Chapter 14
Targeting Immunomodulatory Agents
to the Gut-Associated Lymphoid Tissue
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Abstract In addition to fluid haemostasis and lipid absorption, the lymphatic sys-
tem and lymphoid tissues serve as the major host of immune cells where immune
responses are evoked. Impaired function of the immune system might lead to seri-
ous diseases which are often treated by immunomodulators. This chapter briefly
explores the physiology of an important part of the lymphatic system, the gut-
associated lymphoid tissues (GALT). Currently used strategies for targeting GALT
by immunomodulators for enhanced activity and/or decreased side effects are dis-
cussed. Strategies range from simple oral co-administration of immunomodulators
with lipids to more advanced lipid-based formulations, polymer-based nanoparticle
formulations and prodrugs. These targeting approaches successfully increase the
concentration of immunomodulators achieved in the GALT and, more importantly,
enhance immunomodulatory effects. Therefore, targeting immunomodulators to
GALT represent a promising approach in the treatment of diseases where the
immune system is actively involved.
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Introduction

The current understanding of the lymphatic system and lymphoid tissues was devel-
oped over the centuries. In the fourth century B.C., components of the lymph sys-
tem, particularly the auxiliary lymph nodes, were first described by Hippocrates as
‘vessels containing white blood’ [1]. However, it was not until the sixteenth century
A.D. when the Italian physician Aselli succeeded to describe the lymphatic system
in the gut of fed dogs. This discovery was made accidentally while trying to observe
the diaphragm. He noticed a network of vessels containing milky white fluid that he
later named ‘lacteal vessels’. However, Aselli suggested that these vessels deliver
their contents to the liver. It took many decades until the French physician Pecquet
identified the thoracic ducts and proved that these ducts receive flow from the lacte-
als discovered by Aselli [1-4]. More accurate anatomical descriptions were devel-
oped later, using wax injections to uncover parts of the system. This included the
discovery of lymph nodules in the mucous membrane of the small intestine, Peyer’s
patches (PP), which were named after their discoverer Johann Conrad Peyer [1, 3].

Accurate functional description of the discovered structures was not proposed
until the publication of William Hunter’s research. It was suggested in this research
that lymphatics and lacteals are structural units of one large system distributed in all
remote parts of the body [1-3]. Indeed, the lymphatic system was thought to be
merely a drainage system for fluids and proteins from interstitial space back to the
blood [5]. Currently, however, the lymphatic system is considered to have a central
role in the pathogenesis of several diseases such as cancers, viral infections, some
parasitic infections and autoimmune disorders. In fact, it is the main pathway for the
metastases of some epithelial origin solid tumours, such as those of the colon,
breasts, lungs and prostate [6]. In addition, the lymphatic system is now recognised
as a crucial part of the immune system. It is here where invader antigens are trapped,
processed and presented to immune cells and consequently where immune responses
are evoked [1]. These responses are important for the protection of the body from
bacterial, viral, parasitic and fungal threats, as well as the growth of tumour cells
[7]. Deficiencies in the immune responses, whether inherited or acquired, weaken
the body’s defence mechanisms. On the other hand, over-reactive immune responses
might cause life-threatening diseases, commonly called autoimmune diseases.
Therefore, substances that can positively or negatively modify weak or over-reactive
immune responses, respectively, provide a novel approach in the treatment of disor-
ders where the immune system has a central role. These substances are collectively
referred to as immunomodulators [8].

The last decade had witnessed the use of immunomodulators as promising thera-
peutic agents in the treatment of infectious diseases, autoimmune diseases and cancers
and for prevention of organ transplant rejection. The therapeutic effects of immuno-
modulators can be achieved by either augmenting or suppressing the activity of
immune cells [9, 10]. Since the lymphatic system is the major host of immune cells,
the focus of this chapter is to highlight the current strategies of targeting immuno-
modulators, in particular cannabinoids, to the gut-associated lymphoid tissue (GALT).
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Functions of the Lymphatic System

As mentioned above, a substantial interest was developed in the nineteenth century
to elucidate the functions of the lymphatic system. These functions can be sum-
marised as follows:

Fluid Recovery

Fluids continuously escape from blood capillaries to the surrounding tissues. However,
a significant proportion of these fluids cannot be reabsorbed by venous capillaries.
Indeed, up to four litres of fluids and half of all plasma proteins can extravasate each day.
This in turn could lead to circulatory failure and increased tissue pressure if unrecov-
ered. The lymphatic system, therefore, maintains the body’s fluid balance by reabsorp-
tion of the extravasated fluids and proteins back to the systemic circulation [2, 11, 12].

Lipid Absorption

The intestinal lymphatic system has an essential physiological role in the absorption
of dietary lipids and lipid-soluble vitamins [2, 11]. The first step in the absorption of
dietary lipids is their digestion and micellar solubilisation in the gastrointestinal
lumen. This happens mainly by the action of pancreatic lipase/co-lipase complex and
bile salts in the small intestine. Once digested, the products of lipid hydrolysis are then
incorporated into mixed micelles, which promote the diffusion of digested lipids to the
apical membrane of enterocytes [13]. Inside enterocytes, most of the long-chain tri-
glycerides (LCT) are resynthesised from long-chain fatty acids and monoglycerides,
mainly by the action of acyltransferases. LCT are then assembled with apolipoprotein
B (Apo B), phospholipids, cholesterol and cholesterol esters to form large lipoproteins
with a lipid core (chylomicrons, CM). Mature CM are then secreted by exocytosis
through the basolateral membrane of enterocytes. Being large particles, CM cannot
pass the walls of vascular capillaries but are absorbed to the lymph lacteals instead
[14—17]. Because of the presence of lipids in the form of CM, lymph fluid following
high-fat meal looks like a turbid emulsion which is commonly called ‘chyle’ [6].

Immunity

The immune system is not a definite organ system per se, but rather a population of
cells distributed in all organs to defend the body against any potential invaders. The
most important cells involved in immune responses are lymphocytes. Over 90 % of
Iymphocytes are localised in the lymphatic system [11, 18].
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When collecting fluid and plasma proteins, the lymphatic system also picks up
foreign bodies from tissues. These bodies are drained along the lymph to the regional
lymph nodes where immune cells can initiate an immune response. Therefore,
lymph nodes stand as checkpoints that examine lymph fluid before it is drained to
the bloodstream [11].

Components of the Lymphatic System
Lymph

Lymph is usually a clear and colourless fluid which is drained from the interstitium.
In addition to the recovered fluids and plasma proteins, lymph may also contain
lipids, immune cells, hormones, bacteria, viruses, cellular debris or even cancer
cells. Substantial differences in lymph composition arise from physiological and/or
pathological conditions of the tissue from which lymph is drained, as well as its
location along the lymphatic vessels [11, 19].

Lymphatic Vessels

The lymphatic system is the body’s second circulatory system. However, unlike the
closed structure of the blood vessels, the lymphatic system consists of unidirectional,
blind-ended and thin-walled capillary vessels where lymph is driven without a cen-
tral pump [5, 20, 21]. Lymphatic capillaries drain in the afferent collecting vessels,
which then pass through one or more gatherings of lymph nodes. Lymph fluid then
passes through the efferent collecting vessels, larger trunks and finally the lymphatic
ducts. Subsequently, ducts drain lymph to the systemic circulation [6, 22].

Lymphatic Organs

The lymphatic organs can be classified as primary or secondary. Primary lymphatic
organs include the thymus gland and bone marrow, which produce mature lympho-
cytes (that can identify and respond to antigens). Secondary lymphatic organs
include lymph nodes, spleen and mucosa-associated lymph tissues (MALT) [23—
25]. It is within the secondary lymphatic organs that lymphocytes initiate immune
responses. MALT are distributed throughout mucous membranes and provide a
defence mechanism against a wide variety of inhaled or ingested antigens. MALT
can be categorised according to their anatomical location to bronchus-associated
lymphoid tissue (BALT), nasal-associated lymphoid tissue (NALT), salivary gland
duct-associated lymphoid tissue (DALT), conjunctiva-associated lymphoid tissue
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(CALT), lacrimal duct-associated lymphoid tissue (LDALT) and gut-associated
lymphoid tissue (GALT) [23, 26].

Gut-Associated Lymphoid Tissue (GALT)

GALT consists of effector and immune induction sites. The former is represented by
lymphocytes distributed throughout the lamina propria (LP) and intestinal
epithelium, while the latter involves organised tissues such as mesenteric lymph
nodes (MLN), PP and smaller isolated lymphoid follicles (ILF) [27-30]. Some
authors, however, define MLN as separate lymphatic organs rather than a part of
GALT [31, 32]. In this chapter, MLN are included when referring to the GALT.

Mesenteric lymph nodes (MLN) are the largest gatherings of lymph nodes in the
body, found in the base of the mesentery. The structure of MLN is similar to that of
peripheral lymph nodes and can be divided into two regions: the medulla and cor-
tex. The cortex is mainly composed of T-cell areas and B-cell follicles. It is within
the T-cell area where circulating lymphocytes enter the lymph node and dendritic
cells (DC) present antigens to T-cells [17, 33, 34]. Lymph (containing cells, anti-
gens and chylomicrons) is collected from the intestinal mucosa and reaches MLN
via the afferent lymphatics. Lymph fluid subsequently leaves MLN through efferent
lymphatics to reach the thoracic duct that drains to the blood [27, 34].

Peyer’s patches (PP) are a collection of lymphoid nodules distributed in the
mucosa and submucosa of the intestine. They consist of a sub-epithelial dome area
and B-cell follicles dispersed in a T-cell area. A single layer of epithelial cells,
called follicle-associated epithelium (FAE), separates lymphoid areas of PP from
the intestinal lumen. FAE is permeated by specialised enterocytes called microfold
(M) cells. These cells are considered as a gate for the transport of luminal antigens
to PP [27, 30].

Isolated lymphoid follicles (ILF) are a combination of lymphoid cells in the
intestinal LP. ILF are structurally similar to PP in the sense that they are composed
of germinal centre covered by FAE containing M-cells. However, unlike PP, ILF
lack a discrete T-cell area. Although its function is not completely understood, ILF
is thought to be a complementary system to PP for the induction of intestinal immu-
nity [32, 35].

It is noteworthy that GALT is the largest lymphatic organ in the human body and
contains more than half of the body’s lymphocytes [36, 37]. GALT is also exposed
to more antigens than any other part of the body, in the form of commensal bacteria
and alimentary antigens, in addition to those from invasive pathogens. The intestinal
immune system must therefore be able to distinguish antigens that require a protec-
tive immune response and to develop a state of immune hypo-responsiveness (oral
tolerance) for those antigens that are harmless to the body [27, 30, 32]. The mecha-
nism governing this process involves sampling of luminal antigens in the intestinal
epithelium by DC. Antigens can cross the epithelium through M-cells that are found
in the FAE of PP. The antigens can then interact with DC in the underlying sub-
epithelial dome region. Antigens are then presented to local T-cells in PP by DC. DC
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can also migrate to the draining MLN where they present antigens to local lympho-
cytes [23, 27, 30, 38]. Alternative pathways for antigen transport across the intesti-
nal epithelial cells involve receptor-mediated transport, as well as direct sampling
from the lumen by DC’s projections. Antigen-loaded DC then migrate to the MLN
through afferent lymphatics where they present antigens to T-cells. Subsequently,
differentiated lymphocytes migrate from MLN through the thoracic duct and blood
stream and eventually accumulate in the mucosa for an appropriate immune response
(Fig. 14.1) [27, 39].

Targeting GALT

In general, GALT could be a target (effective compartment) and/or a route through
which therapeutic agents are delivered to the systemic circulation.
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Advantages of Targeting GALT

* Achieving high local concentration in the GALT could be of particular importance
for pharmacological agents such as immunomodulators, for example, cannabinoids,
some chemotherapeutic agents and anti-infective agents, thereby decreasing dose-
related systemic side effects as well as systemic dilution [6, 18]. The lymphatic
system is a main pathway of intestinal tumour metastases; therefore, targeting cyto-
toxic drugs to the intestinal lymphatics could provide advantage in the treatment of
tumour metastases [40, 41]. Being the largest lymphatic organ, GALT provide a
valid delivery target for antiviral agents, as some viruses spread and develop within
the lymphatic system. Those of particular importance are human immunodeficiency
virus (HIV) morbillivirus, canine distemper virus, severe acute respiratory syn-
drome (SARS)-associated coronavirus, hepatitis B and hepatitis C [42].

* Increasing the bioavailability of lipophilic drugs when orally co-administered
with lipid vehicles could be another advantage. This primarily occurs as a result
of enhancing micellar solubilisation of the drug in the small intestine and drug-
CM association in enterocytes [43]. One important reason is that intestinal lym-
phatic transport avoids hepatic first-pass metabolic loss by diverting the
absorption of lipophilic drugs towards intestinal lymphatics rather than the portal
vein, which is extremely important for drugs exhibiting significant first-pass
metabolism [16].

* Intestinal lymphatic transport of lipophilic drugs results in delivery of the drug to
the systemic circulation in CM-associated form, which might attenuate the phar-
macokinetic and/or pharmacodynamic properties [41, 44].

Miura et al. [34] have shown that oral administration of the LCT (olive oil) can
enhance lymphocyte transport in mesenteric lymphatics of rats more than tenfold.
Miura et al. also demonstrated that the enhancement of lymphocyte flux was selec-
tive to the administration of the long-chain but not the medium-chain fatty acids.
This in turn was secondary to the assembly of CM by enterocytes to enhance the
absorption of orally administered long-chain fatty acids, as the co-administration of
Pluronic L-81 (an inhibitor of intracellular CM transport and secretion) significantly
decreased lymphocyte transport (Fig. 14.2). Moreover, the effect of long-chain fatty
acids (particularly the monounsaturated fatty acids) was not limited to the augmen-
tation of lymphocyte flux, but also stimulated lymphocyte proliferation. The precise
mechanism governing these effects is unclear. However, a mechanism that involves
the utilisation of CM’s phospholipids and fatty acids has been suggested [37, 45].
This view is supported by the observations by Calder et al. [46] who found that
lymphocytes have lipoprotein lipase activities and are able to release fatty acids
from triglycerides (TG) present in CM and very low-density lipoproteins. In addi-
tion, the study also showed that TG rich in polyunsaturated fatty acids (PUFA) such
as linoleic acid are potent inhibitors of lymphocyte proliferation in vitro, while this
effect was not observed when using the monounsaturated oleic acid. This can in part
explain the clinical benefits of daily administration of vegetable oils containing
linoleic acid to patients suffering from inflammatory and autoimmune diseases,
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Fig. 14.2 Lymphocyte flux of intestinal lymph (mean+SEM, n=06) after administration of oleic
acid (O—0Q), octanoic acid ((J—1 1), oleic acid with Pluronic L-81 (@—@) and control
(sodium taurocholate, A----A) into the duodenum of lymph-fistulated rats. One-way ANOVA was
used to assess statistical differences from the control values. ** p<0.01; *** p<0.001 (Reproduced
with permission from Miura et al. [45])

such as rheumatoid arthritis, psoriasis and multiple sclerosis [46, 47]. Therefore, it
is reasonable to conclude that targeting of immunomodulators to GALT could pres-
ent a valid treatment strategy for a wide range of serious diseases.

Strategies for Targeting the GALT
Lipid-Based Drug Delivery Systems (LBDDS)

In a list of the top 200 marketed orally administered drugs, up to 40 % are
poorly water-soluble, which is usually associated with poor absorption by
the gut and low bioavailability [48]. Many biologically active drugs are also
highly metabolised before they are able to exert their beneficial effect, which
also reduces bioavailability. The combination of poor absorption and high
first-pass metabolism has created the need for drug delivery systems that can
improve the absorption of poorly water-soluble drugs and also protect them
from degradation. One of the most promising strategies to address these issues
is LBDDS [49-51].
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Co-administration with Lipids

The simplest method of targeting drugs to the GALT is by co-administration of
lipids with the drug. Oral administration of lipids can change the pharmacokinetic
and pharmacodynamic profiles of drugs [52] by reducing the rate of gastric empty-
ing and stimulating the release of bile (containing surfactants such as bile acids and
phospholipids) from the gall bladder. Bile acids are hydrophilic on one end and
hydrophobic on the other, whereas phospholipids generally have one hydrophilic
tail and two hydrophobic tails (two fatty acids). These amphiphilic surfactants
emulsify the lipids to form a fine emulsion, which prevents the droplets from aggre-
gating back into larger particles. This emulsification vastly increases the surface
area of the lipids and provides an interface for pancreatic lipase/co-lipase complex
to digest them [53].

The digestion of TG by pancreatic lipase forms monoglycerides and fatty acids,
as previously described in this chapter. TG, cholesterol and cholesterol esters are
transported by CM, which typically vary from 75 to 1200 nm in diameter [54]. After
leaving the enterocyte, CM are unable to enter the portal circulation due to their
large size and enter the lymphatics instead, which allows passage of large particles
[55]. Some drugs can exploit this transport pathway by associating with fatty acids
and TG at any of the aforementioned steps, ending up inside the core of CM. Due to
the hydrophobic nature of this core, highly lipophilic drugs are very good candi-
dates to be transported via this pathway. Drug candidates for intestinal lymphatic
transport have been classically described as having a water-to-octan-1-ol partition
coefficient (log P) higher than 4.7 and TG solubility higher than 50 mg/mL [16, 56].
More recently other physicochemical properties have been included, most notably a
drug’s distribution coefficient at pH 7.4 (log D,,) [57].

Anexample of immunomodulatory drug targeted to the GALT by co-administration
with lipids is JWH-015. This drug is an investigational lipophilic cannabinoid 2
(CB,) receptor agonist that has immunomodulatory effects [58] and therapeutic ben-
efits in animal model of multiple sclerosis [59]. Cannabinoids in general are a group
of chemical compounds that act on cannabinoid receptors and have been reported to
have immunomodulatory effects [60]. In a study by Trevaskis et al. [18], the intesti-
nal lymphatic transport and the recovery of JWH-015 in the collected lymph lym-
phocytes were assessed in mesenteric lymph duct-cannulated rats following
intraduodenal infusion with oleic acid. In this study, JIWH-015 was administered in
lipid formulations containing either 4 or 40 mg oleic acid. The authors concluded
that proportions of JWH-015 doses recovered in the mesenteric lymph and lympho-
cytes were significantly higher (53 and 176 fold, respectively) following the admin-
istration of 40 compared to 4 mg oleic acid formulations. Although lymphocyte flux
into the mesenteric lymph was elicited by as low as 4 mg oleic acid, high lipid for-
mulation (40 mg oleic acid) increased lymphocyte flux up to fivefold. Thus, in this
study, co-administration of JWH-015 with long-chain fatty acids affected GALT’s
lymphocytes by three mechanisms: enhancement of drug absorption from the intes-
tinal lumen, stimulation of the intestinal lymphatic transport of the drug and increase
in lymphocyte flux to the area. Furthermore, Trevaskis et al. compared the lymphatic
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Fig. 14.3 Effect of drug lipophilicity and co-administration of 4 mg (filled bars) and 40 mg oleic
acid (open bars) on the extent of intestinal lymphatic transport (mean+SEM, n=4 or 5) in mesen-
teric lymph duct-cannulated rats. One-way ANOVA with Tukey’s post hoc test was used for statis-
tical analysis. * Significantly higher than 4 mg of lipid group. DZ diazepam, CYC ciclosporin,
JWH JWH-015, HF halofantrine, DDT dichlorodiphenyltrichloroethane (Reproduced with permis-
sion from Trevaskis et al. [18])

transport of JWH-015 to that of other model lipophilic molecules, namely, dichloro-
diphenyltrichloroethane (DDT), halofantrine, ciclosporin and diazepam which are
insecticidal, antimalarial, immunosuppressant and central nervous system depressant
drugs, respectively. The magnitude of the intestinal lymphatic transport correlated
with the lipophilicity and TG solubility of these drugs. The results showed that the
extent of intestinal lymphatic transport was enhanced when the drug was co-admin-
istered with 40 compared to 4 mg oleic acid for all drugs (Fig. 14.3).

Dexanabinol is another non-psychotropic synthetic cannabinoid that has been
suggested to have therapeutic immunomodulatory effects in the treatment of experi-
mental multiple sclerosis [61]. Gershkovich et al. [62] evaluated the lymphatic
transport of dexanabinol following oral administration in LCT-based formulation in
rats. The authors found that the concentration of dexanabinol recovered in the mes-
enteric lymph was around 80-fold higher than that in plasma. In the same study,
another, more lipophilic cannabinoid (PRS-211,220) has been found to have more
than 550-fold higher concentrations in the mesenteric lymph versus plasma. These
findings suggest that the administration of lipophilic cannabinoids with LCT is a
promising targeting strategy to GALT.

Emulsions

Emulsions are defined as mixtures of two or more immiscible liquids (Fig. 14.4a).
For pharmaceutical applications, emulsions are generally made from three compo-
nents: oil, surfactant and water. The hydrophile-lipophile balance of these compo-
nents determines whether the resulting emulsion is oil droplets in water (oil-in-water),
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water droplets in oil (water-in-oil), micelles, oily dispersions or isotropic solutions
that are emulsified upon contact with water. The last of these mixtures have been
termed self-emulsifying drug delivery systems (SEDDS). By forming their own
emulsion, drugs delivered this way are protected from degradative enzymes [63]
and are not as reliant on endogenous surfactants to increase their surface area for
absorption [64, 65], while the presence of lipid within the emulsion also stimulates
lymphatic transport [66].

A well-known example where an immunomodulatory agent was orally delivered
in a microemulsion is ciclosporin, a polypeptide drug widely used to prevent rejec-
tion of organs after transplantation by suppressing the activity of T-cells [67].
However, ciclosporin has very low solubility in water (23 pg/mL at 20 °C) and is
also extensively metabolised by cytochrome P-450 enzymes [68—71]. Substantial
research has been done about formulating ciclosporin into emulsions containing
lipid microspheres [67] or milk fat globule membranes [65]. Since its approval for
use, a number of different formulations of ciclosporin became commercially avail-
able, many of which are emulsions, the most common being Sandimmune® and its
newer formulation Neoral® [65]. Ciclosporin is an important candidate for intestinal
lymphatic transport, since it is highly metabolised in the liver into metabolites with
lower immunosuppressive activity [69, 70]. Sandimmune®, the original formulation
of ciclosporin, vastly improved its bioavailability but had high inter- and intra-
patient variability. Therefore, an optimised formulation consisting of dl-o-
tocopherol, corn oil derivatives and polyoxyl 40 hydrogenated castor oil, named
Neoral®, was tested and resulted in more predictable pharmacokinetic profiles and
more extensive drug absorption [65, 72, 73].

Another example of an immunomodulatory drug that was targeted to the GALT
using emulsion-based formulation is in work done by Zhang et al. [74]. Morin, a
xanthine oxidase inhibitor which has been shown to play a role in the treatment of
gout was formulated into a self-nanoemulsifying drug delivery system (SNEDDS) to
improve its oral absorption. SNEDDS are made from very similar components to
other emulsions but are distinct in that they are not thermodynamically stable (but
kinetically stable), which means that emulsification of SNEDDS is not as affected by
temperature and dilution, but the emulsion will separate into different phases after
prolonged storage [74-76]. In their work, Zhang et al. conjugated a phospholipid
complex to morin in addition to incorporation into SNEDDS to increase its intestinal
permeability and examined the intestinal absorption and lymphatic transport of their
SNEDDS compared to conjugated drug and free drug. The group showed that
SNEDDS were found in the GALT after oral administration, particularly from the
segments closer to the ileum, due to the presence of PP and M-cells [74].

Liposomes

Liposomes are closed spherical structures consisting of at least one phospholipid
bilayer, ranging from 100 to 5000 nm. Much like other phospholipid bilayers, they
are capable of containing an aqueous phase within (see Fig. 14.4a). As mentioned
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earlier, the amphiphilic nature of phospholipids allows them to hold both hydro-
philic (contained within the aqueous phase of the liposome) and hydrophobic
(incorporated in the bilayer membrane) drugs [77]. Drugs that are incorporated in
liposomes are also protected from degradation, which increases their therapeutic
efficacy and reduces side effects [78].

Liposomes release their contents upon degradation in the lysosome or fusion
with another lipid bilayer, such as those in the cell membrane, or phagocytes [79—
81]. Liposome membranes are extremely modifiable and have been shown to
deliver their encapsulated drugs by a wide number of stimuli, such as pH [82, 83],
temperature [84], redox potential [85, 86], magnetism [84, 87], ultrasound [88, 89]
and light [90]. Although liposomes have also been shown to successfully target
different parts of the lymphatic system following various routes of administration,
such as subcutaneous, pulmonary and intramuscular injection [77, 79, 81, 84, 86,
91], this section will focus on liposomes that target the GALT following oral
administration. Liposomes are too large to enter the intestinal blood capillaries,
which have a pore size between 60 and 80 nm [55, 92, 93], and therefore enter the
lymphatics instead.

Liposomes have been used in the delivery of proteins [91-93] and DNA [94, 95].
Perrie et al. [94] incorporated plasmid DNA encoding a small region of hepatitis B
surface antigen into liposomes and studied the immunisation conferred by oral
administration in mice. Compared to naked DNA, mice receiving DNA delivered
via liposomes showed a higher IgA response. The group went on to study gene
expression in mice after oral administration of liposomes containing plasmid DNA
encoding green fluorescent protein and found that liposomal delivery of plasmid
DNA yielded much higher gene expression in the draining mesenteric lymph nodes
than mice given naked plasmid DNA. The authors concluded that liposomes could
be useful agents in lymphatic delivery of DNA [94].

Masuda et al. [95] incorporated ovalbumin as a model antigen into liposomes for
oral delivery and examined their ability to induce oral tolerance in mice. Ovalbumin
in liposomes of different compositions successfully suppressed proliferative
responses of popliteal lymph node cells in mice, suggesting that liposomes were
taken up by the lymphatics and induced tolerance to ovalbumin more effectively
than ovalbumin administered in aqueous suspension [93]. Other research has
focused on delivery of antigens encapsulated in liposomes to the lymphatics, but not
via oral route [96].

Nanoparticles

Nanoparticles are particles smaller than 1000 nm in size and have been used in the
delivery of drugs to the GALT, via uptake by ILF and PP, as mentioned previously
in this chapter [97]. Although the exact mechanism of uptake is unclear, there have
been many examples of nanoparticulate drug delivery systems that use this uptake
pathway to access the GALT [98-102], some examples of which will be discussed
in this section.
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Lipid Nanoparticles

After the discovery and use of liposomes in the 1970s [103], a number of draw-
backs were also discovered, such as drug leakage upon storage, physical instabil-
ity, aggregation, presence of organic solvent residue, cytotoxicity and lack of
cost-effective methods of high-quality production [104, 105]. Drug delivery sys-
tems based on naturally occurring lipids were then developed in order to overcome
these problems. Lipid nanoparticles with a solid matrix had high drug loading,
more controlled drug release profiles and better long-term stability and were more
easily produced than emulsions or liposomes on a large scale [75, 104, 106]. One
type of lipid-based nanoparticle that has been used to target the GALT is solid lipid
nanoparticles.

Solid Lipid Nanoparticles (SLN)

SLN are usually made from biocompatible lipids and surfactants, such as tripalmitin
[107, 108], tristearin, poloxamer 188 [109], dioleoylphosphatidylethanolamine, tri-
caprin, Tween 80 [110], glyceryl monostearate [111] and soya lecithin [112]. These
components are in solid form at room temperature and can therefore be more stable
and provide controlled release and more specific drug targeting compared to lipo-
somes [113]. SLN are made of a solid lipid core and stabilised by surfactants. The
loaded drug would then fit in the gaps between fatty acid chains of the lipid core
(Fig. 14.4a). The size of particles in this type of formulation (20-1000 nm in diam-
eter) allows efficient drug uptake into the intestinal lymphatic system due to the
presence of lipids and their similar size to CM [114]. SLN can also be taken up by
M-cells within PP, represented in Fig. 14.4b [115].

One example of the use of SLN to target the GALT is the work by Paliwal et al.
[111]. The group loaded methotrexate into SLN made from glycerol monostearate,
tristearin or Compritol 888 ATO, and the formulation was administered intraduode-
nally to rats. Methotrexate is used in the treatment of cancer and autoimmune dis-
eases by antagonising folic acid metabolism [116, 117]. Drug concentration profiles
in plasma and lymph were determined following intraduodenal administration of
aqueous methotrexate solution and the four types of SLN loaded with methotrexate.
The authors found that all SLN produced lead to increased drug bioavailability, a
prolonged release compared to aqueous solution, and up to threefold higher plasma
Chax Values. In addition, lymphatic uptake of methotrexate was up to tenfold higher
with SLN compared to aqueous solution [111].

Polymeric Nanoparticles

When nanoparticles were first developed for use in drug delivery, synthetic poly-
mers were the preferred choice for their outer coating. This was due to the varying
purity of natural polymers (such as polysaccharides and proteins) at the time and



14 Targeting Immunomodulatory Agents to the Gut-Associated Lymphoid Tissue 251

their potential interaction and denaturation of contained drugs [118]. Among the
most common and FDA-approved polymers used in polymeric nanoparticles are
polyglycolic acid (PGA) and polylactic acid (PLA). PGA and PLA are considered
biocompatible since they are degraded to glycolic and lactic acid, both of which are
by-products of other metabolic pathways in the body [75, 119]. These polymers can
also be combined into a copolymer, poly(lactide-co-glycoside) (PLGA). The ratio
of PGA to PLA in PLGA can be fine-tuned to control degradation and drug release
rates [118, 120, 121]. Polymeric nanoparticles could also be taken up by PP, in a
manner similar to SLN [115].

Kim et al. [122] used PLGA nanoparticles entrapping type II collagen (CII) to
study its ability to suppress collagen-induced arthritis in mice. Localisation of
nanoparticles and CII, circulating immunoglobulin G (IgG) targeting CII, CII-
specific T-cell proliferation and tumour necrosis factor o (TNFa) expression in PP
and draining lymph nodes were assessed after a single oral administration of
nanoparticles containing CII. The group found that CII-containing nanoparticles of
300 nm in diameter persisted in PP for 14 days after their administration and were
able to reduce the incidence of arthritis by half (from 88.9 % to 43.8 %) and reduce
IgG antibodies by more than half (28.6+12.5 versus 78.5+28.3 arbitrary units).
The expression of TNFa was also up-regulated in PP cells when treated with
nanoparticles, but down-regulated in the draining lymph nodes. The authors con-
cluded that CII-containing PLGA nanoparticles were able to suppress the develop-
ment of arthritis, as well as autoimmune responses.

Rebougas et al. [123] used polyanhydride nanoparticles (another biocompatible
polymer) loaded with peanut extract to study oral immunotherapy for peanut aller-
gies. Raw or roasted peanut proteins were orally administered to mice, and levels of
different immunoglobulins (IgG, IgE, IgA), secretion of specific cytokines related
to the immune response and the stimulation of T-helper cells were assessed.
Polyanhydride nanoparticles containing peanut proteins were able to increase the
production of IgG, IgE and IgA (compared to free protein and unloaded nanoparti-
cles) and also up-regulate the expression of interleukin 10, an immunosuppressive
cytokine that can reduce inflammation at sites of allergic reactions [124]. Finally,
the nanoparticles were also shown to stimulate the appropriate prophylactic T-helper
cell response twofold higher than free protein. While the effects of these nanopar-
ticles in sensitised animals were not examined, the authors concluded that polyan-
hydride nanoparticles could be useful in food oral immunotherapy.

Prodrugs

A prodrug is a bio-reversible precursor of a drug that has an obstacle attenuating its
therapeutic efficacy [125]. In regard to GALT targeting, prodrug can modify a
drug’s physicochemical properties in such a way that would improve its delivery to
the GALT. This can be achieved by a mechanism that involves the association of
the prodrug with CM assembled in enterocytes. Therefore, a prodrug can be
designed to have certain physicochemical properties, particularly log D;,>5 and
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high lipid solubility [16, 126], so that its intestinal lymphatic transport is enhanced
when the prodrug is co-administered orally with LCT. Alternatively, a prodrug can
be structured to be incorporated in one of the biochemical steps of lipid digestion
processes. For example, prodrugs can be designed to be structurally similar to TG
or phospholipids. In such circumstances, prodrugs can be hydrolysed, re-acylated
and eventually incorporated with CM during lipoprotein assembly process in the
enterocytes [127].

One of the ways to enhance the lipophilicity of a molecule is the synthesis of an
ester, ether or amide-linked prodrug with large alkyl moiety [127]. Han et al. [128]
described the synthesis of lipophilic prodrugs to promote the delivery of mycophe-
nolic acid (MPA), a model immunomodulator, to the GALT after oral administra-
tion with oleic acid. The lipophilicity of MPA (log P 2.9) was increased by the
synthesis of long-chain ester prodrug (MPA-CI8E, log P 12.4) and long-chain
amide prodrug (MPA-C18AM, log P 11.2). Oral administration of MPA-C18E and
MPA-C18AM to mesenteric lymph duct-cannulated rats resulted in a 13- and 6-fold
increase in lymphatic transport, respectively, compared to the parent compound.
This approach enhanced the partitioning of alkyl chain prodrugs to CM and thereby
promoted lymphatic transport. However, the least lipophilic medium-chain ester
prodrug (MPA-CS8E) did not increase the recovery of parent compound in lymph. In
the same study, a TG-mimicking prodrug of MPA (2-MPA-TG, log P 17.8) was
synthesised. The TG-mimicking prodrug leads to an 80-fold increase in lymphatic
transport by a mechanism that involves the incorporation of the prodrug in TG

- 2MPA-TG
204 == MPA-C18E
B MPA-C18AM
151 e wmPA
- MPA-C8E
104
5,’ b4

Cumulative % of drug dose
transported into lymph

0 1 2 3 4 5 6 7 8
Time (hours)

Fig. 14.5 Cumulative intestinal lymphatic transport of mycophenolic acid (MPA, open circles,
n=>5), its medium-chain ester prodrug (MPA-C8E, triangles, n=3), long-chain ester prodrug
(MPA-CI18E, inverted triangles, n=06), long-chain amide prodrug (MPA-C18AM, squares, n=4)
and triglyceride mimic prodrug (2-MPA-TG, diamonds, n=5) versus time following intraduodenal
administration with oleic acid, Tween 80 and PBS in mesenteric lymph duct-cannulated anaesthe-
tised rats. Data presented as mean+ SD (Reproduced with permission from Han et al. [128])
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hydrolysis-reacylation and CM assembly pathway. The authors suggested that met-
abolic instability and poor absorption were behind low lymphatic concentrations of
alkyl prodrugs relative to TG-mimicking prodrug (Fig. 14.5).

Future Directions

Currently, there is a high number of immunomodulators that show remarkable ther-
apeutic benefits in the treatment of life-threatening immune disorders. If delivered
to the GALT, these immunomodulators have potential to significantly improve
future opportunities to treat these disorders. Examples of such molecules are statins
which are widely used in clinical practice as cholesterol-lowering agents. Animal
models of autoimmune diseases have shown that statins have therapeutic immuno-
modulatory effects in the treatment of multiple sclerosis [129—131], rheumatoid
arthritis [132, 133], autoimmune myocarditis [134] and autoimmune uveitis [135].
However, doses of statins used in these experiments were higher than those usually
used in humans. Thus, using an appropriate strategy to target GALT, statins might
achieve sufficient concentrations to produce therapeutic immunomodulatory effects
while inducing less systemic adverse effects in off-target tissues. In fact, researchers
have used lipid-based formulations like SEDDS [136], SMEDDS [137], SNEDDS
[138], SLN [139] and nanostructured lipid carriers (NLC, mentioned below) [140]
to improve the oral bioavailability of statins, yet neither intestinal lymphatic trans-
port nor immunomodulatory effects were assessed upon the administration of these
formulations. Therefore, it is tempting to suggest that statins might have new thera-
peutic applications if properly targeted to GALT in patients with autoimmune
diseases.

An important group of potential therapeutic immunomodulators are lipophilic
cannabinoids, such as A°-tetrahydrocannabinol (THC) and cannabidiol (CBD).
Pharmacodynamic studies have shown that both cannabinoids have broad spectrum
of therapeutic activities [141-144]. Animal models studies of immune system dis-
orders have reported that THC could be a promising drug in the treatment of mul-
tiple sclerosis [145], diabetes mellitus [146] and allergic asthma [147]. CBD also
showed therapeutic efficacy in animal models of rheumatoid arthritis [148], diabe-
tes mellitus [149] and allergic asthma [147]. Both THC and CBD are highly lipo-
philic molecules with log D;4 of 7.25 and 6.99, respectively, which makes them
good candidates for targeting to the GALT if orally co-administered with LCT.

Additional novel chemical or formulation-based strategies for targeting drugs to
GALT could lead to increased targeting efficiency. One worth mentioning is nano-
structured lipid carriers (NLC). After the development and success of SLN, a num-
ber of problems were identified. Using a single type of solid lipid in the core of SLN
led to the formation of a crystalline lattice over time that potentially reduced drug-
loading capacity [100]. Gelation of SLN also occurred after prolonged storage [101]
and NLC were created as a way to reduce these problems. NLC use a mixture of
solid and liquid lipids to create an imperfect core environment so there is more
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space to accommodate drugs, while still maintaining a solid state [104, 150]. It can
therefore be said that NLC are a second-generation lipid-based nanoparticle formu-
lation [100]. Due to the relatively new development of NLC, there has not been as
extensive study into the targeting of NLC to the GALT, but research has begun in
assessment for their targeting potential. One work studied the oral administration of
NLC loaded with a lipophilic vasodilator [150]. The oral administration of these
NLC resulted in a threefold increase in bioavailability of the loaded drug compared
to an aqueous suspension. This suggests that NLC activated an alternative absorp-
tion pathway, possibly also avoiding first-pass metabolism, a frequent cause of low
oral bioavailability for many lipophilic drugs [151]. It is therefore conceivable that
immunomodulators can be loaded in NLC and targeted towards the GALT in a simi-
lar fashion.

Conclusions

Immunomodulatory drugs have advanced treatment protocols of a wide range of
disorders where immune system is actively involved, such as rheumatoid arthritis
and multiple sclerosis. However, despite considerable advances, some immuno-
modulators might cause serious adverse effects, which could be the cause of treat-
ment failure for these therapies [152]. Systemic adverse effects are more prominent
in non-targeted administration. Therefore, enhancing the delivery of immunomodu-
latory drugs to immune cells has potential to reduce systemic adverse effects as well
as improve treatment efficacy [18].

Different approaches of targeting GALT by immunomodulatory drugs have suc-
cessfully increased the concentration of drugs achieved in the GALT and, more
importantly, significantly enhanced immunomodulatory effects. Immunomodulatory
drugs of diverse physicochemical properties have been targeted to GALT, and this
strategy presents a promising new way to treat diseases involving the immune
system.
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