presented as mean + SD (n = 4 to 8). One-way ANOVA, followed by Dunnett's comparison, was
used for statistical analysis. Asterisks denote statistical significance against IMQ *, p < .05; **,p < .01;
*xx p < .0001.

Additionally, the biodistribution of prodrugs 5 and 8 following oral administration
showed that prodrugs were not as widely distributed to various tissues and organs in

comparison to IMQ (Figure 5- 15 and Figure 4-3, Chapter 4).
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Figure 5- 15 The distribution of prodrug 5 and prodrug 8 following oral administrations of prodrug 5
(14.9 mg/kg) and 8 (16.7 mg/kg) using lipid-based formulation at 1.5 and 6 h (mean = SD, n = 5 to 6).
One-way ANOVA, followed by Dunnett’'s comparison, was used for statistical analysis. Asterisks denote
significance against plasma. * p < .05; ** ,p < .01, ***p < .001, ***p < .0001. n/d: below the limit of
quantification.
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5.4 Discussion

In CRC patients, immature DCs can capture tumour-associated antigens (TAAS),
inducing their maturation. Only mature DCs are able to present the TAAs through MHC
Il to naive T cells in the tumour-draining lymph nodes (LNs), resulting in activation of
the anti-cancer immune response [119,155]. The mesenteric lymph nodes (MLNs) and
iliac lymph nodes (ILNs) are enriched in DCs and lymphocytes and drain the lymph
from the colorectal regions [30,32,34,153]. Previously, it was suggested that the poor
therapeutic outcomes of immunomodulators in CRC patients were associated with the
suppression of DCs maturation in LNs, resulting in inhibition of activation of CD8* and
CD4+ T cells and also a reduction in T cell infiltration into tumour regions
[77,93,120,156,157]. IMQ is the only TRL7 agonist that is currently clinically approved
for cancer treatment. It was shown that IMQ activates the DCs via the MyD88
signalling pathway, which results in the facilitation of the maturation of DCs and
secretion of immunostimulatory signals [111,119]. Therefore, targeted delivery of IMQ
to MLNs and ILNs has the potential to facilitate the maturation of DCs and stimulate
the anti-tumour immune response, overcoming immune suppression and eventually
improving the treatment outcomes for CRC patients. Therefore, in this work, the
approach of highly lipophilic amide prodrugs of IMQ in combination with LCT
formulation was utilised to deliver IMQ specifically into the intestinal lymphatics

following oral administration.

5.4.1 Design of promising prodrug candidates for targeted delivery into

intestinal lymph nodes following oral administration

It has been shown previously that one of the main predictors for intestinal lymphatic

transport of a molecule is its affinity to CMs [181]. Gershkovich et al. suggested that
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there were several physicochemical properties of a drug molecule, such as lipophilicity,
ionization of molecule at physiological pH, and number of free rotatable bonds, that
can be used to predict the affinity of the molecule to CMs [182]. The authors suggested
that the most important property of molecules is Log Dz.4, which is positively related to
the affinity of molecules to CMs. By contrast, the ionization of drugs (Log P— Log D7.4)
and polar surface area are two significant properties that negatively impact drugs'

affinity to CMs.

In this work, we aimed to design a series of highly lipophilic prodrugs by conjugating
a fatty acid to the amine group present in IMQ (prodrugs 1 — 8, Figure 5-2). As
expected, the predicted affinities of prodrugs 1 — 8 were significantly increased in
comparison to IMQ, which has neglectable association to CMs (< 2 %) (Table 4-1 and

Table 5-1).

In addition to high affinity to CMs, efficient biotransformation from prodrugs to IMQ
should also be carefully considered in the development of lipophilic prodrugs of IMQ.
It is well-known that an amide is generally more stable to hydrolysis than an ester.
Therefore, we designed coumarin-based prodrugs 9 and 10 which were expected to
facilitate the biotransformation of prodrugs to IMQ (Figure 5-3 A). An increase in
lipophilicity was found with the conjugation of coumarin-derived structures (Table 5-
1). Importantly, it was reported that a modification of the phenol group with ester could
build up an esterase-sensitive prodrug, which might promote the release of the IMQ

(Figure 5-3 B) [275].

In addition to the prodrugs of IMQ that were developed in this chapter work, there are
several prodrugs of IMQ that have been previously reported. Hantho et al. reported an

enzyme-directed imiquimod-B-galactopyranoside prodrug. This prodrug was expected
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to selectively release IMQ in the tumour microenvironment, which is rich in [3-
galactosidase (the enzyme for galactopyranoside), potentially resulting in a local
immune response in the tumour microenvironment [276]. Kang et al. previously
designed an IMQ prodrug that was conjugated with a long-chain alkyl group through
a disulfide-bound [201]. The authors proposed that since the concentration of
reductive glutathione (the reactive agent required to break disulfide bond) is 1,000-fold
higher in the tumour intracellular environment than it is in the extracellular environment,
this prodrug could selectively release the parent drug within tumour cells. Additionally,
it was reported that a TLR 7 agonist conjugated with phospholipids was approximately
1,000-fold more potent for inducing cytokines production than an unconjugated drug
[277]. The explanation for this result was that the phospholipid-conjugated TLR 7

agonist might be efficiently transported into plasmacytoid dendritic cells.

In our initial screening of potential prodrug candidates of IMQ for lymphatic delivery
following oral administration, none of the proposed prodrugs had sufficient predicted
affinity to CMs. The low predicted CMs affinities of these prodrugs could be a result of
increased ionization in the plasma, a higher number of H-bond acceptors, and

insufficient increase in lipophilicity.

5.4.2 Synthesis of IMQ prodrugs using a simple and high-yielding reaction

The amine present in the chemical structure of IMQ is a primary amine. Theoretically,
it should be relatively easy to react with carboxylic acids. However, it was found that
the yield of prodrugs using the chemical reaction described in Figure 2-1 (Chapter 2)
was low (< 10 %). Hydrochloric acid (HCI) is a byproduct of this reaction. In the reaction
solvent, HCI could protonate IMQ (a weak base). As a result, the progress of this

reaction was limited. To neutralise HCI in the reaction, potassium carbonate or

181



trimethylamine was added. However, the yield of prodrugs in this reaction remained
low. A cloudy mixture was found in this reaction, suggesting a poor solubilization of
the starting materials in the reaction solvent (anhydrous dimethylformamide, DMF).
Therefore, in the next step, we tried several alternative solvents, such as
dichloromethane (DCM), methanol, DMSO and N-methyl-2-pyrrolidone (NMP), to
improve the dissolution. It was found that NMP significantly improved the solubilization

of the starting materials.

It is worth noting that the primary amine in IMQ is not actually nucleophilic due to
resonance of the lone pair into the imidazoquinoline ring. Beutner et al. previously
reported a reaction using the coupling reagents hexafluorophosphate (TCFH) and N-
methylimidazole (NMl), for the challenging amide bond formation [194]. This reaction
produced a highly reactive acyl imidazolium intermediate of the carboxylic acid. This
highly electrophilic intermediate can react with the non-nucleophilic amine on IMQ,

resulting in a high yield of amide product (> 70 %).

5.4.3 The potential for intestinal l[ymphatic transport of IMQ prodrugs

It has been shown previously that the main predictor for intestinal lymphatic transport
of a molecule is its affinity to CMs [181]. The affinity of IMQ prodrugs to CMs was
substantially higher than that of IMQ (which was undetectable) (Figure 5-4).
Previously, Chu et al. suggested that the degree of unsaturation of the conjugated fatty
acid could facilitate the affinity of prodrugs to CMs [192]. In this study, we observed a
similar trend (prodrug 4 vs. prodrugs 7 and 8); however, no statistically significant

difference was found (Figure 5-4).
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In this work, the in vitro affinity of prodrugs to CMs was assessed by artificial CMs.
However, in our previous studies, a significant difference in prodrugs’ affinity between
artificial CMs and in vivo-derived CMs was found in some cases [190-192]. This could
suggests that there were certain limitations in the current assessment of intestinal

lymphatic transport using only artificial CMs.

The artificial CMs used in our assay were prepared using a protein-free triglyceride
emulsion (Intralipid®) via ultracentrifugation following a previously described method
[182]. Different from protein-free artificial CMs, in vivo-derived CMs contain about 2.1
— 6.4 % of protein [278]. The presence of apolipoproteins on the surface of CMs could
be one of the reasons for the difference in prodrugs’ affinity between artificial CMs and
plasma-derived CMs [279]. Additionally, previous measurements showed that the size
of particles in 10 % intralipid® emulsion was mainly distributed around 200 + 10 nm
[280]. However, animal- or human-derived CMs contain both small and large sizes of
CMs, covering the range from 75 to 1,500 nm [173,174,181]. The limited particle size
of artificial CMs could also result in an inaccurate prediction of prodrugs’ affinity to
natural CMs. Moreover, it has been reported that the plasma clearance of larger size
of artificial CMs was slower than the clearance of smaller size of artificial CMs [278].
It suggests that differences in the size of CMs could result in varying clearance and
catabolism kinetics. Therefore, it may be worth including natural CMs in the
assessment of the intestinal lymphatic absorption of prodrugs before in vivo studies.
Moreover, Chu et al. previously suggested that the spatial binding sites of molecules
to CMs (for example, within the core or on the surface of CMs) may also impact their
affinities to CMs [195]. CMs are large lipoproteins that consist of amphiphilic lipids on

the surface and tri/di/mono-glycerides and fatty acids in the core [281]. The
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conjugation of alkyl chains to IMQ may facilitate the encapsulation of prodrugs within

the lipophilic core of CMs.

In addition to the CMs affinity, the high solubility in long-chain triglycerides (LCT) (>
50 mg/mL) is another important predictor for intestinal lymphatic transport [182,273].
Combined LCT solubility and CM affinity results suggest that prodrugs 3-8 have a high
potential to be transported into the intestinal lymphatics following oral administration

(Table 5-2 and Figure 5-4) [192].

5.4.4 The biotransformation and stability of IMQ prodrugs in biorelevant media

The rate of IMQ released from the prodrugs in tested media directly corresponded to
the hydrolysis half-life of prodrugs (Figure 5-7), suggesting that the hydrolysis of the
amide bond was the primary metabolic pathway of IMQ amide prodrugs in the tested
conditions. For effective delivery of the active drug to the intestinal lymphatics, prodrug
candidates should resist enzymatic hydrolysis in the gastrointestinal (Gl) tract but

quickly release IMQ once they enter the lymphatic system.

The FaSSIF + esterase medium was previously used to estimate the hydrolysis of the
ester prodrugs in the Gl lumen [190-192]. This in vitro model was originally developed
to evaluate the enzymatic hydrolysis of ester prodrugs in human intestine by
Stappaerts et al. [282]. The authors reported that the biotransformation kinetics of the
ester prodrug in the FaSSIF + esterase medium were similar to the kinetics in the
human intestinal fluid. Additionally, this in vitro model has been previously used by us
to assess the intraluminal hydrolysis of ester prodrugs, which were designed for

targeted delivery of small molecules to MLNSs following oral administration [190-192].
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Interestingly, it was found that the hydrolysis of prodrugs was relatively fast in the
FaSSIF + esterase medium, especially for prodrug 1 (tu2 < 5 min) (Figure 5- 8 A). It
should be kept in mind that all tested prodrugs in this work were designed by
conjugating IMQ with fatty acids via an amide bond (Figure 5-2). As a result, the
hydrolysis of amide prodrugs should not be rapid with the presence of esterase. Herein,
we proposed two hypotheses to explain this phenomenon. Firstly, it is was worth
mentioning that the esterase added to the FaSSIF + esterase medium was a crude
porcine hepatic extract, with only the esterase activity being quantified. Therefore,
additional hepatic enzymes with no quantified activity may exist, resulting in the rapid
hydrolysis of prodrugs with the presence of multiple enzymes. Secondly, the amide
prodrugs of IMQ might be a substrate for carboxylesterase. It was previously reported
that drug molecules that contain amide-derived structures, such as irinotecan, were
metabolized by mammalian carboxylesterase [283]. Moreover, Wang et al. suggested
that carboxylesterase 1 hydrolase both ester and amide molecules containing a small
alcohol group or a bulky acyl group [284]. The biochemical structure of primate
carboxylesterase showed that there are two ligand-binding sites of carboxylesterase
1. One is rigid, and the other is flexible, resulting in its capacity for catalytic hydrolysis
of a wide range of substrates [285]. The chemical structure of IMQ lipophilic prodrugs
is similar to a bulky acyl molecule (Figure 5-2). As a result, the IMQ prodrug may be

a substrate of porcine esterase.

A direct assessment of the prodrug stability in the superior mesenteric lymph was
difficult to perform as the lymph is limited in volume and difficult to collect. Previously,
plasma has been used as a surrogate for mesenteric lymph to assess the
biotransformation of prodrugs in the intestinal lymphatics [190-192]. In general, the

mesenteric lymph and plasma share a similar composition of electrolytes, lipids and
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proteins, but with some differences [286]. A proteomics study showed that the major
difference between lymph fluid and plasma is that the former is significantly enriched
in intracellular enzymes that were released from cells during cell apoptosis [287].
Moreover, it was reported that the concentration of carboxylesterase 1 in the mice
blood fraction was approximately 2-fold higher than it was in the lymph [288].
Additionally, since the composition of lymph is highly related to the regions in which it
is drained, the mesenteric lymph that drains from the small intestine is enriched with

lipids [274].

We are aware that plasma could not completely overlap with enzymes and other
components of mesenteric lymph. However, to the best of our knowledge, blood
fraction is one of the current best available surrogates for lymph fluid. Therefore, rat

plasma was used as a surrogate for lymph to assess the biotransformation of prodrugs.

Results from the biotransformation assay using the FaSSIF + esterase medium and
rat plasma indicated that, except prodrug 4, synthesised amide prodrugs efficiently
released IMQ in the FaSSIF + esterase medium and rat plasma, suggesting an
efficient hydrolysis of the amide bond (Figure 5-7). Previously, a lipidised IMQ prodrug
was synthesized by conjugating IMQ with cholesterol via an amide bond. It was
observed that this IMQ-cholesterol prodrug can efficiently release the active molecule
in a PBS/DMSO mixture [230]. It was suggested that the hydrolysis of the amide bond
in the IMQ prodrug could easily happen even without the presence of hydrolase.
However, one of the well-known challenges for amide prodrugs is that the amide bond
is substantially more stable than ester [188,275,289]. Therefore, we hypothesised that
the rapid release of IMQ from prodrugs is related to its unique chemical structure and

its properties as a leaving group. The amine in the IMQ is not an electrophile amine
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but an aniline. The electronic resonance could facilitate the release of IMQ, resulting

in rapid hydrolysis of IMQ prodrugs.

In addition, it was noted that with an increase in the length of the alkyl chain (prodrugs
1-4), the half-lives of prodrugs in FaSSIF with added esterase activity and rat plasma
were also increased, most likely due to steric hindrance [290,291]. Therefore, IMQ
amide prodrugs 5-8 were designed as conjugates with unsaturated fatty acids to
minimise steric hindrance. As expected, the introduction of unsaturation to prodrugs

resulted in a faster conversion to active moiety.

It was previously reported that a decrease in the concentration of carboxylesterase 1
(which was likely related to the enzymatic hydrolysis of IMQ prodrugs) was observed
in the mice lymph during the intraduodenal infusion of Intralipid ® [288]. In in vivo
studies, lipids were co-administered with IMQ prodrugs to facilitate the production of
CMs (Section 2.7.4). Therefore, the actual biotransformation of prodrugs to IMQ in
the intestinal lymph could be slower than the ex vivo prediction. However, for rats, the
flow rate of intestinal lymph is approximately 470-fold slower than the flow rate of
intestinal blood (0.9 mL/h vs. 426 mL/h) [170,171]. Similarly, the flow rate of intestinal
lymph is approximately 754-fold slower than that of blood in humans (1.16 mL/min vs.
500-750 mL/min) [170,172]. Considering the slow flow rate of intestinal lymph, it may

allow prodrugs sufficient time to release the active drug in the lymphatics.

To evaluate the biotransformation of IMQ amide prodrugs in the GI tract more
accurately, in this work, the brush border enzyme vesicles (BBMVs) medium was also
evaluated for assessment of the hydrolysis of amide prodrugs. The BBMVs medium

represents the enzymatic conditions in the enterocytes. In the GI tract, BBMVs are

187



mainly located within the brush border microvilli of epithelia (enterocytes) and about
16-25 % of BBMVs are secreted into the intestinal lumen [292]. These vesicles are
enriched in metabolic enzymes, including alkaline phosphodiesterase,
aminopeptidase and carboxypeptidase [293]. Previously, BBMVs pellets have been
used for assessing the stability of peptides, digestion of nutrients and transport of drug
molecules during Gl absorption [294—-298]. The brush border membrane could be one
of the primary hydrolysis sites for amide prodrugs in vivo. The biotransformation
assessment using BBMVs showed that all prodrugs were quite stable (Figure 5-7),
suggesting that designed prodrugs are likely to be resistant to hydrolysis, especially

near and in the enterocytes, before entering the intestinal lymphatics.

Taken together, the results of CM affinity, LCT solubility, biotransformation and
stability, prodrugs 5 and 8, were selected as the most promising candidates for

delivering IMQ into mesenteric and retroperitoneal lymphatics via the CM pathway.

5.4.5 Pharmacokinetics of prodrugs 5 and 8 and IMQ

It was shown previously that the lipophilic prodrug approach combined with a lipid-
based formulation could increase the Fora Of drugs [190,191]. However, in this work,
there was no statistically significant difference in the Fora of IMQ between the
administration of unmodified IMQ and the administration of prodrugs 5 and 8 (Table

4- 3 and
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Table 5- 4). The plasma concentration-time profile of IMQ following oral administration
of prodrugs 5 and 8 was not prolonged and erratic as was the case for unmodified IMQ
(Figure 5-9). Therefore, we hypothesised that prodrugs 5 and 8 did not increase the
extent of IMQ absorption but potentially changed the absorption pattern and pathway.
To test this hypothesis, the biodistribution of prodrug 5, prodrug 8 and IMQ released
from the prodrugs was assessed following oral administration of prodrugs 5 and 8.
Prodrugs 5 and 8 have significantly higher affinity to CMs than unmodified IMQ (Figure
5-4). As a result, high concentrations of prodrugs 5 and 8 were found in mesenteric
lymph, strongly suggesting that the affinities of prodrugs 5 and 8 to CMs (70.3 % and
76.5 %, respectively) were sufficient for the substantial lymphatic uptake to occur in
vivo (Figure 5- 10 A and C). It should be mentioned that the amine group on the 4-
position of IMQ is an essential functional group responsible for its pharmacological
effect. Therefore, although the off-target distribution of prodrugs could not be
completely excluded (Figure 5- 15), the amidation of the amine on the 4-position with

alkyl chains is unlikely to increase the toxicity of IMQ [230].

It should be noted that previously reported lipophilic prodrugs designed by us and
others for intestinal lymphatics targeting mainly used an ester bond to conjugate active
moiety with lipophilic structures [187,188,190-192,299]. To the best of our knowledge,
only one work by Han et al. has previously attempted to design lipophilic prodrugs for
targeting intestinal lymphatics through an amide bond [188]. The authors reported that

the amide lipophilic prodrug approach did not improve intestinal lymphatic targeting
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due to insufficient release of the active drug within the mesenteric lymph [188]. Notably,
this amide prodrug was developed for mycophenolic acid, an immunomodulator with
a distinct chemical structure from IMQ. In the case of the mycophenolic acid prodrug,
the amide bond is not directly attached to the benzophenone-like aromatic core but is
instead linked via an ethyl chain. As a result, the electron-withdrawing effect of the
aromatic system does not effectively facilitate amide bond hydrolysis, limiting the
release of the active parent drug in the lymphatic system.However, in the current study,
a significant increase in the lymph-to-plasma concentration ratio of IMQ was observed
when prodrugs were administered, in comparison to the administration of the
unmodified IMQ (Figure 5-12 A). Moreover, a substantial increase was found in the
MLNs-to-plasma concentration ratio of IMQ from 5.3-fold to 11.8-fold with prodrug 5
(p = 0.0029) and to 8.0-fold with prodrug 8 (p = 0.079) in comparison to unmodified
IMQ (Figure 5-12 B). Most importantly, following oral administration of prodrug 5, IMQ
concentrations in MLNs were significantly higher than in plasma, indicating that IMQ

was targeted into intestinal LNs (Figure 5- 11).

However, as opposed to prodrug 5, IMQ concentrations in MLNs were not significantly
higher than in plasma following the administration of prodrug 8 and unmodified IMQ.
Additionally, prodrug 5 achieved a higher concentration of IMQ in MLNs and a higher
MLNs-to-plasma ratio in comparison to prodrug 8 (Figure 5- 11 and Figure 5-12 B).
This is probably because the lymphatic delivery of prodrug 8 was lower than that of
prodrug 5 (Figure 5- 10 A and C) and the biotransformation of prodrug 8 to IMQ in

intestinal lymphatics was slower than that of prodrug 5 (Figure 5- 8).
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It is important to note that MLNs are important targets for immune activators, such as
toll-like receptor 7 (TLR 7) agonists. These lymph nodes are rich in DCs that are
derived from the primary lymphoid tissues and DCs that migrate from the intestinal
tissue, as well as naive T cells, providing an environment for immune cells cross-
communication in CRC patients [300]. The concentration of IMQ in MLNSs is 1.6-fold
higher than its ECso (around 2 pM) as a TLR7 agonist, suggesting that targeted
delivery IMQ to MLNSs using prodrug 5 can potentially improve the treatment for CRC

[304].

Concerning ILNs targeting, results suggest that following oral administration of prodrug
5, IMQ concentrations in ILNs were significantly higher in comparison to oral
administration of unmodified IMQ (Figure 5-13). However, the ILNs-to-plasma
concentration ratio of IMQ was not significantly different between oral administration
of unmodified IMQ and prodrugs (Figure 5-12 C). This could suggest that the increase
in the IMQ concentrations in ILNs may not be a direct result of intestinal lymphatic

transport.

Additionally, compared to the Vss of IMQ (3376.3 + 1842.0 mL/kg) (Table 4- 3), a lower
Vss of prodrug 5 (434.8 + 327.1 mL/kg, p <0.05) and the Vss of prodrug 8 (2241.7 +
1221.3 mL/kg, p >0.05) was found (Table 5-5). Moreover, results from the two-
compartmental analysis model suggested that the unusually high distribution volume
of the central compartment (in comparison to the distribution volume of the peripheral

compartment) of IMQ was not present for prodrugs 5 and 8 (Table 4-4 and
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Table 5- 6). As a result, when prodrug 5 was administered, this non-specific
distribution of IMQ was reduced (Figure 5- 14), suggesting that the off-target toxicity

of IMQ could be potentially reduced using the prodrug approach.

5.5 Conclusion

In this chapter, lipophilic amide prodrugs were designed and assessed for their
potential for intestinal transport and targeting of active IMQ into mesenteric and
retroperitoneal lymph nodes following oral administration via the CMs pathway. In the
design and in vitro assessment for prodrugs, we found that: 1) conjugation with a linear
alkyl chain resulted in a substantial affinity of prodrugs to artificial CM; 2) inclusion of
unsaturated bonds in the alkyl chain facilitated the active moiety released from amide
prodrugs. Prodrugs 5 and 8 were selected as the most promising candidates and,
therefore, were orally administered to rats. They were efficiently delivered to
mesenteric lymphatics and released active IMQ in mesenteric lymph and lymph nodes.
This work suggests that the approach of targeting IMQ to the mesenteric lymphatic
system using lipophilic amide prodrugs is efficient. This study demonstrates more
generally that the lipophilic amide prodrug approach for amine molecules for intestinal

lymphatic targeting is feasible.
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Chapter 6 General discussion and future work

6.1 General discussion

The aim of this PhD project was to deliver imiquimod (IMQ) to mesenteric and
retroperitoneal lymph nodes (LNSs) in a targeted manner using the lipophilic prodrug
approach following oral administration. We aimed to achieve the activation of the
antigen-presenting cells, such as dendritic cells (DCs), in the LNs, which drain lymph
from the colorectal regions. As a result, the inhibitory immune responses that are
regulated by the tumour cells could potentially be minimised, and the anti-tumour
immune responses could be facilitated by the activation of DCs. Therefore, this
approach could potentially improve the therapeutic outcome of patients diagnosed with

colorectal cancer (CRC).

In this work, the lipophilic prodrug approach for intestinal lymphatic targeting was
applied to the toll-like receptor 7 agonist, IMQ. To the best of our knowledge, the
prodrugs of IMQ developed in this project were the first amide prodrugs that have been
designed for intestinal lymphatic transport and could efficiently release the active

parent molecule into the intestinal lymphatic system.

This project achieved the following:

1) Sensitive bioanalytical methods using high-performance liquid chromatography with
UV detection (HPLC-UV) or with tandem mass spectrometry (LC-MS/MS) for the

determination of the concentrations of IMQ and its prodrugs in biological samples.

2) Obtaining pharmacokinetics (PK) parameters and the biodistribution profile of IMQ

in various LNs and tissues.
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3) Design and synthesis of lipophilic prodrugs of IMQ using a high-yielding amidation

reaction.

4) Establishment and validation of BBMVs ex vivo model for understanding the

biotransformation of prodrugs to IMQ in the gastrointestinal tract.

5) Obtaining the PK profile of prodrugs 5 and 8 which were the most promising

prodrugs and the PK profile of IMQ that was released from prodrugs.

6) Obtaining biodistribution profile of IMQ, prodrug 5 and prodrug 8 following the oral

administration of prodrugs.

6.1.1 Bioanalytical method for the determination of IMQ and its prodrugs in

biological samples

In chapter 3 of this thesis, a sensitive, accurate and robust bioanalytical method for
the determination of the concentrations of IMQ was developed and partially validated
following the FDA guidelines [206]. Most previously developed analytical methods for
IMQ only allowed the quantification of IMQ in a simple solvent matrix [212—215]. The
HPLC-UV bioanalytical method of IMQ developed in this chapter can be used for the
determination of the concentrations of IMQ in biological matrix samples, such as rat
plasma, with a lower limit of quantification (LLOQ) at 15 ng/mL. The LLOQ of this
method was more sensitive than previously reported methods [216,219]. Although one
previous study reported a bioanalytical method for IMQ using HPLC-UV with an LLOQ
of 1 ng/mL, the high volume of blood required (2 mL of whole blood) limited the

application of this method in animal studies with rodents [140].

Additionally, in a previously reported bioanalytical method, a costly solid-phase
extraction was required for sample preparation [302]. In our developed method, a
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simple and cost-effective liquid-liquid extraction was used to minimize the potential
endogenous interference and provide an efficient recovery of IMQ after the sample
preparation. The cost-effectiveness of sample preparation is important in PK and BD

studies since there will be a substantial amount of samples to be analysed.

It was reported that the oral bioavailability (Fora) of IMQ was close to zero due to the
extensive first-pass metabolism of IMQ in rats [252]. This suggests that a more
sensitive bioanalytical method was needed to complete the PK profile of IMQ following
the oral administration. Therefore, a tandem mass spectrometry (MS/MS) detector
methodology was used to improve the LLOQ of this current assay. The LC-MS/MS
bioanalytical method developed by us had an LLOQ at 1.25 ng/mL and only required
100 pL of plasma as sample volume. Moreover, the range of detection could be
extended from 1.25 — 200 ng/mL to 1.25 — 4,000 ng/mL after the dilution of samples
with blank plasma. The small volume of sample and the wide range of detection

concentrations guarantee the application of this LC-MS/MS in various conditions.

In the current method, IMQ was eluted at the initial isocratic stage of the mobile phase
(30:70 ammonia formate, pH = 3, and methanol) within 10 min. The composition of the
organic solvent can be increased for the elution of lipophilic prodrugs of IMQ. As a
result, IMQ, propranolol (internal standard), and its prodrugs were eluted at different
retention times, avoiding cross-interferences. Moreover, this method could be
potentially used for the simultaneous determination of the concentrations of IMQ and

other compounds with minor adjustments.

The targeted delivery of IMQ with other chemotherapeutic agents (such as doxorubicin
and irinotecan) or immunotherapeutic agents (such as PD-1/PD-L1 inhibitor) to

tumour-associated regions demonstrated a promising therapeutic outcome in CRC
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models [210,303,304]. The simultaneous determination of the local concentration of
IMQ and the co-administrated drugs using bioanalytical assay is crucial. Due to the
different lipophilicity between IMQ and the co-administrated drugs, the separation of
analytes can be potentially achieved with the gradient increase (or decrease) in the

proportion of the organic solvent in the mobile phase after the elution of IMQ.

6.1.2 intravenous formulation of IMQ

The poor solubility of IMQ in commonly used intravenous (IV) formulations was an
obvious challenge in completing the PK profile of IMQ following IV bolus administration.
Previously reported IV formulations of IMQ were not commercially available (under the
protection of a patent) [137] or had other concerns about animal safety [140,210].
Therefore, in this chapter, we first developed a safe IV formulation of IMQ at a
concentration of 0.8 mg/mL using a propylene glycol (PG)-water mixture (80:20, v/v)
at the pH range of 6 - 6.5. With this formulation, the PK profile and parameters of IMQ
in rats following (IV) bolus administration and oral administration were reported in

Chapter 4.

Alternatively, nanoemulsion could be a potential formulation for poor water-soluble
drugs, such as IMQ. Nanoemulsion consists of an oil and aqueous phase, which is
supplemented with surfactants. Previously, a hanoemulsion of IMQ was developed
using oleic acid, rose oil and PG [238]. Results showed that this formulation could
efficiently encapsulate IMQ in nanopatrticles (> 90 %) found in the size range of 150 —
400 nm. However, this formulation only allowed the dissolving of 12.5 mg of IMQ in a
volume of 25 mL (a.k.a 0.5 mg/mL), which limits its application as an IV formulation of
IMQ in our preclinical studies. Moreover, the oil used in this formulation is another

safety concern for IV administration.
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6.1.3 Pharmacokinetics and biodistribution profile of unmodified IMQ

It was found that the elimination rate of IMQ in rat plasma was fast (t12=0.73 = 0.05
h), which was consistent with previous reports [140,252]. The BD studies of
unmodified IMQ show that the distribution of IMQ in plasma, serum and blood is not
significantly different, and the blood-to-plasma ratio or the blood-to-serum ratio of IMQ
was close to 1, suggesting a low intracellular distribution of IMQ in red blood cells. The
clearance of IMQ in plasma was 4.468 + 1.569 L/h/kg,[294] indicating a high hepatic
extraction ratio of IMQ. The PK studies of IMQ showed that the oral bioavailability (Forar)
of the drug is limited (< 10 %), which may be a direct result of the rapid hepatic first-
pass metabolism of IMQ. A clinical study of IMQ reported that the clearance of IMQ in
humans was 0.963 = 0.158 L/h/kg following an oral administration of the drug, which
is slower than the clearance of IMQ in rats reported in our studies [140]. An in vitro
metabolism study using human cytochrome P450 and mouse liver showed that IMQ
was predominantly mediated by cytochrome P450 1A1 and 1A2 [305]. It was reported
that the human’s hepatic CYP 1Al is less responsive and less sensitive to its substrate
in comparison to rats’ CYP 1A1 [254]. Therefore, we suggested that the difference in
the clearance of IMQ between humans and rats could be a result of various activities

of hepatic enzymes that are responsible for the metabolism of IMQ.

A similar fast clearance and low Forai Of another TLR 7 agonist, isatoribine, was
reported, which limits the clinical application of isatoribine [306]. ANA975 is a prodrug
of isatoribine (Figure 6- 1). The phase | clinical trial showed that the bioavailability of

isatoribine was over 85 % following the oral administration of ANA975 [307].
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Figure 6- 1 The chemical structure of isatoribine and its prodrug ANA975 [307].

A high volume of distribution (Vss) of IMQ (3.376 L/Kg) was observed in our work,
which is consistent with previous studies [140,241]. Considering the moderate
lipophilicity of IMQ (Log P = 3.46), the Vss of IMQ is unusually high. Moreover, a low
distribution of IMQ into the blood cells was found in our study, which could not explain
the high Vssof IMQ. Therefore, we also included a two-compartmental model to explain
the relatively high Vss. The compartmental modelling suggested that IMQ was mainly
distributed into the central compartment (V1) which represents the blood circulation
and highly blood-perfused organs (such as the liver, kidney and spleen) rather than
the peripheral compartment (V2). A similarly high volume of distribution of a non-
lipophilic drug molecule has been observed in animals following the 1V administration
of metformin. Metformin is a hydrophilic drug (Log P = -1.43), which was found to have
a Vss of 1311 mL/kg in rats. It was suggested that the high Vss of metformin could be
a result of the drug's accumulation in the Gl wall and liver [256]. Our studies showed
the average concentration of IMQ in the liver is the highest, and the concentration of
IMQ in the liver is significantly higher than it in the plasma (Figure 4-3, Chapter 4).

The high distribution of IMQ in the liver could potentially explain the large Vss of IMQ.
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Previously, the lipid-based formulation was used to improve the Forai Of lipophilic
compounds because it could potentially enhance intraluminal solubility and facilitate
the intestinal lymphatic absorption of the drugs, resulting in partial avoidance of the
first-pass metabolism [179,183,203]. Since IMQ does not show lipophilic
physicochemical properties, it was expected that the intestinal lymphatic transport of
IMQ following oral administration was limited [182]. As we expected, the Foral of IMQ
in the lipid-based formulation group did improve in comparison to the lipid-free
formulation group, suggesting that there was a low chance for IMQ itself without
chemical modifications to be absorbed into the intestinal lymphatics following oral
administration. Moreover, the low solubility of IMQ in long-chain triglycerides and the
low affinity of IMQ to artificial chylomicrons confirmed the limited potential of lymphatic

absorption of unmodified IMQ [181-184].

Although there was no statistically significant difference between the concentration of
IMQ in LNs and in plasma, the average concentrations of IMQ in the examined LNs
(MLNSs, iliac LNs, cervical LNs and inguinal LNs) were 3- to 5-fold higher than it in the
plasma. It should be noted that the BD of IMQ in the LNs, which are the main areas of

therapeutic targeting of TLR 7 agonists, were reported in our work for the first time.

In our previous studies, it was found that when drug molecules were absorbed into
intestinal lymphatics via the CMs pathway, the concentration of the drug in the
mesenteric lymph was much higher than its concentration in the plasma [180,190-
192,195,196,203]. However, in the case of IMQ, similar average concentrations of the
drug in the mesenteric lymph and in plasma suggested that the accumulation of IMQ
in the LNs was not a direct result of intestinal lymphatic transport. It should be kept in

mind that the Vss of IMQ was quite high, which suggests that the high concentration of
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IMQ in the LNs could be a result of the wide distribution of the drug into tissues. The
high distribution of IMQ was also found in highly blood-perfused organs, as well as the
relatively medium to low blood-perfused regions, such as skeleton muscle and the
brain. The unspecific systemic distribution of IMQ may be responsible for the various
adverse effects of the drug and the poor therapeutic outcomes in the clinical trials
[131,141]. Therefore, in chapter 5, a series of highly lipophilic prodrugs of IMQ were
designed and synthesised, which were expected to deliver the drug to the intestinal

LNs on a targeted manner, and also minimise the wide systemic distribution.

6.1.4 Design and selection of promising prodrug candidates for targeted

delivery of IMQ to intestinal lymphatic

Chapter 5 of this thesis started with the design of lipophilic prodrugs of IMQ based on
a previously reported in silico model [182]. The first generation of prodrugs (prodrugs
1-4) was designed by conjugating IMQ with medium-chain (C10) to long-chain (C18)
saturated fatty acid structures. The second generation of prodrugs 5-8 was designed
by conjugating IMQ with unsaturated alkyl chains (a.k.a. unsaturated fatty acid). The
unsaturated long-chain structure was expected to improve the affinity of CMs and
facilitate the release of the parent molecules. Additionally, it was previously reported
that the conjugation of IMQ with unsaturated fatty acid could also improve the

molecular penetration into cells [193].

In the next step, we aimed to synthesize the designed prodrugs 1-8 with a high-yield
amidation reaction. In this work, we found that the primary amine on the C4 position
of the imidazoquinoline structure was not nucleophilic due to the attached
imidazoquinoline structure but more electrophilic. As a result, the amidation of IMQ

with acyl halide had a limited yield. An amidation reaction for producing IMQ-oleate
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prodrugs using coupling reagents N-Hydroxysuccinimide (NHS) and N, N'-
Dicyclohexylcarbodiimide (DCC) was previously reported [193]. However, we found
that no product of the IMQ’s prodrugs when the same reaction was applied. Moreover,
during the reaction, a cloudy mixture of the starting materials was noticed. This
observation suggested that the limited production of the IMQ prodrugs could be a
result of IMQ itself not being dissolved in the reaction solvents. In this work, we found
that N-methyl-2-pyrrolidone (NMP) could be used to improve the dissolution of IMQ.
Moreover, a previously reported reaction for challenged amidation involving coupling
reagents hexafluorophosphate (TCFH) and N-methylimidazole (NMI) was used in the

synthesis of prodrugs 1-8 of IMQ [194], which offered a relatively high yield (> 70 %).

It has been shown that the high affinity of drugs to the CMs is important for the
intestinal lymphatic transport of drugs following oral administration [181,182,190—
192,195]. Previously, Porter's group suggested that the prodrugs designed with alkyl
derivatives structures had limited lymphatic transport following oral administration in
comparison to triglyceride (TG)-mimetic structures [186,188,281]. However, in silico
and in vitro results in our work show that the simple alkyl prodrugs of IMQ have a
significantly higher affinity to CMs (> 60 %) in comparison to IMQ itself, which has a
negligible affinity to CMs (< 2 %). The results from in vivo studies show that the
concentrations of prodrugs 5 and 8 in mesenteric lymph were 50- and 11-fold,
respectively, higher than their concentrations in the plasma, confirming a high
lymphatic absorption of these two prodrugs. This suggests that the TG-mimetic
structures were not necessary in the case of IMQ. Additionally, cannabidiol,
testosterone and halofantrine do not contain a biomimetic structure (such as
triglycerides) but are still largely absorbed into intestinal lymphatics following oral

administration [180,308,309]. It suggests that other physicochemical properties, such
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as lipophilicity and ionisation, may predominately decide the lymphatic absorption of

the drug molecules [182].

It should be noted that the amine group on the C4 position of IMQ is the key functional
group for the pharmacological effects of the drug [230]. Therefore, the substantial
amounts of prodrugs 5 and 8 in the intestinal lymphatic systems were not likely to

introduce any adverse effect.

Optimal prodrug candidates should resist enzymatic hydrolysis before they are
absorbed into the lymphatics and efficiently release the active drug in the lymphatic
system, ensuring effective delivery of IMQ to the intestinal LNs following oral
administration. Previously, the biotransformation of the prodrugs in the Gl tract was
assessed by in vitro models, such as FaSSIF supplemented with esterase [190—
192,282] and lipid-digestion buffer [186], as well as ex vivo models, such as bile and
pancreatic fluid [289]. These models are only able to estimate the enzymatic hydrolysis
of the prodrugs in the intestinal fluid. However, the association between prodrugs and
CMs actually happens in the intracellular space of enterocytes [185]. Previous work
from our group and others did not include the assessment of the stability of prodrugs
in the enterocytes. In this project, the brush border membrane vesicles (BBMVs) were
first used to assess the biotransformation of prodrugs when the compounds pass
through the brush border microvilli of epithelia. It was found that all synthesised
prodrugs had a long half-life in the presence of BBMVs, suggesting reasonable

stability of the prodrugs in the enterocytes.

The biotransformation of the prodrugs to IMQ in the lymphatics was evaluated using
rat plasma as a surrogate for lymph following a previously reported protocol [190-192].

Previous studies in ours and Prof Christopher Porter's group have shown that the
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simple alkyl prodrug structure could not efficiently release the active moiety in the
lymphatic system, limiting the local concentration of active drugs in the targeted sites
within intestinal lymphatics [188,190,191]. It was found that synthesised prodrugs
(except prodrug 4) had a relatively short half-life in the rat plasma, suggesting that they
could be efficiently converted to the parent drug in the lymph. Moreover, it was found
that the increase in the alkyl chain length could significantly prolong the half-lives of
prodrugs in the plasma. By contrast, the addition of unsaturated bonds to the alkyl
chain could facilitate the release of IMQ from prodrugs in the plasma (prodrugs 2 vs 5,
3 vs 6, and 4 vs 7 or 8). These results suggested that unsaturated moieties could
potentially overcome the steric hindrances introduced by the elongation of alkyl chains,

resulting in the efficient release of active drugs [291].

6.1.5 Targeted delivery of IMQ to intestinal lymphatics using the lipophilic

prodrug approach

The MLNSs drain lymph from the colorectal regions and are enriched in DCs which can
be activated by IMQ via binding to the TLR 7 [30,32,34,153]. In the patients affected
by CRC, the activation of DCs is inhibited by the suppressive signals that are regulated
by the tumour cells. Therefore, targeted delivery of IMQ using the lipophilic prodrug
approach into the MLNs can potentially facilitate the anti-tumour immune response
that is regulated by the activated DCs. In previous studies from our group and others,
chemical structures of prodrugs were mainly designed through an ester linker. Only
the ester-type prodrugs have been reported as successful for targeted delivery of the
active parent drugs into the MLNs [185-192,310]. In contrast, the amide bond is
generally considered unsuitable for lymphatic targeting of drugs due to their high

stability, which makes them difficult to hydrolysed within the lymphatic system
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[275,311]. Moreover, Han et al. reported that although an amide prodrug itself can be
transported into the mesenteric lymph following oral administration, it could not
enhance the local concentration of the parent molecule (mycophenolic acid) in the
intestinal lymphatics because the prodrug failed to convert into the active parent

compound in lymphatic system.

Amide structure was thought not suitable for chemical structures of prodrugs due to
the high stability of this chemical bond [289]. However, in the case of IMQ, it only
contains an amine group which is prodrug-able. Our results showed that following the
oral administration of prodrugs 5 or 8, the average concentration of IMQ (released
from the prodrugs) in MLNs was 11- or 8-fold higher, respectively, than its
concentration in plasma. The lymph-to-plasma ratio of IMQ concentration significantly
increased from 0.5-fold to 1.9-fold in the mesenteric lymph following the oral
administration of prodrug 5. The tissue-to-plasma ratio of drug concentration is an
important indicator for targeted delivery and has been used to evaluate the specific
distribution of drugs [312-314]. Therefore, our results indicate that the amide prodrug
could efficiently release IMQ in the intestinal lymphatics and targeted delivered the

parent molecules in the LNs.

Similar to IMQ, some other chemotherapeutic agents and immunomodulators contain
only the amine group as the prodrug-able structure (Figure 6-2). This current work
shows the feasibility of using amide prodrugs in targeted delivery to the MLNSs for the

first time.
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Figure 6-2 Examples of chemotherapeutic agents (temozolomide and procarbazine) and
immunomodulators (tofacitinib and lenalidomide) that contain only amide group as a prodrug-able
structure.

The lymphatics from the lower part of colorectal regions and the upper part of the anus
also drain into the iliac LNs [176,177,315], suggesting that iliac LNs are also an
important targeting area of IMQ. It was reported that lipophilic molecules could be
absorbed in the colorectal areas [316,317] and be drained into iliac LNs following the
pattern of lymphatic drainage [176,177,315]. Our results showed that a significantly
higher average concentration of IMQ in iliac LNs, compared to the plasma
concentration of IMQ, was only observed following the oral administration of prodrug
5. Following the oral administration of prodrug 5 or prodrug 8, the tissue-to-plasma
ratio of the concentration of IMQ in the iliac LNs was not different in comparison to the
oral administration of IMQ itself. These results suggest that the lipophilic prodrug
approach may not effectively deliver drug molecules to the iliac LNs following oral

administration.
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Previously, small drug molecules were delivered to iliac LNs using nanopatrticles via
intramuscular injection (on the leg) or microneedles via subcutaneous injection (on the
back skin) [318,319]. This delivery approach is based on the lymphatic drainage
pattern from the popliteal and inguinal LNs to the iliac LNs [178]. Additionally,
Galandiuk et al. reported that the concentration of 5-fluorouracil in the iliac LNs was
higher following rectal administration in comparison to other administration routes
[320], suggesting that the suppository formulation may be useful in the targeted

delivery of drugs to the iliac LNs.

In addition to delivering IMQ to LNs, in this work, the wide and unspecific distribution
of IMQ was minimized. Our results show that the tissue-to-plasma ratio of IMQ in the
highly blood-perfused organs and the low blood-perfused organs was significantly
decreased following the oral administration of prodrugs in comparison to the
administration of unmodified IMQ. This suggests that the off-target toxicity of IMQ
could be minimized due to the decrease in the systemic distribution of IMQ using the

lipophilic prodrug approach.

It should be noted that the primary purpose of this project is to deliver IMQ into
intestinal lymphatics. On the other hand, prodrugs 5 and 8 were expected to improve
the Foral Of IMQ because they can transport IMQ into the systemic circulation, avoiding
hepatic first-pass metabolism [190,191,321]. However, in this work, the Fora of IMQ
was not significantly improved after the oral administration of prodrugs 5 and 8 (15.6
+ 9.8 % and 20.1 = 15.0 %, respectively) in comparison to the oral administration of
unmodified IMQ (6.7 £ 4.2 %). It was found that the Fora Of the prodrugs 5 and 8 were
only 1.5+ 1.5 % and 1.29 £ 0.3 %, respectively. The limited Forai Of the prodrugs may
be one of the reasons for the lack of improvement in the Foral 0f IMQ using prodrug

approach.
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6.2 Future work

6.2.1 In vivo efficacy and toxicological study of prodrugs of IMQ

The local concentration of IMQ in the intestinal lymphatics was significantly improved
using the lipophilic prodrug approach. Following the assessment of the biodistribution
of IMQ in the lymphatics in rats, the therapeutic efficacy of prodrug candidates can be

evaluated using animal models.

The primary pharmacological effect of IMQ is activating the unmatured DCs
[119,124,125,130,142]. The activation of DCs in the targeted area, such as MLNSs,
following administration of the prodrugs of IMQ can be examined using health rat
models. In the LNs of non-infected animal models, the population of MHC II* and MHC
[I"is not significantly different [322]. Once the DCs are activated in the presence of
antigens or immune activators, the population of DCs and the percentage of activated
DCs will increase. The change in the DCs’ population and phenotypes can be

monitored using flow cytometry analysis and immunostaining microscopy [323,324].

Additionally, it is important to understand the potential toxicological effects of the
prodrugs of IMQ. Although the prodrugs themselves are less likely have any
pharmacological effects as an immunoactivitor, increased local concentration of IMQ
in the MLNs after the administration of the prodrugs may introduce an inflammatory
storm (a.k.a cytokine storm) in the lymphatic system [325]. The local inflammatory
signals may be magnified during the signal pathway and eventually damage the
secondary organs after a few days [326]. To address this concern, a toxicology study
should be conducted on the amide prodrugs of IMQ. For example, the EC50 values of
prodrugs 5 and 8 could be determined using human or animal-derived immature

dendritic cells (DCs). In preclinical studies, the prodrugs should be orally administered
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to in vivo models at three different dose levels to establish the no observed adverse
effect level (NOAEL) dose and maximum tolerated dose (MTD). Additionally, relevant
toxicity endpoints, including both local and systemic inflammatory responses, should

be assessed by measuring proinflammatory cytokines such as TNF-a using ELISA.

6.2.2 Applying the simple alkyl prodrugs structure to other imidazoquinoline

derivatives

The simple alkyl amide prodrug structure of IMQ could potentially also be applied to
other TLR agonists, such as resiquimod (a TLR 7/8 agonist) [327] and gardiquimod
(TLR 7/8 agonist) [328], as well as TLR antagonists [329], which contain an amine

group attached to the imidazoquinoline ring (Figure 6-3).
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Figure 6-3 Chemical structure of resiquimod and gardiquimod.

Resiquimod is a second-generation derivative of IMQ that can activate the immune
response via TLR7/8 [207]. It has two prodrug-able chemical functional groups. One
is the primary amine on the imidazoquinoline ring, and the other is the tertiary hydroxyl
group on the substituent side chain. A previous study has shown that a prodrug of
resiquimod, designed via the tertiary hydroxyl group, demonstrated certain cytotoxicity

[330]. Moreover, another prodrug of resiquimod, targeting local LNs through liposomal
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delivery, did not enhance the immune response, indicating limited biotransformation
of the prodrug into resiquimod [331]. In this work, we demonstrated several
advantages of using simple alkyl prodrugs of imidazoquinoline derivatives: 1) the
potential toxicity of the prodrug is minimized due to chemical blocking of the key
functional amine group, and 2) the release of the parent molecule is relatively efficient,
facilitated by electronic resonance between the amine group and the imidazoquinoline
ring. Therefore, the application of the lipophilic prodrug approach to TLR ligands with
primary amine attached to the imidazoquinoline structure may enhance

immunotherapy treatments.

6.2.3 Co-delivery of IMQ and other drug molecules using prodrug approach

TLR 7 agonist has been previously co-administered with an immune checkpoint
inhibitor in mouse model bearing with neck and head cancer. Results showed that the
combination of TLR 7 and checkpoint inhibitors can: 1) suppress the progression of
both primary tumour and metastatic tumour; 2) upregulate the anti-tumour related
genes; 3) adjust the ratio of M1 proinflammatory macrophages in the tumour
microenvironment and 4) stimulate the activation of CD8+ T cells and improve the T
cell infiltration in the tumour sites [332]. Additionally, many studies have demonstrated
the therapeutic benefit of using TLR agonists as an adjuvant in combination with
checkpoint inhibitors using tumour cell lines or preclinical models [333-335]. Therefore,
targeted co-delivery of both IMQ and checkpoint inhibitors using the lipophilic prodrug

approach could potentially improve the therapeutic outcome in patients with CRC.

BMS-1 is a small-molecule PD-1 inhibitor from Bristol-Myers Squibb [336] (Figure 6-

4 A). BMS-1 contains a carboxylic acid, which can be conjugated with a lipophilic
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structure via an ester bond. The in silico predicted affinity of BMS-1 to CMs is less
than 1 %. However, the affinity prodrug structure, which contains both BMS-1 and IMQ
(Figure 6-4 B), increases to 82.2 %. Moreover, the affinity of the prodrug structure can

be further improved by increasing the length of the alkyl chain (Figure 6-4 C).

o} o o
o O N
/ o 4 Chemically adjustable
H, N [
0O
Q.
\NH

A

] ,site of lipophilic linker

H OH N= \ /

BMS-1 BMS-1 conjugated IMQ BMS-1 conjugated
with IMQ via a

lipophilic linker

Figure 6-4 The chemical structure of BMS-1 and its prodrugs.
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Appendix

Characterization of purified prodrugs

Prodrug 1 (IMQ decanoic acid), N-(1l-isobutyl-1H-imidazo[4,5-c]quinolin-4-yl)
decanamide; Prodrug 1 was synthesized with IMQ and decanoic acid as starting
materials. The melting point of prodrugl is in the range of 70 — 87 °C. The purity of the
final product (> 95%) was confirmed by HPLC-UV. H NMR (400 MHz, CDCls): 5 8.22
(s, 1H), 7.54 (d, J = 8.4 Hz, 1H), 7.42 (dd, J = 8.3, 1.4 Hz, 1H), 7.06 (ddd, J = 8.4, 7.1,
1.4 Hz, 1H), 6.94 (s, 1H), 3.75 (d, J = 7.4 Hz, 2H), 2.52 (s, 2H), 1.86 — 1.71 (m, J = 6.7
Hz, 1H), 1.28 (p, J = 7.6 Hz, 2H), 0.97 — 0.86 (m, 2H), 0.85 — 0.66 (m, 12H), 0.47 (d,
J=6.6 Hz, 6H), 0.32 (t, J = 6.8 Hz, 2H). 13C NMR (101 MHz, CDCl3) & 144.37, 143.96,
142.97,133.31, 129.87, 129.45, 127.59, 124.99, 119.92, 116.71, 55.23, 37.95, 31.99,
29.62, 29.59, 29.41, 28.95, 25.27, 22.78, 19.89, 14.22. HR-MS (ESI*): m/z [M+H]*

calculated for C24H34N4O m/z 395.2805, found m/z 395.2819.

Intens.;} Prod rug 1 +MS, 0.7-0.9min #43-54|
x1043 1+
{ 101.0009
3
23
] ” 1+ 1
3 3952819 +
13
03 ‘ 1?9.[)178 \ g7 s11.l5413
100 200 300 400 500 600 700 800 900 miz

Prodrug 2 (IMQ tetradecanoid acid), N-(1l-isobutyl-1H-imidazo[4,5-c]quinolin-4-yl)
tetradecanamide. Prodrug 2 was synthesized with IMQ and tetradecanoic acid. The
melting point of prodrug 2 is in the range of 45-68 °C. The purity of the final product (>
95%) was confirmed by HPLC-UV.'H NMR (400 MHz, CDClz) & 8.13 (s, 1H), 7.56 (d,

J =8.4 Hz, 1H), 7.44 (dd, J = 8.2, 1.4 Hz, 1H), 7.07 (ddd, J = 8.4, 7.1, 1.4 Hz, 1H),
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6.96 (ddd, J = 8.3, 7.0, 1.3 Hz, 1H), 3.77 (d, J = 7.4 Hz, 2H), 2.52 (s, 2H), 1.81 (hept,
J=6.8 Hz, 1H), 1.28 (p, J = 7.6 Hz, 2H), 0.92 (p, J = 6.8 Hz, 2H), 0.85 — 0.77 (m, 1H),
0.70 (s, 18H), 0.49 (d, J = 6.7 Hz, 6H), 0.32 (t, J = 6.7 Hz, 3H). 13C NMR (101 MHz,
CDCls) & 143.03, 133.44, 127.73, 125.11, 120.01, 116.80, 55.37, 38.07, 32.13, 29.90,
29.88, 29.86, 29.77, 29.69, 29.56, 29.06, 25.37, 22.89, 20.00, 14.32. HR-MS (ESI+):

m/z [M+H]* calculated for C2sH42N4O m/z 451.3431, found m/z 451.3442.

intens. {prodrug 2 +MS, 0.7-0.9min #27-33
X107

37 1+
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1 @
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Prodrug 3 (IMQ palmitic acid), N-(1-isobutyl-1H-imidazo[4,5-c]quinolin-4-yl)
palmitamide. Prodrug 3 was synthesized with IMQ and palmitic acid. The melting point
of prodrug 3 is in the range of 45-58 °C. The purity of the final product (> 95%) was
confirmed by HPLC-UV. 'H NMR (400 MHz, CDCi3) 8 8.71 (s, 1H), 8.14 (d, J = 8.4 Hz,
1H), 8.02 (d, J = 8.2 Hz, 1H), 7.84 (s, 1H), 7.69 — 7.61 (m, 1H), 7.58 — 7.49 (m, 1H),
4.35 (d, J = 7.4 Hz, 2H), 3.10 (s, 2H), 2.39 (hept, J = 6.8 Hz, 1H), 1.86 (p, J = 7.6 Hz,
2H), 1.55 — 1.44 (m, 2H), 1.38 (dg, J = 16.2, 6.3 Hz, 2H), 1.31 (s, 5H), 1.30 (s, 1H),
1.28 (s, 13H), 1.06 (d, J = 6.6 Hz, 6H), 0.90 (t, J = 6.7 Hz, 3H). 3C NMR (101 MHz,
CDCls) 6 144.22 (d, J = 39.3 Hz), 142.95, 133.38, 130.04 (d, J = 7.3 Hz), 129.93,
129.52, 127.68, 125.05, 119.95, 116.76, 77.36, 55.32, 37.99, 31.92, 29.89 (d, J = 1.7
Hz), 29.57 (d, J = 6.5 Hz), 29.36, 29.13, 29.01, 27.36, 25.28, 22.80, 19.95, 14.25. HR-

MS (ESI+): m/z [M+H]" calculated for CaoH46N4O m/z 479.3744 , found m/z 479.3766.
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+MS, 0.7-0.9min #28-34
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Prodrug 4 (IMQ stearic acid), N-(1-isobutyl-1H-imidazo[4,5-c]quinolin-4-yl)
stearamide. Prodrug 4 was synthesized with IMQ and stearic acid. The melting point
of prodrug 4 is in the range of 40-54 °C. The purity of the final product (> 95%) was
confirmed by HPLC-UV. 'H NMR (400 MHz, CDClz) & 14.76 (s, 1H), 14.11 (d, J = 8.4
Hz, 1H), 14.00 (dd, J = 8.2, 1.4 Hz, 1H), 13.83 (s, 1H), 13.63 (ddd, J = 8.4, 7.0, 1.4
Hz, 1H), 13.52 (ddd, J = 8.4, 7.0, 1.3 Hz, 1H), 10.33 (d, J = 7.4 Hz, 2H), 9.07 (s, 2H),
8.37 (dp, J = 13.7, 7.0 Hz, 1H), 7.84 (p, J = 7.6 Hz, 2H), 7.48 (dq, J = 9.2, 6.6 Hz, 2H),
7.35(ddd, J = 18.5, 8.5, 4.1 Hz, 3H), 7.26 (s, 23H), 7.05 (d, J = 6.6 Hz, 6H), 6.88 (t, J
= 6.8 Hz, 3H). 3C NMR (101 MHz, CDCI3) 5 142.95, 133.38, 129.97, 129.90, 129.53,
127.67,125.05,119.95, 116.76, 77.36, 55.32, 38.01, 32.07, 29.85, 29.83, 29.81, 29.71,
29.63, 29.51, 29.01, 25.30, 22.84, 19.95, 14.27.HR-MS (ESI*): m/z [M+H]* calculated

for C32Hs50N4O m/z 507.4057, found m/z 507.4073.

Intens.g Prod rug 4 +MS, 0.7-0.9min #28-34
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Prodrug 5 (IMQ myristoleic acid), (E)-N-(1-isobutyl-1H-imidazo[4,5-c]quinolin-4-yl)
tetradec-9-enamide. Prodrug 5 was synthesized with IMQ and myristoleic acid.
Prodrug 5 is melted at room temperature. The purity of the final product (> 95%) was
confirmed by HPLC-UV. *H NMR (400 MHz, CDCIs) & 8.15 (s, 1H), 7.59 — 7.50 (m,
1H), 7.43 (dd, J = 8.2, 1.4 Hz, 1H), 7.06 (ddd, J = 8.4, 7.1, 1.4 Hz, 1H), 6.95 (ddd, J =
8.3, 7.1, 1.3 Hz, 1H), 4.85 — 4.71 (m, 2H), 3.76 (d, J = 7.4 Hz, 2H), 2.51 (s, 2H), 1.87
—1.70 (m, 1H), 1.46 (g, J = 7.3 Hz, 4H), 1.28 (p, J = 7.6 Hz, 2H), 0.90 (dt, J = 18.2,
9.5 Hz, 2H), 0.87 — 0.60 (m, 11H), 0.48 (d, J = 6.6 Hz, 6H), 0.37 — 0.24 (m, 3H). 13C
NMR (101 MHz, CDCI3) & 142.98, 130.00, 129.52, 127.66, 125.04, 119.96, 116.75,
55.30, 38.00, 32.10, 29.89, 29.69 — 29.20 (m), 29.00, 27.33, 27.05, 25.27, 22.47, 19.94,

14.14. HR-MS (ESI*): m/z [M+H]* calculated for C2sH40N4O m/z 449.3275, found m/z

449.3286.
Intens. 1 +MS. 0.7-0.9min #28-34
w051 Prodrug 5 ,
E +

53 449.3286
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Prodrug 6 (IMQ palmitoleic acid), (E)-N-(1-isobutyl-1H-imidazo[4,5-c]quinolin-4-yl)
hexadec-9-enamide. Prodrug 6 was synthesized with IMQ and palmitoleic acid.
Prodrug 6 is melted at room temperature. The purity of the final product (> 95%) was

confirmed by HPLC-UV. *H NMR (400 MHz, CDCI3) 8 8.71 (s, 1H), 8.10 (d, J = 8.3 Hz,
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1H), 8.05 — 7.94 (m, 1H), 7.82 (s, 1H), 7.62 (ddd, J = 8.4, 7.0, 1.4 Hz, 1H), 7.51 (td, J
= 7.5, 1.4 Hz, 1H), 5.39 — 5.28 (m, 2H), 4.32 (d, J = 7.4 Hz, 2H), 3.08 (s, 2H), 2.36 (dp,
J=13.6, 6.8 Hz, 1H), 2.01 (dg, J = 12.0, 5.7 Hz, 4H), 1.84 (p, J = 7.6 Hz, 2H), 1.47 (q,
J = 7.4 Hz, 2H), 1.43 — 1.22 (m, 14H), 1.04 (d, J = 6.6 Hz, 6H), 0.93 — 0.79 (m, 3H).
13C NMR (101 MHz, CDCls) & 174.04, 144.39, 144.01, 142.95, 133.33, 129.93, 129.47,
127.62,125.01, 119.93, 116.75, 77.36, 55.28, 37.97, 32.05, 29.83, 29.81, 29.78, 29.69,
29.62, 29.49, 28.98, 25.28, 22.82, 19.92, 14.25.HR-MS (ESI*): m/z [M+H]* calculated

for C3z0H44N4O m/z 477.3588, found m/z 477.3598.

Intens. | +MS, 0.7-0.9min #26-34
x103] Prodrug 6

6 1+

] 477.3598

4_
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Prodrug 7 (IMQ oleic acid), N-(1-isobutyl-1H-imidazo[4,5-c]quinolin-4-yl) oleamide.
Prodrug 7 was synthesized with IMQ and oleic acid. Prodrug 7 is melted at room
temperature. The purity of the final product (> 95%) was confirmed by HPLC-UV. H
NMR (400 MHz, CDCls) 6 8.09 (d, J = 8.4 Hz, 1H), 7.98 (dd, J = 8.3, 1.4 Hz, 1H), 7.81
(s, 1H), 7.61 (ddd, J = 8.4, 7.0, 1.4 Hz, 1H), 7.50 (ddd, J = 8.3, 7.1, 1.3 Hz, 1H), 5.39
—5.28 (M, 2H), 4.31 (d, J = 7.4 Hz, 2H), 3.07 (s, 2H), 2.71 (s, 1H), 2.35 (dp, J = 13.7,
7.1 Hz, 1H), 2.00 (hept, J = 4.7 Hz, 4H), 1.83 (p, J = 7.6 Hz, 2H), 1.53 — 1.43 (m, 2H),
1.40 — 1.20 (m, 18H), 1.03 (d, J = 6.6 Hz, 6H), 0.86 (t, J = 6.7 Hz, 3H). 13C NMR (101
MHz, CDCI3) & 207.05, 144.47, 143.90, 142.96, 133.34, 130.05, 129.96, 129.80,
129.50, 127.64, 125.02, 119.94, 116.72, 77.36, 55.27, 37.98, 32.01, 31.04, 29.89,

29.88, 29.82, 29.78, 29.64, 29.61, 29.58, 29.51, 29.43, 29.34, 28.97, 28.33, 27.33,
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25.25, 22.79, 19.91, 14.23. HR-MS (ESI+): m/z [M+H]* calculated for C32H4sN4O m/z

505.3901, found m/z 505.3912.

Intens. 3 +MS, 0.7-0.9min #28-34
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Prodrug 8 (IMQ linoleic acid), (9Z,12Z)-N-(1-isobutyl-1H-imidazo[4,5-c]quinolin-4-yl)
octadeca-9,12-dienamide. Prodrug 8 was synthesized with IMQ and linoleic acid.
Prodrug 8 is melted at room temperature. The purity of the final product (> 95%) was
confirmed by HPLC-UV. *H NMR (400 MHz, CDCI3) 5 8.74 (s, 1H), 8.09 (d, J = 8.4 Hz,
1H), 7.97 (d, J = 8.2 Hz, 1H), 7.81 (s, 1H), 7.61 (ddd, J = 8.4, 7.0, 1.4 Hz, 1H), 7.49
(ddd, J = 8.2, 7.0, 1.3 Hz, 1H), 5.41 — 5.25 (m, 4H), 4.30 (d, J = 7.4 Hz, 2H), 3.07 (s,
2H), 2.76 (t, J = 6.5 Hz, 2H), 2.33 (dg, J = 13.8, 6.9 Hz, 1H), 2.03 (dq, J = 10.1, 4.9
Hz, 4H), 1.83 (p, J = 7.6 Hz, 2H), 1.47 (h, J = 6.6 Hz, 2H), 1.42 — 1.22 (m, 12H), 1.02
(d, J = 6.6 Hz, 6H), 0.87 (t, J = 6.7 Hz, 3H). 13C NMR (101 MHz, CDCl3) & 144.35,
143.96, 142.96, 130.28, 130.24, 129.87, 129.44, 128.07, 128.04, 127.60, 124.99,
119.92, 116.72, 55.24, 37.91, 31.61, 29.76, 29.55, 29.50, 29.44, 29.33, 28.95, 27.34,
27.29, 25.73, 25.23, 22.66, 19.89, 14.17. HR-MS (ESI*): m/z [M+H]* calculated for

Cs2H46N4O m/z 503.3744, found m/z 503.3754.
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Biodistribution of IMQ and its prodrugs
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Figure Appx.-1 The biodistribution of IMQ following oral administration of IMQ (8 mg/kg) with lipids at
local Tmax 1.5 h, 2 h, 6 h and 28 h (mean £ SD, n = 4 to 6). The concentrations of IMQ in plasma,
whole blood, serum, and lymph fluid were converted from ng/mL to ng/g based on biofluid density
(plasma, serum, and lymph fluid: 1.006 g/mL; whole blood: 1.056 g/mL) [235-237]. MLN, mesenteric
lymph node; ILNs, iliac lymph nodes; CLNs, cervical lymph nodes; IGLNs, inguinal lymph nodes. An
unpaired t-test was used for the comparison of IMQ concentration in plasma and other samples. One-
way ANOVA followed by Turkey's comparison was used to compare the concentration of IMQ in the
plasma, serum and whole blood at 2 h and 28 h. *, p <.05; **,p <.01. n/a: Samples were not
collected.
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Figure Appx.- 2 The biodistribution of prodrugs 5 and 8 in plasma, mesenteric lymph, mesenteric
lymph nodes (MLNs) and iliac lymph nodes (ILNs) (mean = SD, n = 4 to 8). The concentrations of
prodrugs in plasma, whole blood, serum, and lymph fluid were converted from ng/mL to ng/g based
on biofluid density (plasma, serum, and lymph fluid: 1.006 g/mL; whole blood: 1.056 g/mL) [235-237].
Panels (A) and (B) show the distribution of prodrug 5 (14.9 mg/kg) following oral administration at 1.5
and 6 h, respectively. Panels (C) and (D) show the distribution of prodrug 8 (16.7 mg/kg) following
oral administration at 1.5 and 6 h, respectively. One-way ANOVA, followed by Dunnett’'s comparison,
was used for statistical analysis. Asterisks denote statistical significance against plasma. **** p
<.0001.
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Figure Appx.- 3 The distribution of IMQ in plasma, mesenteric lymph fluid, lymph nodes and main
organs following oral administrations of prodrug 5 (14.9 mg/kg) and 8 (16.7 mg/kg) using lipid-based
formulation at 1.5 and 6 h (mean £ SD, n =5 to 8). The concentrations of IMQ in plasma, whole blood,
serum, and lymph fluid were converted from ng/mL to ng/g based on biofluid density (plasma, serum,
and lymph fluid: 1.006 g/mL; whole blood: 1.056 g/mL) [235-237]. MLN, mesenteric lymph node;
ILNs, iliac lymph nodes; CLNs, cervical lymph nodes. One-way ANOVA, followed by Dunnett’s
comparison, was used for statistical analysis. Asterisks denote statistical significance against plasma.
*p <.05;* ,p<.01, ***p<.001, ***p < .0001.
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Figure Appx.- 4 The distribution of prodrug 5 and prodrug 8 following oral administrations of prodrug
5 (14.9 mg/kg) and 8 (16.7 mg/kg) using lipid-based formulation at 1.5 and 6 h (mean £ SD, n=51to0
6). The concentrations of prodrugs in plasma, whole blood, serum, and lymph fluid were converted
from ng/mL to ng/g based on biofluid density (plasma, serum, and lymph fluid: 1.006 g/mL; whole
blood: 1.056 g/mL) [235-237]. One-way ANOVA, followed by Dunnett’'s comparison, was used for
statistical analysis. Asterisks denote significance against plasma. * p < .05; ** ,p < .01, ***p < .001,
*++* p < .0001. n/d: below the limit of quantification.
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