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Abstract 

Lymphocytes play a central role in the pathology of a range of chronic conditions such as autoimmune 

disease, transplant rejection, leukaemia, lymphoma HIV/AIDs and cardiometabolic diseases such as 

atherosclerosis. Current treatments for lymphocyte-associated conditions are incompletely effective and/or 

complicated by a range of off-target toxicities. One major challenge is poor drug access to lymphocytes via 

the systemic blood and this may be attributed, at least in part, to the fact that lymphocytes are concentrated 

within lymph fluid and lymphoid tissues, particularly in gut-associated lymphatics. Here we demonstrate 

that promoting drug uptake into the intestinal lymphatics with a long chain fatty acid, thereby increasing 

lymphocyte access, enhances the pharmacodynamic effect of a highly lipophilic liver X receptor (LXR) 

agonist, WAY-252623, that has been suggested as a potential treatment for atherosclerosis. This has been 

exemplified by: (1) increased mRNA expression of key markers of LXR activation (ABCA1) and regulatory 

T cells (Foxp3) in local lymphatic lymphocytes and (2) enhanced numbers of CD4+CD25+Foxp3+ 

regulatory T cells in the systemic circulation, after administration of a 5-fold lower dose with a lymph 

directing lipid formulation when compared with a non-lipid containing formulation. These data suggest that 

combining lipophilic, lymphotropic drug candidates such as WAY-252,623, with lymph-directing long 

chain lipid based formulations can enhance drug targeting to, and activity on, lymphocytes in lymph and 

that this effect persists through to the systemic circulation. This presents a promising approach to achieve 

more selective and effective therapeutic outcomes for the treatment of lymphocyte associated diseases. 
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Introduction 

Lymphocytes circulate between the lymphatic system, blood circulation and tissues to surveil for, and 

respond to, foreign pathogens and pathological insults such as carcinomas. Lymphocytes also facilitate the 

development of immune tolerance to self or transplanted cells, commensal microbes and environmental 

allergens. Disturbances in lymphocyte activity are therefore central to the progression of immune related 

conditions (e.g. autoimmune diseases, organ transplantation, allergy) [1, 2], infection (e.g. HIV/AIDs) [3] 

and cancer (e.g. leukemia, lymphoma and solid tumours) [4] and lymphocytes are the primary target site 

for many immunomodulators. Further, there is a growing appreciation that lymphocytes modulate the 

progression of conditions that have traditionally been considered to be diseases of disordered metabolism 

such as type 2 diabetes and atherosclerotic cardiovascular disease [5-7]. In these disorders the focus of 

treatment has therefore shifted from traditional approaches that aim to modulate metabolism, to the 

development of drug candidates that reverse the inflammatory component of the disease, by modulating 

immune cell activity. Unfortunately however, most immune-modulating drugs and drug candidates are 

developed and administered with a view to facilitating drug exposure in plasma. In contrast, the majority 

of lymphocytes in the body are concentrated within the lymph and lymphoid tissues [8, 9].       

Strategies to enhance drug access to, and action on, lymphocytes in the blood include parenteral delivery 

of nanoparticle based systems and carriers containing structural motifs, peptides and antibodies directed 

toward lymphocyte surface molecules and receptors [5]. These approaches are limited by the requirement 

for parenteral delivery and the use of complex delivery systems, many of which have not previously been 

tested in the clinic. An alternate approach is to promote drug delivery to the lymphatic system where 

lymphocytes are present in high concentration. The lymphatic system consists of a network of vessels, 

nodes and lymphoid tissues located throughout the body. The lymph fluid within lymphatic vessels, and 

the lymph nodes and lymphoid tissues, are rich in lymphocytes. For example, the majority of cells in 

efferent lymph fluid (>99%) and lymph nodes (>90%) are lymphocytes and at any point in time the majority 

of lymphocytes in the body are present within the lymph and lymphoid tissues (~95%). Notably, up to 50% 

of lymphocytes are resident within the gut-associated lymphoid tissue (GALT) and the mesenteric 

lymphatic system [8-11]. Lymphocyte flux through the mesenteric lymphatics also increases (3-5 fold) 

following ingestion of dietary lipid [12, 13]. Lymphocytes are thus concentrated within the intestinal 

lymphatic system and promoting drug delivery to the intestinal lymphatics via, for example, the co-

administration of lipid, is expected to co-localise high concentrations of drugs and lymphocytes in a single 

compartment leading to enhanced drug access to, and (potentially) increased activity on, lymphocytes [13-

15]. 

Drug access to the intestinal lymphatic system, however, is typically low after oral administration of small 

molecule drugs in traditional solid dosage forms (tablets, capsules) [5]. This reflects the fact that drug 
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absorption occurs primarily via the mesenteric blood capillaries and portal vein (rather than the lymphatic 

capillaries and vessels that drain the intestine), as the flow rate of blood through the mesenteric vessels is 

substantially (300-1000 fold) higher than the flow rate of lymph [5]. In contrast, dietary lipids are 

specifically carried from the intestine to the systemic circulation via the lymph. Specific entry of lipids into 

the lymphatic system occurs because lipids are assembled into lipoproteins in the enterocyte. The physical 

size of enterocyte-derived lipoproteins (up to 1 µm) precludes ready diffusion across the vascular capillary 

endothelium, where tight junctions between adjacent endothelial cells reduce permeability. In contrast, 

larger gap junctions between lymphatic endothelial cells dictate that initial lymphatic vessels are more 

permeable than vascular capillaries allowing lipoprotein access. More recent evidence also suggests the 

potential for transcellular trafficking of lipoproteins across lymphatic endothelial cell monolayers [16, 17]. 

Lipids, in the form of lipoproteins, are therefore transported from the intestine to the systemic circulation 

via the lymphatic system.  

Drug access to the intestinal lymphatic system can be enhanced by promoting drug association with this 

dietary lipid transport pathway, and in particular with lymph lipoproteins. This is typically achieved via 

administration of highly lipophilic drugs or prodrugs that have inherent affinity for lipoproteins (usually 

drugs with log Ds >5 and long chain triglyceride (TG) solubilities >50 mg/g), together with a lipid source 

that promotes lipoprotein assembly [5]. 

In the current study we provide in vivo evidence of the potential for oral lymph-targeted dosing strategies 

to enhance the activity of WAY-252,623 (Fig 1), a liver X receptor (LXR) agonist that at least in part, acts 

at lymphocyte-related targets. More specifically, we demonstrate the potential to enhance the immune 

modulating action of WAY-252,623 via promotion of intestinal lymphatic drug transport and lymphocyte 

access.  

  

Figure 1: Chemical structures of WAY-252,623. 

LXR is a sterol activated transcription factor that shows promise as a target for the treatment of 

atherosclerosis and other immuno-metabolic diseases [18]. The therapeutic activity of LXR agonists in the 

treatment of atherosclerosis has historically been assumed to stem from their ability to modulate the 
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expression of genes involved in the uptake, transport, efflux and excretion of cholesterol in a tissue 

dependent manner. Thus, LXR agonists 1) modulate intestinal cholesterol absorption and efflux through 

activation of ATP-binding cassette (ABC) A1 or ABCG5/G8 cholesterol transporters, 2) promote 

cholesterol efflux from macrophages via activation of cholesterol transporters ABCA1, ABCG1, and 

apolipoprotein (Apo) E, 3) induce the expression of apolipoproteins that act as cholesterol acceptors and 4) 

alter the expression of lipoprotein remodeling enzymes. However, in addition to direct effects on lipid 

metabolism, it is increasingly evident that LXR agonists also reduce atherosclerosis via a reduction in 

vascular inflammation. This effect is mediated by regulating T cell function, i.e. by inhibiting Th17 

activation and promoting regulatory T cell (Treg) activation, in part via modulating cross regulation of Foxp3 

and Rorc transcription [19, 20]. Targeting strategies that deliver LXR agonists to areas rich in lymphocytes 

(such as the lymph) might therefore be expected to enhance activity. 

The development of LXR agonists, however, is hampered by off-target toxicities [21]. These include 

promotion of hepatic lipogenesis resulting in hepatic steatosis, and stimulation of hepatic VLDL secretion 

which, at least transiently, raises circulating plasma triglycerides [21]. There are two isoforms of LXR. 

LXRα, which is highly expressed in metabolically active tissues and cell types such as the liver, intestine, 

adipose and macrophages, and LXRβ, which is expressed ubiquitously [19, 21]. The likelihood of hepatic 

steatosis can be reduced by the development of LXRβ specific drug candidates, since only LXRα is 

expressed in the liver [18, 21, 22]. WAY-252,623 is one such candidate and whilst some hepatic 

hypertriglyceridemia has been observed pre-clinically, this was only apparent following the administration 

of relatively high doses of WAY-252,623 to hamsters and monkeys [23, 24]. In the clinic WAY-252,623 

successfully increased the expression of markers of the reverse cholesterol transport (RCT) pathway 

including ABCA1 and ABCG1 in peripheral blood cells, but clinical progression was halted due to 

unexpected neurological adverse effects [25].  

WAY-252,623 has a cLogD of 6.8 and long chain lipid solubility >60 mg/g; properties consistent with the 

potential to associate with intestinal lymphatic lipid/lipoprotein transport pathways. In the current study we 

therefore employed WAY-252,623 as a model compound to exemplify the potential for lymph targeting 

dosing strategies to enhance the utility of drugs that act at lymphocyte-related targets. Dosing strategies 

that promote targeted delivery of WAY-252,623 may also allow similar therapeutic effects after 

administration of lower doses and may therefore serve to address the central toxicity of WAY-252,623.  

To promote lymphatic drug transport, we compared the effectiveness of drug formulations that contain the 

long chain lipid oleic acid (that promotes intestinal lipoprotein formation), with lipid free crystalline 

nanoparticle formulations (that do not promote lymphatic drug transport). To illustrate changes in WAY-

252,623 activity in lymph we used expression of ABCA1 mRNA as a primary (traditional target) 

engagement biomarker for LXR activation and Foxp3 as a marker for (immunomodulatory) effects on 
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regulatory T cells. Ultimately changes in the number of CD4+CD25+Foxp3+ regulatory T cells in blood was 

used as a biomarker for systemic immunomodulation.  

The data provide the first direct in vivo evidence that drug formulations that promote intestinal lymphatic 

transport may provide for similar lymphocyte-mediated pharmacodynamic responses at drug doses up to 5 

times lower than the equivalent non-lymph directing formulation.  

Methods 

Materials 

WAY-252,623 powder was supplied by AstraZeneca R&D Gothenburg, Sweden. Disodium EDTA, 

phorbol 12-myristate 13-acetate, calcium ionophore A23187, RPM1640, formic acid, oleic acid and Tween 

80 were all purchased from Sigma Aldrich (Sydney, Australia). MagMAX™ lysis/binding solution was 

from Invitrogen Life Technology, Melbourne, Australia. Polyvinylpyrrolidone K30 PVP (containing water 

3.9%, vinylpyrrolidone 2 ppm, aldehydes 59 μg/g and peroxides <400ug/g) was from BASF, Washington, 

NJ, USA).  Aerosol OT was from Cytec Industries (Woodland Park, NJ, USA). Acetonitrile and methanol 

were analytical grade. Ultrapure water was obtained from a Milli-Q system (Millipore, MA, USA). The 

solubility in water at 37 oC of WAY-252,623 (60 nM) was measured using a light scattering method [26]. 

The solubility in oleic acid at 37 oC (143 mM) was measured using the shake-flask method. 

Formulations and Study design 

Five formulations were prepared, the compositions of which are shown in Table 1. The OA formulations 

were oleic acid based emulsions. The emulsions were prepared using 10% (w/w) oleic acid (OA), 2.8% 

(w/w) Tween 80 and 0.9% (w/w) sodium chloride (total weight emulsion 3 g) by vortex mixing for 1 minute 

followed by probe sonication (Sonics Vibracell, 3 mm stepped tip) for 10 minutes (10 s sonication, 10 s 

pause, total time 20 minutes). The average droplet diameter (second cumulant method) was 160-180 nm 

using fiber optic quasi elastic light scattering (FOQELS, Brookhaven Instruments Corporation). The Nano 

formulations were lipid-free nanocrystal suspension formulations. The nanocrystal suspensions were 

prepared as described previously by making suspensions of 10% (w/w) WAY-252,623 in 1.33% (w/w) 

polyvinylpyrrolidone K30 PVP (BASF, Washington, NJ) and 0.066% (w/w) of the disodium salt of Aerosol 

OT (Cytec Industries Inc. Woodland Park, NJ, USA) by sonication in an ultrasonic bath [27]. This 

suspension was milled for 4 × 30 min, with 15 min pauses, at 700 rpm using the Fritsch (Idar-Oberstein, 

Germany) Planetary Micromill P7 equipped with 3.6 mL milling bowls and 0.6-0.8 mm milling beads of 

zirconium oxide. The particle size distribution of the crystalline suspensions was measured using a Malvern 

Mastersizer 2000, assuming a particle refractive index of 1.59 (the same as polystyrene). The measured 

volume averaged particle diameter was 250 nm. OA20, Nano20, OA100 and Nano100 contained doses of 
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20 or 100 µmol/kg of drug, as indicated by the numerals. OA0 was a vehicle control formulation containing 

no drug to provide a reference for lymph lipid transport and lymphocyte gene expression in the absence of 

drug. The OA formulations were chosen to promote lymphatic lipid transport and to support lymphatic 

transport of WAY-252,623. The lipid-free Nano-100 and Nano-20 formulations were not expected to 

promote lymphatic drug transport. Similar systemic exposure and bioavailability of drug was predicted 

when the same dose was given with the OA or Nano formulation (since lipids and nano-sizing are both able 

to promote drug absorption for poorly water soluble drugs such as WAY-252,623), however plasma levels 

were monitored to provide absolute exposure.  

Table 1: Composition of the lipid based and lipid free formulations prepared for administration to the rats. 

Formulation 

category 

Formulation 

abbreviation 

Dose of WAY-

252,623 

(µmol/kg) 

Volume of 

formulation 

administered 

(mL/kg) 

Composition of 

formulation 

Lipid based 

formulations 

OA0 0 5 3.2% (w/w) oleic acid, 

0.9% (w/w) tween 80 and 

0.9% (w/w) sodium 

chloride (saline) 

OA20 20 5 

OA100 100 5 

Lipid free 

formulations 

Nano20 20 5 WAY-252,623 Nano-

dispersed in Milli-Q 

water 
Nano100 100 5 

 

Animal Studies 

All experiments were approved by the Monash Institute of Pharmaceutical Sciences, Monash University, 

animal ethics committee and were conducted in accordance with the Australian and New Zealand Council 

for the Care of Animals in Research and Teaching guidelines. Female Lewis rats (age 9-14 weeks, weighing 

160-210 g) or male Sprague-Dawley rats (age 8-10 weeks, weighting 260-280g) maintained on a standard 

diet and then fasted overnight with free access to water the evening prior to drug administration were used 

in all experiments.  

Lymphatic transport, pharmacokinetic and pharmacodynamic studies in anaesthetised rats 

Lewis rats were anaesthetised with ketamine, xylazine and acepromazine cocktail throughout surgery and 

experimentation [28]. The duodenum (for formulation administration and rehydration), mesenteric lymph 

duct (for lymph collection), and carotid artery (for blood collection) were cannulated as described 

previously [13]. After surgery, the rats were rehydrated for 0.5 h via intraduodenal infusion of normal saline 

at 1.5 mL/h. Unless otherwise described, lipid and drug formulations were then infused into the duodenum 

at a rate of 1 mL/h for 1 h, after which the infusion was changed back to 1.5 mL/h normal saline for the 

remainder of the experiment.  
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Lymph was collected every 2 h up to 8 h following initiation of drug administration, into tared tubes, to 

allow gravimetric quantification of the volume of lymph collected. Lymph was centrifuged for 3 min at 

1600 g to pellet the cellular fraction. The cell fraction was resuspended in RPMI 1640 buffer. 99% of the 

lymph cell pellet consisted of lymphocytes and the supernatant did not contain any cellular material when 

viewed by light microscopy or examined by flow cytometry as previously described [29]. A proportion of 

the lymph and lymphocytes were reserved for analysis of drug concentrations by LC-MS-MS as described 

below. The remaining lymphocytes were used for pharmacodynamic analysis of lymphocyte gene 

expression as described below.  

Blood samples (150 μL) were collected from the carotid artery cannula, every 1 hour from -1h (prior to 

drug administration) up to 8 hour following initiation of drug administration. Plasma was separated from 

blood by centrifugation at 6000 g for 3 mins. Plasma samples were frozen on dry ice and stored at -20oC 

prior to measurement of drug concentrations via LC-MS-MS as described below.  

Pharmacokinetic studies in conscious rats 

Lewis rats were anaesthetised with isoflurane and the carotid artery was cannulated as described previously. 

The carotid cannula was passed through a swivel device to enable blood sampling and then rats were 

allowed to regain consciousness post-surgery. After overnight fasting, lipid based and lipid free nano 

formations were administered via oral gavage (formulations listed in Table 1). Blood and plasma samples 

were collected at -1 h, 0.5 h, 1 h, 2 h, 3 h, 4 h, 6 h, 8 h and 24 h post oral drug administration. 20 µL plasma 

was used to determine drug concentration via HPLC-MS-MS.  

Measurement of CD4+CD25+Foxp3+ regulatory T cells in systemic blood in conscious rats 

Following >5 days of acclimatisation, male Sprague-Dawley rats were housed with free access to food and 

water. Animals were orally gavaged with lipid or lipid free formulations (Table 1). Animals were 

euthanized four hours following oral administrations. A single blood sample (3 mL) was collected via 

cardiac puncture and used to determine the frequencies of CD4+CD25+Foxp3+ regulatory T cells via flow 

cytometry analysis. Male Sprague-Dawley rats were employed in these studies due to a lack of supply of 

Lewis rats (as employed in the previous studies). We did not expect significant differences in regulatory T 

cell responses to WAY-252,623 in different rat strains since Lewis and Sprague-Dawley rats are both 

derived from Wistar rats. On review, repeat experiments were requested to confirm trends in Lewis rats. 

These experiments were subsequently performed for the OA20 and Nano20 formulations in female Lewis 

rats. Similar trends were obtained (data in supplementary information, Appendix A), providing confidence 

in the data reported here in Sprague-Dawley rats. 
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Preparation of lymph, lymphocyte and blood samples for HPLC-MS-MS analysis 

To enable HPLC-MS-MS analysis of WAY-252,623 in lymph, 990 μL acetonitrile was firstly added to 10 

μL lymph samples and the samples were vortexed for 0.5 min. An aliquot of 200 μL from the 1000 μL of 

diluted sample was further diluted with 800 μL acetonitrile, vortexed for 0.5 min and centrifuged at 5000 g 

for 5 min. Finally 100 μL of supernatant was placed in HPLC vials for analysis by HPLC-MS-MS as 

described below. 

Aliquots of 20 μL plasma were spiked with 10 μL of internal standard solution (AZ10167987 10μg/mL in 

acetonitrile), vortexed for 0.5 min and 180 μL of acetonitrile added followed by a 0.5 min vortex to 

precipitate plasma proteins. Samples were kept at room temperature for 20 min and finally centrifuged at 

16,000 g for 5 min to facilitate precipitation of plasma proteins. 75 μL of the supernatant was diluted with 

75 μL 0.1% (v/v) formic acid in milli-Q water and then vortexed for 1 min. A 100 μL sample was transferred 

to vials for HPLC-MS-MS analysis of WAY-252,623 and internal standard concentrations. 

HPLC-MS-MS analysis of WAY-252,623 

A Shimadzu LC-MS 8030 system (Shimadzu Scientific Instruments, Kyoto, Japan) was used for analysis 

and consisted of a CBM-20A system controller, a DGU-20A5 solvent degasser, two LC-30AD pumps, a 

SIL-30AC MP autosampler, a CT-20A column oven (held at 40°C), a SPD-20A UV/Vis detector, and a 

triple quadrupole mass spectrometer with an electrospray ionization interface (ESI). The desolvation line 

(DL) and the heat block were maintained at 250°C and 400°C, respectively. Interface and detector voltages 

were 4.5 kV and 1.82 kV, respectively. The nebulizing gas flow rate and drying gas flow rate were 3 L/min 

and 15 L/min, respectively. 5 μl samples were injected onto a Ascentis C18 column (2.7 μm particle size, 

50 mm × 2.10 mm, Supelco, United States) and the mobile phase flow rate was 0.3 mL/min. Mobile phase 

A (MPA) was 100% (v/v) milli Q water with 0.1% formic acid and mobile phase B (MPB) was 100% (v/v) 

methanol with 0.1% formic acid. The mobile phase gradient sequence (v/v) was initiated with 50% MPB 

for 0.7 min, then linearly increased to 90% MPB over 0.5 min and held for 1.3 min, then returned to 50% 

MPB over 1.2 min and held for 1.7 min leading to a total 5 min run time. Ion transitions for WAY-252,623 

and internal standard were 422.93-143.0 m/z and 336.2-195.0 m/z. WAY-252,623 and AZ10167989 eluted 

at 2.6 and 2.1 min. 

The LC-MS analysis for WAY-252,623 and internal standard in lymph and plasma was validated via assay 

of replicate (n = 4-6) quality control samples at low, medium and high concentrations. The assays were 

accurate (within 10-15% of target concentration) and precise (coefficient of variation <10%) for 

concentration of 0.05 to 5 μg/mL in plasma and 5 to 500 μg/mL in lymph samples. 
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Real time quantitative PCR analysis to determine the impact of WAY-252,623 on lymph lymphocyte 

gene expression 

For analysis in lymph, lymphocytes were separated from 100-200 μL lymph samples collected prior to drug 

administration (as baseline) and every 2 hours following drug administration. Gene expression in 

lymphocytes was measured in samples that were either stimulated using the mitogens phorbol 12-myristate 

13-acetate and calcium ionophore A23187, or in non-stimulated samples. Mitogens were chosen 

specifically to elicit a response on T cell activation, in this case Foxp3+ regulatory T cells [30-32]. Samples 

that were not stimulated were immediately diluted with 500 μL RPM1640 medium. To stimulate with 

mitogens, lymphocytes separated from 100-200 μL mesenteric lymph were diluted with 500 μL RPM1640 

medium containing 50 ng/mL phorbol 12-myristate 13-acetate and 1 μg/mL calcium ionophore A23187, 

mixed by gentle inversion, and incubated in a 5% CO2, 95% O2 atmosphere at 37ºC for 4 h. Following 

incubation, lymphocytes were separated from the culture medium by centrifuging for 3 min at 1600 g and 

then lysed immediately via the addition of 140 μL MagMAX™ lysis buffer and snapped frozen on dry ice.  

RNA was prepared from the lymph lysates using MagMax96 Total RNA isolation kit (Ambion, AM1830). 

The RNA preparation was performed in a 96 well Kingfisher MagMax Express instrument. Following RNA 

preparation, the samples were treated with Turbo DNase (Ambion, AM1907). The concentration of nucleic 

acids was determined using NanoDrop spectrophotometric assay and purity was estimated using the 

260/280 nm ratio. cDNA was prepared using a High Capacity Reverse Transcription Kit (Applied 

Biosystems, 4368813). To quantify the mRNA species of interest, Mastermix (TaqMan Universal PCR 

Mastermix, Applied Biosystems, 4305719) was added to 4 ng/uL cDNA (12 ng) together with the specific 

Taqman gene expression assays containing a mix of primers and FAM-MGB probe (Applied Biosystems, 

4331182, assay Rn00710172_m1 (ABCA1), Rn01525092_m1 (Foxp3) and Rn01527840_m1 (Hprt1)). 

Quantitative RT-PCR was performed with a 7900HT Instrument (Applied Biosystems). Data was recorded 

during 40 PCR cycles. Only samples reaching threshold values before cycle 36 were included in the 

calculations and mRNA expression of ABCA1 and Foxp3 was normalised to the expression of Hprt1. 

Quantification of CD4+CD25+Foxp3+ regulatory T cells in blood by flow cytometry  

Changes in the number of regulatory T cells in blood taken from animals administered WAY-252,623 

in different formulations was measured following ex vivo stimulation. Briefly, 3 mL fresh whole blood was 

diluted with 6 mL RPMI1640 medium, mixed well by pipetting and incubated in a 5% CO2, 95% O2 

atmosphere at 37ºC for 4 h under the mitogen stimulation conditions described above. Red blood cells were 

subsequently lysed (x2) using ACK lysis buffer (Gibco Life Technologyies, Australia). The remaining 

white blood cells were stained with anti-rat CD4 FITC, CD25 PE and fixable viability dye efluor 506 (all 

from eBioscience, Life Technologies, Australia) for 15 min followed by cell fixation and permeabilisation 
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(BD Bioscience, CA, USA). Intracellular transcriptional factor staining was performed by incubating cells 

in anti-rat Foxp3 APC (eBioscience, Life Technologies, Australia) for 1.25 h at 4ºC. The frequencies of 

regulatory T cells were determined by gating for the CD4+CD25+Foxp3+ population. Data was analysed on 

BD FACSCanto™ II Cell Analyzer (BD Biosciences, CA, USA) and calculated on Flowjo software. 

Calculations 

Gene expression in lymph lymphocytes  

The use of different WAY-252,623 formulations (in particular those containing lipids) may result in 

changes to lymphocyte numbers in lymph. Differences in total gene expression and mRNA expression of 

ABCA1 and Foxp3 were therefore normalised to the total RNA present in each lymph sample during each 

2 h lymph collection period from 0h to 6h. In each 2 hour collection period 

Total gene expression = 2-ΔCt for the individual gene x total RNA in that sample, where,  

Total RNA = RNA concentration in lymph aliquot x lymph volume during the 2 hour collection period 

Statistics  

Statistically significant differences were determined by ANOVA following by Turkey’s test for multiple 

comparisons, using a significance level of α=0.05. Statistical calculations were performed using GraphPad 

Prism 7 for Windows. 

Results 

Co-administration with lipid enhances mesenteric lymph transport of WAY-252,623  

The percentage of the dose of WAY-252,623 transported into the mesenteric lymph after intraduodenal 

administration of 20 or 100 µmol/kg WAY-252,623 with the lipid free nanocrystal suspension formulations 

(i.e. Nano100 and Nano20 groups) was relatively low (3-4% of total dose) (Fig 2A). As expected, when 20 

µmol/kg WAY-252,623 was intraduodenally administered in the oleic acid containing formulation (i.e. the 

OA20 group) transport into mesenteric lymph was increased significantly when compared to the 

nanocrystal suspension formulations and a substantial proportion of the dose was recovered in lymph (~23% 

of dose) (Fig 2A). Administration of a higher 100 µmol/kg dose of WAY-252,623 with the lipid formulation 

(OA100) also stimulated lymphatic transport, but with greatly reduced efficiency (~6.8% of dose).  
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Panel A 

 

Panel B 

 
Panel C 

 
  

Figure 2: Lipid co-administration increases WAY-252,623 

exposure in the mesenteric lymphatics. Cumulative % of the 

dose transported (Panel A), Cumulative mass (µg) (Panel B) 

and Concentration (µg/mL) (Panel C) of WAY-252,623 

transport into mesenteric lymph over time following 

administration of the OA0 (drug free), OA20, OA100, Nano20 

and Nano100 formulations. Data represent mean ± SEM of n=6 

rats. Significant differences in the data were assessed via one-

way ANOVA. Data were compared to OA20. **P<0.01, 

****P<0.001. 

 

The absolute mass of WAY-252,623 transported into the lymph across the formulation groups (as opposed 

to the percentage of the dose transported into lymph described above) is shown in Fig 2B. Mass transport 

into lymph was lowest after administration of 20 µmol/kg WAY-252,623 as the nanocrystal suspension 

(Nano20 formulation) due to the combination of low dose and the use of a lipid free formulation which did 

not support effective lymph uptake. Significantly greater lymphatic uptake was apparent after 

administration of the OA20 formulation. In the case of the Nano100 formulation, where the dose was 5 fold 

higher, the absolute mass of drug recovered in the lymph over 8 hours was slightly lower than that obtained 

after administration of the OA20 formulation (Fig 2B). When administered with a lipid free formulation, 

therefore, the dose of WAY-252,623 must be increased more than 5 fold to achieve similar lymphatic drug 

exposure. The largest mass of WAY-252,623 recovered in the lymph was observed for the OA100 group 

which contained the same quantity of lipid as the OA20 formulation but a 5 fold higher drug dose. In this 

case although the percentage of the dose recovered in lymph was reduced when compared to the OA20 

group, the five-fold increase in drug dose was sufficient to lead to a net increase in mass transport into 

lymph. The lower than expected % lymph transport in the OA100 group suggests that for WAY-252,623 

either lymphatic drug transport or total drug absorption is non-linear at higher drug doses. 

The rate of WAY-252,623 transport into lymph is presented in Fig 2C. Lymph transport rate was low at all 

time points after administration of the Nano20 formulation. For the OA20 and OA100 groups, lymph 

transport peaked 3 h after formulation administration. Lymph transport was slower in the Nano100 group, 

despite similar overall mass transport in lymph over 8 hours when compared to the OA20 group. 
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Systemic exposure of WAY-252,623 in lymph diverted and lymph intact animals  

The systemic (plasma) exposure (AUC) of WAY-252,623 in lymph diverted rats was highest after 

administration of the Nano100 > OA100 > OA20 > Nano20 > control OA0 formulations (Fig 3A). In 

contrast, lymph exposure was highest after administration of OA100 > OA20 > Nano100 > Nano20 > 

control OA0.  

To confirm that differences in lymphatic transport were not simply a function of differences in overall 

absorption, total plasma exposure was explored after oral administration of each of the formulations to 

conscious non-lymph cannulated animals. The plasma concentration versus time profiles and plasma AUC 

of WAY-252,623 are shown in Fig 3C and D. Systemic exposure was not statistically different in the OA20 

vs Nano20 groups (although there was a trend towards lower exposure from the lipid free formulation) and 

was higher in the animals administered 100 vs 20 µmol/kg of drug. In general, therefore the lipid and 

nanocrystal suspension formulations appeared to support similar overall plasma exposure at the same dose. 

The lymph transport data, however, suggest that the different formulation types resulted in systemic 

exposure via different routes i.e. more substantially via the lymphatics for the OA formulations and more 

directly via entry into the blood circulation for the nanocrystal suspension formulations. 

Panel A 

 

Panel B 

 
 

Panel C 

 

Panel D 

 

 
Figure 3: WAY-252,623 systemic exposure in lymph diverted and lymph intact rats. Panel A. Plasma 

concentration and Panel B. Plasma AUC over 8 h in lymph diverted unconscious animals via intraduodenal infusion, 

Panel C. Plasma concentration and Panel D. Plasma AUC over 24 h, in lymph intact conscious rats following 

administration of the OA0 (drug free, n=4), OA20 (n=6 in lymph diverted and n=4 in lymph intact conditions), 

Nano20 (n=6 in lymph diverted and n=4 in lymph intact conditions), Nano100 (n=4) and OA100 (n=5 in lymph 

diverted and n=4 in lymph intact conditions) formulations via oral gavage. Data represent mean ± SEM. Significant 

differences in the data were assessed via one-way ANOVA. Data were compared to Nano100. ****P<0.001. 
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Enhancing mesenteric lymph transport of WAY-252,623 increases lymph lymphocyte LXR 

activation 

To determine whether promotion of mesenteric lymph uptake of WAY-252,623 increased drug activity, the 

expression of a marker of LXR activation, ABCA1 mRNA, was assessed in intestinal lymph lymphocytes. 

ABCA1 mRNA expression was measured after administration of the lipid formulation control group (OA0) 

and after WAY-252,623 administration with the lymph directing lipid formulation (OA20) and the lipid 

free nano-suspensions (Nano20, Nano100).  

Data were not generated for the OA100 group since overall mass transport in lymph was not substantially 

greater (and % transport was significantly lower) that that obtained after administration of OA20. In contrast, 

the OA20 group significantly enhanced lymphatic transport and allowed direct comparison with the Nano20 

formulation where exposure in non-lymph cannulated animals was similar (but where lymphatic transport 

was significantly lower). Evaluation of the data obtained after administration of the OA20 and Nano100 

formulations allowed further comparison of the situation where total lymphatic transport was similar, but 

where the dose needed to drive lymphatic exposure was five-fold higher for the non-lipid (Nano100) 

formulation.  
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Panel A 

 

Panel B 

 
Panel C 

 

Panel D 

 

Figure 4: Lipid co-administration increases LXR activation in intestinal lymph lymphocytes. Panel A 

and B. ABCA1 expression in lymph under non-stimulated (A) vs stimulated (B) conditions over 4 h, Panel C 

and D. Correlation of cumulative mass transport of WAY-252,623 into mesenteric lymph and cumulative 

ABCA1 expression under non-stimulated (C) vs stimulated (D) conditions following administration of the OA0 

(drug free, n=3), OA20 (n=6), Nano20 (n=3) and Nano100 (n=4) formulations. Data represent mean ± SEM. 

‘Stimulated lymphocytes’ were stimulated ex vivo by PMA and calcium ionophore A23187 as described in the 

methods. ‘Non-stimulated lymphocytes’ were not stimulated. Data were compared to OA20. *P < 0.05, **P < 

0.01. 
 

ABCA1 mRNA expression was assessed in both non-stimulated lymphocytes and after stimulation of the 

lymphocytes with mitogens (Fig 4). Unlike the regulatory T cell marker Foxp3 (data below, Fig5), ABCA1 

expression was not expected to change significantly with stimulation since it is ubiquitously expressed 

across leukocyte and macrophage cell types. 

In the non-stimulated lymph lymphocytes (Fig 4A), ABCA1 mRNA expression was significantly higher 

after administration of WAY-252,623 when compared to the (drug free) OA0 control group. Increases in 

ABCA1 mRNA expression were also evident in the OA20 group when compared to the Nano20 and 

Nano100 groups, in spite of the 5 fold higher drug dose in the latter group. This is consistent with the 

observed differences in lymphatic drug exposure (Fig 3B), but not plasma exposure. In stimulated 

lymphocytes (Fig 4B), lymphocyte ABCA1 mRNA expression was generally lower across all groups 

relative to expression in non-stimulated lymphocytes, suggesting a trend towards lower expression in the 

expanded lymphocyte populations present in stimulated cells (although this difference was not significant). 
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However, ABCA1 mRNA expression was still substantially higher after administration of the OA20 and 

Nano100 groups when compared to the Nano20 and OA0 control group, consistent with higher lymphatic 

drug recovery in those groups. A strong correlation was evident between lymph lymphocyte ABCA1 mRNA 

expression and lymphatic drug recovery across all the formulation groups in both non-stimulated (r2 =0.97, 

Fig 4C) and stimulated (r2 =0.98, Fig 4D) conditions.  

Panel A 

 

Panel B 

 
Panel C 

 

Panel D 

 

Figure 5: Enhanced mesenteric lymph transport of WAY-252,623 increases lymph lymphocyte Foxp3 

expression. Panel A and B. Foxp3 expression in lymph under non-stimulated (A) vs stimulated (B) conditions 

over 4 h, Panel C and D. Correlation of cumulative mass transport of WAY-252,623 into mesenteric lymph 

and cumulative Foxp3 expression under stimulated (C) vs non-stimulated (D) conditions following 

administration of the OA0 (drug free, n=3), OA20 (n=6), Nano20 (n=3) and Nano100 (n=4) formulations. Data 

represent mean ± SEM. ‘Stimulated lymphocytes’ indicates that the lymphocytes were stimulated ex vivo by 

PMA and calcium ionophore A23187. ‘Non-stimulated lymphocytes’ indicates that the lymphocytes were not 

stimulated. Data were compared to OA20. *P < 0.05, **P < 0.01. 

 

Enhancing mesenteric lymph transport of WAY-252,623 increases lymph lymphocyte Foxp3 

expression 

To further determine the impact of promoting lymph uptake of WAY-252,623 on its pharmacodynamic 

effect, the ability of WAY-252,623 to stimulate expression of Foxp3, a marker of regulatory T cell 

differentiation (and therefore of the immunomodulatory activity of WAY-252,623) was examined. Foxp3 

mRNA expression was determined in both non-stimulated lymph lymphocytes (where regulatory T cell 

differentiation was expected to be low) and in stimulated cells (where regulatory T cell differentiation was 

expected to be higher, and more consistent with the likely scenario in disease). Data was again collected 
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after administration of OA0, OA20, Nano20 and Nano100 formulation groups (Fig5). In non-stimulated 

lymphocytes Foxp3 mRNA expression was relatively low, but was higher in the groups dosed with the 

OA20 and Nano100 formulations when compared to OA0 and Nano20 (Fig 5A). There was no significant 

difference in Foxp3 mRNA expression between the OA20 and Nano100 groups despite the fact that the 

OA20 formulation contained a 5 fold lower drug dose. This is again consistent with the cumulative mass 

of WAY-252,623 transported in lymph (Fig 2B). 

In stimulated lymphocytes Foxp3 mRNA expression (Fig 5B) was in general higher than that in non-

stimulated cells, although interestingly this was only evident in animals administered the lipid formulations 

(OA0 and OA20), and not the lipid-free formulations (Nano20 and Nano100). Indeed, in stimulated (and 

non-stimulated) cells Foxp3 mRNA expression was higher after administration of the drug-free lipid 

formulation (OA0) when compared to the Nano20 formulation. These data suggest an intrinsic effect of the 

lipid formulation on stimulating T regulatory cell differentiation or differences in the type of lymphocytes 

recruited into mesenteric lymph by co-administration with OA. Consistent with the ABCA1 data, after 

administration of the OA20 lipid formulation Foxp3 mRNA expression was enhanced in stimulated 

lymphocytes when compared to the OA0, Nano20 and even the Nano100 formulation (> 3 fold). 

Interestingly, compared to control (OA0) conditions, only the OA20 and Nano100 dosed animals (and not 

the Nano 20 formulation) showed an increase in Foxp3 mRNA expression on drug administration. These 

data suggest that LXR activation in combination with co-administration of lipid formulations increases the 

activation and/or differentiation of regulatory T cells in the lymphatic system, but that this did not occur 

after administration of the low dose non-lipid formulation. The greater effect on Foxp3 mRNA expression 

in the OA20 group was consistent with the increase in ABCA1 expression in response to LXR activation in 

the OA20 group and also consistent with the higher lymph uptake of WAY-252,623 in this group. Across 

the groups, there was a strong correlation between lymph lymphocyte Foxp3 mRNA expression and 

lymphatic drug recovery (Fig 5C and 5D).  
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Panel A 

 
 

 

 

Panel B 

 

Panel C 

 

Panel D 

 

 

Figure 6: Impact of enhanced lymphatic transport on the immunomodulation effect of WAY-252,623 on 

systemic Foxp3+ regulatory T cells. Panel A. Percentage of CD4+CD25+Foxp3+ regulatory T cells in total blood 

after stimulation for 4 h. Flow cytometry plots show representative gating images. Data reproduced within these 

images is the mean of replicate analyses.  Panel B. Correlation of plasma AUC0-24 of WAY-252,623 and total 

percentage of CD4+CD25+Foxp3+ regulatory T cells in blood under stimulated condition (stimulated ex vivo by PMA 

and calcium ionophore A23187), Panel C. Correlation of Foxp3 mRNA expression in lymph and percentage of 

CD4+CD25+Foxp3+ regulatory T cells in blood under stimulated condition (stimulated ex vivo by PMA and calcium 

ionophore A23187). Panel D. Correlation of percentage of CD4+CD25+Foxp3+ regulatory T cells in total blood under 

stimulated condition (stimulated ex vivo by PMA and calcium ionophore A23187) and cumulative mass of WAY-

252,623 transported in lymph following administration of the OA0 (drug free, n=4), OA20 (n=6), Nano20 (n=4) and 

Nano100 (n=6) formulations. Data represent mean ± SEM. *P<0.05 from one-way ANOVA, data was compared to 

Nano100.  
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Enhancing mesenteric lymph transport of WAY-252,623 increases systemic Foxp3+ regulatory T cell 

proliferation 

To investigate whether enhanced local lymphatic drug accumulation and associated local regulatory T cell 

activation ultimately translated to changes in the systemic pharmacodynamic effect of WAY-252,623 (i.e. 

increased Foxp3+ regulatory T cells in blood), we analysed the percentage of regulatory T cells in whole 

blood via flow cytometry. Consistent with the trends in lymph, increases in CD4+CD25+Foxp3+ T cells (Fig 

6A) were similar after administration of OA20 and Nano100 after ex vivo stimulation, in spite of the 5-fold 

difference in drug dose and 3-fold difference in total plasma drug exposure (Fig 3C). Administration of 

Nano20 resulted in slightly lower blood levels when compared to OA20, but unlike the OA20 formulation 

Nano20 did not increase the frequency of CD4+CD25+Foxp3+ T cells when compared to the OA0 (no drug) 

vehicle control (Fig 6A). This is again consistent with the data obtained in lymph where the Nano20 

formulation was unable to increase the expression of Foxp3 in lymph relative to the OA0 control 

formulation. OA0 provided an indication of the baseline effect of the lipid vehicle on the frequencies of 

CD4+Foxp3+ T cells and CD4+CD25+Foxp3+ T cells in blood and was therefore used to confirm drug 

specific effects on T cells.  

In contrast to the T cell response in the mesenteric lymph, where a clear relationship was apparent between 

drug concentrations in lymph and Foxp3 expression (Fig 5), the number of regulatory  CD4+CD25+Foxp3+ 

T cells in the blood was less well correlated with either plasma drug exposure (Fig 6B), quantities of WAY-

252,623 in lymph (Fig 6D) or Foxp3 expression in lymph (Fig 6C). This reflects the fact that the 

pharmacodynamic effect in blood (i.e. increases in CD4+CD25+Foxp3+ T cells) is expected to result from 

a composite of drug exposure to lymphocytes in blood (which is much higher after the high dose Nano100 

formulation) and targeted drug exposure to lymphocytes in lymph (which is higher for the OA20 

formulation). As such, the correlations with a single measure of exposure (lymph or blood) cannot capture 

the total relationship. Notably, the data obtained after administration of the OA20 formulation does not 

provide a correlation between plasma exposure and systemic induction of regulatory T cells, and in contrast 

systemic activity is more consistent with high exposure to lymphocytes in lymph. Indeed across all 

measured indicators the lipid formulation led to significantly higher lymphatic exposure than the 

nanoparticle formulation and this translated to significantly higher systemic effects on regulatory T cell 

numbers.  
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Discussion 

Over the last 10-15 years the lymphatic system, and the immune cells contained within it (specifically 

lymphocytes), have been shown to play an important role in regulating the progression of a far more diverse 

range of diseases and conditions than once thought [5, 33]. These conditions include immune and 

inflammatory diseases, organ transplantation, infections such as HIV/AIDs, cancers, and perhaps most 

surprisingly, cardiometabolic diseases that have traditionally been suggested to be driven by dysregulation 

of metabolism [5]. This has led to a quest for new mechanisms to treat cardiometabolic diseases by 

modulating lymphocyte activity (in addition to changes to lipid metabolism). Strategies that promote drug 

access to the lymphatics and enhance drug exposure to the high concentrations of lymphocytes in the lymph 

therefore have the potential to benefit a range of conditions.  

WAY-252,623, an anti-inflammatory and lipid-modulating LXR agonist, is representative of the new wave 

of drug candidates that aim to treat cardiometabolic disease by modulating both inflammation and lipid 

metabolism.  WAY-252,623 is a highly lipophilic drug candidate with physicochemical properties that are 

consistent with the potential to be transported from the intestine via the lymph following oral delivery. 

Charman and Stella initially proposed that intestinal lymphatic transport following oral delivery is likely to 

be substantial for highly lipophilic drugs (Log D>5, lipid solubility >50 mg/mL) that associate with 

intestinal lipoproteins [34]. This suggestion was made based on the realisation that the flow rate of blood 

through the intestinal blood capillaries and portal vein is substantially higher (~500-fold) than the flow rate 

of lymph through the intestinal lymphatics, and that 1% of lymph fluid consists of lipid. The relative mass 

transport differences between lipid flow in lymph and fluid flow in blood are therefore approximately 

50,000 (i.e. 4-5 log units). The majority of small molecule drug are therefore absorbed and transported from 

the intestine via the blood circulation rather than the lymphatic system. For highly lipophilic drugs that 

associate with intestinal lymph lipoproteins, however, significant lymphatic uptake is achievable [35]. 

Some exceptions to the rule are apparent including low lymphatic transport of some drugs with high 

triglyceride solubilities and substantial lymphatic transport for drugs with relatively low triglyceride 

solubilities [35]. WAY-252,623, however, is an example of a drug that follows the Charman ‘rule of 2’ and 

consistent with these suggestions, the current studies demonstrate that it is substantially transported into the 

lymph after oral administration. 

The lymphatic transport of WAY-252,623 is dependent on the formulation with which it is administered. 

In the current studies, lymphatic uptake was low after administration with lipid-free formulations (<4% of 

dose) and increased substantially (to 23% of the dose for the OA20 group) on co-administration with the 

OA formulation containing the long chain fatty acid, oleic acid. This is consistent with a number of previous 

studies that have shown that lymphatic drug transport is highly dependent on the dose and type of co-

administered lipid [36-38]. In general, long-chain, rather than medium chain, lipids most effectively 
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promote lymphatic drug transport [36] since long chain lipids are preferentially re-esterified to form 

triglyceride in the enterocyte and assembled into lymph lipoproteins, whereas medium chain lipids are 

primarily absorbed into the portal blood [39]. Interestingly, the lymphatic transport of WAY-252,623 was 

also drug dose dependent with a lower proportion of the dose transported into lymph after administration 

of the higher (100 µmol/kg) versus lower (20 µmol/kg) drug dose. We are not aware of previous 

descriptions of a dose dependency in lymphatic transport, although in this case, whether this reflects a 

decrease in the efficiency of lymphatic transport or simply a decrease in overall absorption at higher dose 

is not known. For a poorly water soluble drug such as WAY-252,623 the latter is highly likely. 

Lipid co-administration thus facilitated WAY-252,623 uptake into lymph via promotion of intestinal 

lipoprotein formation. Coincident with an increase in drug transport into the lymph, lipid administration 

has been shown previously to stimulate the entry of lymphocytes into mesenteric lymph [13]. These 

lymphocytes originate from three major lymphoid organs – Peyers’s patches, lymphoid follicles in the 

intestinal epithelia [40] and the mesenteric lymph nodes. These lymphoid organs are structures where T 

cells that are recirculating between blood [41] and lymph are presented with antigen that has been locally 

sampled in the intestine. Antigen presentation is expected to stimulate lymphocyte proliferation. The 

presence of higher concentrations of lipid-rich lipoproteins (in animals co-administered lipid) may thus 

increase lymph lymphocyte concentrations [42, 43]. Ultimately, co-administration of lipophilic drugs such 

as WAY-252,623 with a lipid-based formulation is therefore expected to co-stimulate lipid, lymphocyte 

and drug flux into lymph and therefore to enhance drug access to lymphocytes. 

Consistent with this suggestion, stimulation of WAY-252,623 transport into the lymph by co-administration 

with lipid resulted in lymph concentrations of drug that were 20-200 fold higher than those in plasma. 

Similarly, lipid co-administration (in the OA20 group, for example), led to lymph concentrations that were 

up to 8 fold higher than those attained after administration of the same quantity of drug with a lipid-free 

nanoparticle formulation. Importantly the increases in drug concentrations in lymph were accompanied by 

increases in drug activity as evidenced by increases in biomarkers of LXR activation (ABCA1 and Foxp3 

mRNA expression) in lymph lymphocytes. Notably, higher (or similar) activity was evident after 

administration of the lymph directing OA20 formulation when compared to a 5-fold higher dose in the non-

lymph directing formulation (Nano100). This effect was evident for both biomarkers and in non-stimulated 

and stimulated lymphocytes although, as expected, effects on Foxp3 were more apparent in stimulated 

lymphocytes where Foxp3 levels were much higher. 

A key finding in the current studies was that the increase in drug activity in mesenteric lymph (that was 

stimulated by the lymph targeting strategy) translated to a significant enhancement in systemic lymphocyte 

response. Thus, a strong correlation was shown between drug uptake into intestinal lymph and the 

lymphocyte response in lymph (ABCA1 and Foxp3 mRNA upregulation) and drug response in lymph was 
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enhanced by lipid co-administration to promote lymphatic drug transport. Drug exposure to lymphocytes 

in the systemic circulation, however, was more dependent on overall drug dose, and as such, maximal 

plasma exposure was observed after administration of the Nano100 formulation.  In spite of the increase in 

systemic drug exposure, the ability of WAY-252-623 to increase systemic levels of regulatory T cells, was 

no greater after administration of 100 µmol/kg in the nanoparticle formulation (Nano100) when compared 

to only 20 µmol/kg in the lymph directing OA20 formulation. Furthermore, administration of the same low 

dose (20 µmol/kg) in a non-lymph directing formulation (Nano20) failed to induce a response on regulatory 

T cells in either the lymph or the blood. The data suggest that sufficient quantities of lymphocytes are 

activated or primed in the mesenteric lymphatics to be able to significantly affect the total drug response in 

the systemic circulation. Improved drug targeting, selectivity and potency is therefore possible by 

enhancing drug exposure to lymphocytes in the intestinal lymph that subsequently transit to the systemic 

circulation. 

The current data suggest a relationship between the systemic pharmacodynamic response for 

immunomodulatory drugs and drug exposure in the mesenteric lymph. To this point, however, few other 

studies have addressed this point directly. The current findings are consistent with our previous studies that 

described enhanced immunomodulatory activity of the cannabinoid agonist JWH015 after co-

administration with quantities of lipid that enhanced lymphatic transport [13]. A recent study by 

Gershkovich et al similarly found that co-administration of the cannabinoids tetrahydrocannabinol and 

cannabidiol with lipid significantly increased distribution of cannabinoids to mesenteric lymph nodes, and 

attainment of drug concentrations in lymph nodes that were substantially higher than those in the plasma. 

Subsequent in vitro studies confirmed inhibition of lymphocyte proliferation at drug concentrations that 

would be likely attained in the intestinal lymph and mesenteric lymph nodes after co-administration with 

lipid (based on the pharmacokinetic studies), but that would be highly unlikely to be attained in plasma. 

[44]. The studies described here build on these previous reports but now show a direct correlation between 

lymph concentrations in vivo and in vivo biomarkers of lymph lymphocyte immunosuppression, and further 

provide evidence to support correlation of these effects in mesenteric lymph with increases in regulatory T 

cells in the systemic circulation.  

In summary, the data suggest that increasing WAY-252,623 concentrations in the mesenteric lymph by co-

administration with lipid formulations enhances the ability of the drug to modify lymphocyte behaviour in 

both the local (mesenteric) lymphatics and the systemic blood. This targeting effect results in significantly 

enhanced activity at much lower total systemic exposure levels, thereby reducing the risk of toxicity.  
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Conclusion 

The current project demonstrates that lipid based formulations facilitate WAY-252,623 transport via the 

intestinal lymphatics and enhance exposure to lymphocytes in mesenteric lymph. The data also provides 

evidence that this enhances LXR activation and promotes an anti-inflammatory effect via modulation of T 

lymphocytes in the lymphatics and systemic circulation. Drug design and delivery strategies that combine 

oral administration of highly lipophilic drugs with lipid-based formulations to enhance drug delivery to the 

lymphatics and lymphocytes, may therefore improve the therapeutic utility of drug candidates with 

lymphocyte targets, including drug candidates designed to treat atherosclerosis. 
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Figure 1: Percentage of CD4+CD25+Foxp3+ regulatory T 

cells in systemic blood after the administration of OA20 and 

Nano20 in female Lewis rats vs male Sprague Dawley. Data 

represent mean ± SEM of n=3 rats. *P<0.05 from t test. 

 

 

 


