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ABSTRACT 
Interstitial administration (e.g. subcutaneous (SC) administration) of immunotherapies 

and vaccines within nanoparticles can improve access to lymph-resident immune cells 

leading to enhanced efficacy and reduced off-target effects. Recently, endogenous high-

density lipoproteins (HDLs) were found to return from peripheral tissue back to the 

systemic circulation via the lymphatic vessels and nodes. This suggests the potential 

utility of HDLs as biocompatible lymphatic-targeted therapeutic carriers. However, we 

have limited understanding of the mechanisms that drive HDL uptake into peripheral 

lymphatics from the interstitium. This study investigated the influence of HDL 

physicochemical properties on lymphatic transport and lymph node (LN) retention of HDL 

after SC administration. A range of HDL particles were prepared and characterised. 

Spherical-shaped endogenous HDLs were isolated from biological fluids (rat lymph, rat 

plasma and human plasma) and separated into two subclasses based on the density. 

Discoidal-shaped synthetic (reconstituted) HDLs (rHDLs) of similar sizes were assembled 

from lipids and apolipoprotein A-I. All HDLs had similar sizes of 10-20 nm and slight 

negative surface charge. All HDLs were radiolabelled with 3H-cholesteryl ester (3H-CE) 

and/or 14C-free cholesterol (14C FC) and administered SC into the hind leg of thoracic 

lymph-cannulated rats. The recovery of radiolabels in lymph, plasma, LN and tissues was 

determined. From the interstitial injection site, all HDLs were preferentially transported 

into the lymph and not blood vessels as indicated by high lymph-to-plasma concentration 

ratios of the radiolabels (up to 100:1 during the absorption phase) and greater radiolabel 

recovery in LNs draining the injection site compared to the contralateral side. Several 

HDLs with unique composition demonstrated significantly higher lymphatic transport 

compared to other HDLs despite possessing similar physical properties, suggesting that 

HDL lymphatic transport is less influenced by physical properties. The LN retention of 
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HDL was positively correlated to increasing negative charge of HDL, which was related 

to surface composition. Overall, this study informs the optimal design of HDL-based 

nanoparticles to promote lymphatic targeting of immunotherapies and vaccines. 
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INTRODUCTION 
The lymphatic system consists of a network of vessels, nodes and tissues. Immune 

cells are trafficked through the lymphatic vessels and lymph nodes (LNs) within the 

lymphatic network contain reservoirs of immune cells that support the generation of 

adaptive immune responses1. Lymphatic function has thus been linked to the 

pathophysiology of immune and inflammatory diseases 2, 3 and LNs are an important 

target site for vaccines 4-6. In addition, cancer cells 7, 8  and some viruses, such as human 

immunodeficiency virus (HIV) 9 and hepatitis C10, disseminate via the lymphatics. Current 

treatments for lymph-resident diseases such as immunotherapies, anti-virals and anti-

cancer drugs are generally poorly delivered to target sites in the lymphatics. This may 

hinder efficacy and lead to a requirement for higher drug doses that result in off-target 

toxicities11-13. Vaccines similarly require effective exposure to lymph-resident immune 

cells in order to elicit the desired response. Promoting delivery of immunotherapies, anti-

virals and anti-cancer drugs and vaccines into the lymphatic system could thus enhance 

treatment efficacy4.  

One approach to promote lymphatic exposure is through interstitial administration 

(i.e. subcutaneous (SC), intradermal (ID) or intramuscular (IM)) in association with 

nanoparticles14-16. Nanoparticles can preferentially drain from the interstitial injection site 

into lymphatic vessels rather than blood vessels since the lymphatic vessels are more 

permeable to the entry of macromolecules. Seminal studies by Martel et al17 and Lim et 

al18 recently demonstrated that an endogenous nanoparticle, HDL, utilises the lymphatics 

as a transit route during reverse cholesterol transport. HDL enter the initial lymphatic 

capillaries from the interstitium and travel with lymph through larger lymphatic collecting 

vessels and LN before eventually joining the systemic blood circulation via the thoracic 

lymph duct19. These findings support the potential to utilise HDL-based nanoparticles for 

lymph-targeted delivery of immunotherapies and vaccines. 

To facilitate the translation of HDL-based nanoparticles for this purpose, it is 

essential to understand the underlying mechanisms of HDL entry into lymph and to 

identify the structural and compositional requirements of HDL that can promote this. 

There are several potential mechanisms of HDL entry into lymph. Firstly, HDL may enter 

lymphatic capillaries from the interstitium via passage between lymphatic endothelial cells 

(LEC) mediated by size exclusion 19. Indeed, the size range of HDL (~10-20 nm) is within 

the range reported to facilitate lymphatic targeting 4. Secondly, HDL may enter the lymph 

via convective flux with fluid from the interstitium, which is driven by the hydrostatic 

pressure gradient from blood capillaries to the interstitium and to lymph capillaries 20, 21. 
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Thirdly, HDL may be transcellularly transported across LEC via an active process 18, 22. 

For example, Lim et al proposed that scavenger receptor type B class I (SR-BI), which 

recognises HDL apoA-I, may facilitate the transcellular transport of HDL across LEC 18. 

In vivo, endogenous HDLs undergo transformation into different subclasses with various 

shapes and compositions throughout the reverse cholesterol transport cycle. Past studies 

have noted differences between the HDLs found in lymph when compared to plasma 23-

27. This gives rise to the question of whether HDLs enter the lymph indiscriminately or 

whether there is preferential lymph uptake for certain HDL subclasses. The 

physicochemical properties of different HDL subclasses may favour one lymph entry 

mechanism over the others.  

The aim of this study was therefore to evaluate the lymphatic disposition of HDL 

after SC administration and to determine the influence of HDL physical and chemical 

properties on lymphatic disposition (i.e. lymphatic transport and LN retention). A panel of 

endogenous HDL and synthetic reconstituted HDL (rHDL) nanoparticles were prepared 

and characterised for physicochemical properties. This was followed by a complete 

assessment of lymph uptake and LN accumulation, pharmacokinetics (PK) and 

biodistribution in thoracic lymph-cannulated and non-lymph cannulated (lymph-intact) 

rats. The study demonstrates the kinetics of lymphatic absorption of HDL particles from 

the interstitium for the first time. Collectively, the results suggest the optimal design of 

HDL-based nanoparticles for lymphatic-targeting applications. 

MATERIALS AND METHODS 

Materials 
ApoA-I (from human plasma) and free cholesterol (FC) were purchased from 

Sigma Aldrich Australia. 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) was 

purchased from Avanti Polar Lipids (AL, USA). Radiolabelled lipids ([cholesteryl-1, 2-
3H(N)]-oleate (1 mCi/ml), [4-14C]-cholesterol (0.04 mCi/ml), and [1, 2-3H(N)]-cholesterol 

(1 mCi/ml)) were purchased from Perkin Elmer (VIC, Australia). Human plasma (from 

healthy donors >50 kg in weight and between age 18-76 years with undisclosed sex) was 

obtained from the Australian Red Cross with permission from the Monash University 

Human Research Ethics Committee (MUHREC). Rat thoracic lymph and rat plasma were 

collected from female Sprague-Dawley rats with approval from Monash Institute of 

Pharmaceutical Sciences Animal Ethics Committee (MIPS AEC) using cannulation 

procedures described previously27-30. 
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Preparation of radiolabelled endogenous HDL 
Endogenous HDLs (in the density d=1.06-1.21 g/ml31) were isolated and purified 

from nonfasted rat plasma, rat thoracic lymph (collected overnight post-cannulation 

surgery) or human plasma using a single-step potassium bromide (KBr) density gradient 

ultracentrifugation method described previously 27, 32. Briefly, plasma or lymph were 

layered with KBr density gradient solutions into tubes placed on a SW60 Ti rotor 

(Beckman Coulter, CA, USA) and centrifuged at 453,300 x g at 15°C for 19 hours (Optima 

XE-90, Beckman Coulter, CA, USA). After ultracentrifugation, fractions corresponding to 

HDL were collected by needle aspiration. Endogenous HDLs from each fluid were 

separated into two HDL subclasses based on density: d=1.10-1.18 g/ml (assigned as ‘D-

HDL’) and d=1.06-1.10 g/ml (assigned as ‘L-HDL’). Isolated HDLs were concentrated and 

diafiltered extensively into phosphate buffered saline (PBS, pH 7.4) using centrifugal 

filters (Amicon 30K, Merck Millipore) and sterile filtered (0.2 µm pore size, Corning, Sigma 

Aldrich Australia) prior to use. 

Lipoprotein-deficient plasma proteins (LPDPs) were used as a catalyst for 

incorporation of radiolabels into endogenous HDLs. LPDPs were isolated from human 

plasma using the above ultracentrifugation method. After ultracentrifugation, LPDPs 

fractions were collected by piercing the bottom of the tube and allowing the fraction 

corresponding to density of >1.21 g/ml to elute. Isolated LPDPs were pooled and dialysed 

extensively into PBS over 24 hours with 3 times buffer change using a 2 ml, 20K MWCO 

dialysis device (Slide-A-lyzer, Thermo Fisher Scientific, VIC, Australia). When required, 

dialysed LPDPs were concentrated using centrifugal filters (Amicon 3K, Merck Millipore).  

For studies in rats, isolated endogenous HDLs were dual labelled with 3H-CE (core 

lipid label) and 14C-FC (surface lipid label) by incubation with LPDP. Firstly, 2 µCi of 3H-

CE in toluene (2 µl) and 2 µCi of 14C-FC in ethanol (50 µl) were mixed, evaporated under 

nitrogen, and redissolved in 25 µl ethanol. In a separate vial, HDL (300 µg of HDL protein) 

was mixed with LPDP (isolated and concentrated from approximately 6 ml of human 

plasma) to a final volume of 1 ml in PBS containing 6 mM of sodium cholate (to prevent 

esterification of the 14C-FC by inhibiting lecithin cholesterol acyl transferase (LCAT) 

activity33) and pre-warmed to 37ºC. Radiolabels in ethanol were added dropwise into a 

gently vortexed solution of HDL and LPDP. The mixture was incubated for 24 h on a 37ºC 

shaker. Radiolabelled endogenous HDL was isolated from the incubation mixture by re-

ultracentrifugation (replacing lymph or plasma with the incubation mixture) and re-purified 

into PBS as described above. 
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Preparation of radiolabelled rHDL  
Discoidal rHDLs of ~78 or 96 Å diameter (referred to as ‘D78’ and ‘D96’) were 

assembled from POPC, FC, and human plasma apoA-I using a cholate dialysis method 

as previously described 34, 35. For studies in rats, rHDLs were only single labelled with 3H-

FC (surface lipid label) as rHDLs lack core lipids. Radiolabel was incorporated onto the 

rHDLs by spiking 2 µCi of 3H-FC in ethanol (2 µl) into the initial lipid mixture containing 

dissolved POPC and FC prior to evaporation into thin film. Radiolabelled rHDL was 

isolated from the final incubation mixture by ultracentrifugation and purified as per 

radiolabelled endogenous HDL.  

Characterisation of HDL physicochemical properties 
HDL size was measured by dynamic light scattering (DLS) using a Malvern 

Zetasizer NanoZS (Malvern Panalytical, UK). HDL particles were diluted up to 5-fold with 

milli-Q water (Merck Millipore, Australia) and loaded into a low volume cuvette (40 µl).  

HDL size and shape were also confirmed by negative staining transmission 

electron microscopy (TEM). Prior to staining, Formvar-carbon coated grids with a 400 

mesh (ProSciTech, Australia) were placed on a PELCO easiGlow™ glow discharge 

machine (Ted Pella, Inc., CA, USA) to make the surface hydrophilic. HDL particles were 

diluted with milli-Q water to approximately ~0.2-0.5 mg/ml phospholipid (PL) 

concentration. The diluted HDL particles were negatively stained with 1%w/v uranyl 

acetate and dried on the grids. Grids were viewed on a FEI Tecnai F30 (FEI Company, 

OR, USA). Particle size was determined from captured images using Fiji Image J software 

(National Institute of Health, MD, USA).  

HDL charge (zeta potential) was determined by electrophoretic light scattering 

(ELS) using a Malvern Zetasizer NanoZS (Malvern Panalytical, UK). HDL particles were 

diluted up to 10-fold with 5 mM sodium phosphate buffer (pH 7.4) and 50 µl was loaded 

into a folded capillary cell using the diffusion barrier method (sample not directly in contact 

with the cell electrodes).   

HDL protein and lipid composition were determined using commercial assay kits 

according to manufacturer’s instructions. Protein concentration was determined using a 

bicinchoninic acid (BCA) assay kit (Thermo Fisher Scientific, VIC, Australia). PL 

concentration was determined using a Phospholipase C assay kit (Wako Diagnostics, 

Osaka, Japan). Total triglyceride (TG) concentration was determined using a Serum 

Triglyceride determination kit (Sigma Aldrich, Australia). Total cholesterol and FC 

concentration were determined using an Amplex Red Cholesterol assay kit (Thermo 
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Fisher Scientific, VIC, Australia). Cholesteryl ester (CE) concentration was determined by 

subtracting the FC concentration from the total cholesterol concentration.  

Lymphatic transport, pharmacokinetics and tissue biodistribution of HDL after SC 
administration to conscious rats 

All animal experiments were approved by the Monash Institute of Pharmaceutical 

Sciences (MIPS) 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 Sprague-Dawley rats (10-18 weeks) maintained on a standard diet 

with free access to water were used for all studies. Female rats were used due to logistic 

reasons. The use of male rats is not expected to alter the current findings. From previous 

studies, the influence of gender on lymph lipid/lipoprotein transport appears minimal36-38. 

Following surgery and during the experimental period, rats were housed in individual 

metabolic cages. Rats were fasted overnight after surgery until up to 8 h post-dose on 

the next day.  

All surgical cannulations were performed as described previously 27-30. In the 

lymph-cannulated group, polyvinylchloride cannulas were implanted under isoflurane 

anaesthesia (Provet, VIC, Australia) at the thoracic lymph duct for collection of thoracic 

lymph that receives lymph from the lymphatic vessels and lymph nodes draining the 

injection site. Polyethylene cannulas were implanted in the carotid artery and jugular vein 

to enable blood sampling and saline infusion (to replace fluid loss due to lymph collection), 

respectively. The lymph flow rate was approximately 1-2 ml/h and saline was infused 

intravenously at 1.2 ml/h (additionally the animal had access to water ad libitum). In the 

non-lymph cannulated (i.e. lymph-intact) group, a cannula was only implanted in the 

carotid artery for blood sampling. All cannulas were tunnelled to the back of the neck and 

through a spring and harness system to enable sampling from outside the cage.  

Radiolabelled endogenous HDL or rHDL in isotonic buffer (~100-300 µg HDL 

protein in 150 µl PBS pH 7.4) were administered SC to the rats at the right inner hind leg. 

Thoracic lymph was collected continuously over 34 h into pre-weighed tubes containing 

10 IU heparin. Blood samples were collected at set time points over 34 h into tubes 

containing 5 IU heparin and separated into plasma by centrifugation at 5,000 g x 5 min. 

Urine was collected over 34 h. At the end of the experiment, rats were euthanised by 

administering 1 ml of 100 mg/ml pentobarbitone sodium (Lethabarb®, Provet, VIC, 

Australia) into the carotid artery cannula. Inguinal, popliteal and iliac LNs located 

ipsilateral (IL) and contralateral (CL) to the injection site and a range of tissues (skin patch 

and hind leg muscle at the dosing site, kidney, liver, spleen, heart, small intestine, inguinal 
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adipose and perirenal adipose) were collected for biodistribution analysis. All samples 

were stored at -20°C prior to processing.   

Radioactivity analysis of lymph, plasma, urine, LNs and tissues 
Lymph (100-200 µl), plasma (50 µl) and urine (500 µl-1 ml) were aliquoted into a 

6 ml scintillation vial. A minimum of three times volume of scintillation fluid (Ultima Gold, 

Perkin Elmer, VIC, Australia) was added into the tube and the tube was vortexed then 

analysed for radioactivity using a liquid scintillation counter (Packard Tri-Carb 2000CA 

Liquid Scintillation Analyzer, CT, USA). 

LN and tissue samples were processed for radioactivity analysis as described 

previously29. Briefly, tissue samples were first homogenised with 5 ml milli-Q water using 

a GentleMACS™ dissociator (Militenyi Biotec, NSW Australia). LNs (intact) and tissue 

(100 µg homogenate) were dissolved in 0.7 ml and 2 ml Solvable (Perkin Elmer, VIC, 

Australia), respectively, and incubated at 60ºC overnight. The next day, samples were 

cooled to room temperature prior to the addition of 200 µl of 30% w/v hydrogen peroxide 

in water (Science Supply, VIC, Australia). After the mixture stopped frothing, 2 ml (for LN 

samples) or 10 ml (for tissue samples) of scintillation fluid was added into the tube. 

Samples were incubated in the dark at 4°C for 72 h without agitation before radioactivity 

analysis using a liquid scintillation counter as above.  

Data analysis 
Lymphatic transport and standard non-compartmental pharmacokinetic 

parameters (systemic exposure, Cmax and Tmax) for lymph-cannulated and lymph-intact 

groups were calculated using Excel (Microsoft Office, 2013, WA, USA). Radiolabel 

concentration in lymph and plasma was expressed as %dose/ml. Radiolabel mass 

transport in lymph was determined from the product of the measured radiolabel 

concentration in lymph and the volume of lymph collected. The lymph-to-plasma 

concentration ratio was determined by dividing the measured radiolabel concentration in 

lymph collected over a time period by the measured radiolabel concentration in plasma 

at the end of that lymph collection period. Systemic exposure (i.e. the area under the 

concentration curve (AUC) between 0 to 34 h) was calculated from radiolabel 

concentration in plasma versus time profiles using the standard linear trapezoidal 

method. Maximum plasma concentrations (Cmax) and the time at which they occurred 

(tmax) were determined from the individual plasma radiolabel concentration versus time 

profiles and the average Cmax and tmax were then calculated. Lymph node retention ratios 
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were calculated from the mass retained in the lymph nodes divided by the mass 

transported through the lymph node to the thoracic lymph.  

Statistical analysis 
Statistical analysis was performed using GraphPad Prism Version 7.01 for 

Windows (GraphPad Software, Inc., CA, USA). Statistical differences between two HDLs 

from the same source but with different density was assessed by unpaired t-test. 

Statistical differences between HDLs of the same density was assessed by one-way 

ANOVA followed by Tukey’s post-hoc test. The pharmacokinetic parameters of the same 

HDL formulations administered to the lymph-cannulated vs. lymph-intact animals were 

assessed by multiple t-tests with Holm-Sidak method for significant differences. 

Significance was tested at a confidence level of α = 0.05 and significance concluded when 

p≤0.05. 
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RESULTS 

HDLs from various sources had relatively conserved size, shape and charge but 
different composition  

HDL size and shape were determined by DLS and negative staining TEM. DLS 

and TEM results were consistent. Regardless of the source, endogenous HDLs in the 

same density range had similar size and shape (Figure 1A and B). Endogenous D-HDLs 

and L-HDLs were spherical particles with diameter of ~10 nm and ~20 nm, respectively 

(Figure 1D). The D-HDL and L-HDL that we isolated from human plasma D-HDL and L-

HDL likely represent HDL3 (reported size 7.2-8.8 nm) and HDL2 (8.8-12.9 nm), 

respectively, reported previously 39. The D-HDL and L-HDL that we isolated from rat 

plasma likely HDL2 (7-11.8 nm) and HDL1 (8.9-17.8 nm), respectively, reported 

previously 40. For lymph HDLs there is no defined nomenclature. We recently reported 

that lymph HDLs vary with collection site, are less stable than plasma HDL and are 

modified during passage through lymphatics27. The thoracic lymph HDLs here were 

spherical particles 8-20 nm in diameter. This is unlike published reports that have 

observed traces of discoidal particles in rat mesenteric lymph24, 25 and human leg lymph 

HDL fractions23. A potential explanation is that in the reported studies lymph was collected 

in the presence of a lecithin cholesterol acyl transferase (LCAT) inhibitor. LCAT converts 

FC in HDL to CE which enters the HDL core and triggers a conformational change from 

a discoidal to spherical shape. Although the  LCAT activity in lymph is very low 41, we may 

not have captured transient discoidal HDLs due to their conversion to spherical HDL by 

LCAT.  

To enable us to compare the lymphatic disposition of HDL particles that were 

similarly sized but had different shapes, we prepared D78 and D96 rHDLs 34, 35. The D78 

and D96 rHDLs were similar in size to spherical human plasma D-HDL and L-HDL, 

respectively (Figure 1A and B). The rHDLs were a discoidal shape, as expected and 

confirmed by the presence of rouleaux under TEM for D78 (Figure 1D).  

All HDLs examined in this study were negatively charged at pH 7.4 (Figure 1C). 

Most endogenous HDLs had a negative charge of -15 to -20 mV. Exceptions were human 

plasma D-HDL and rat lymph D-HDL which were only slightly negatively charged to 

almost neutral (between -10 to 0 mV) and in this respect similar to the rHDLs. HDL charge 

is mainly imparted by the surface constituents such as apolipoproteins and FC. ApoA-I, 

the main apolipoprotein of HDL, has an isoelectric point (pI) of 5.64 and thus imparts a 

negative charge to HDL at a physiological pH of 7.442. Changes in apolipoprotein 

conformation due to the formation of core lipid (for example during conversion of discoidal 
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HDL to spherical HDL) has been shown to increase HDL negative charge43. This may 

explain why most of the spherical endogenous HDLs were more negatively charged 

compared to the discoidal rHDLs.  

HDL protein and lipid composition were also determined. From Table 1, 

endogenous HDLs consisted mostly of protein (apolipoprotein; 40-50%w/w) and PL 

(~30%w/w), whilst other cargo lipids (CE, TG and FC) only constituted ~1-20%w/w each. 

The larger L-HDLs generally had a lower % of protein and higher % of lipid when 

compared to the smaller D-HDLs. Meanwhile, rHDLs consisted predominantly of PL (~70-

80%w/w), followed by protein (~10-30%w/w) and FC (~2%w/w). The HDL from different 

sources also had different protein and lipid compositions. This included endogenous 

HDLs of the same density despite that they had relatively conserved physical properties. 

Lymph-derived HDLs were distinctly different in composition when compared to plasma-

derived HDLs. For example, rat lymph D-HDL had a significantly higher % of protein and 

lower % of PL (overall the highest protein-to-total lipid ratio) when compared to all other 

endogenous HDLs. Meanwhile, rat lymph L-HDL contained significantly less FC (and a 

higher PL-to-FC ratio) relative to all other L-HDLs. The composition of rat and human-

derived plasma HDLs in the current study are consistent with published data 24, 39, 44. Rat 

plasma HDLs, particularly rat plasma L-HDL, contained more CE and less TG in the core 

(CE-to-TG ratio of ~5-6) when compared to human-derived plasma HDLs (CE-to-TG ratio 

of ~1-2). This is likely due to the lack of cholesteryl ester transfer protein (CETP) 

expression in rats. In human plasma, CE-rich HDLs are the substrate for CETP which 

mediates the exchange of CE from HDL with TG from VLDL/LDL 45. In this study, human 

plasma HDLs were isolated from the plasma of healthy donors aged 18-76 years with 

undisclosed sex. It is known that health condition of the donors can influence their 

lipoprotein composition, but the composition observed here appears to be comparable to 

that in healthy, normolipidemic donors as reported previously44. HDL composition can 

indirectly influence physical properties. For example, increasing FC content can change 

apoA-I conformation and increase HDL apoA-I net negative charge46. In line with this, we 

observed that HDLs with higher % of FC such as human plasma L-HDL, rat plasma D-

HDL and rat plasma L-HDL were more negatively charged at pH 7.4.  
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Figure 1 Characterisation of HDL physical properties (size and charge). Endogenous HDLs were 
isolated from biological fluids and categorised into two subclasses: D-HDL of d =1.10-1.18 g/ml and L-HDL 
of d =1.06-1.10 g/ml. D78 and D96 rHDLs were prepared from reconstitution of lipids and human apoA-I. 
(A) HDL size measured by DLS, expressed as mean diameter by intensity (nm). (B) HDL size measured 
by TEM, expressed as average diameter of 200 particles. (C) HDL charge measured by ELS, expressed 
as zeta potential at pH 7.4 (mV). (D) Representative negative staining TEM images of HDL. The white scale 
bar denotes 50 nm or 100 nm as shown. Data are Mean ± SD (n=3-5 separate preparations for DLS and 
ELS and n=1 for TEM).  
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Table 1 Characterisation of HDL protein and lipid composition.  Data shown are the composition (expressed as %weight/total weight or %w/w) and mass ratios 
of various components of the HDL. Data are Mean ± SD (n=3 separate preparations). Abbreviations: TG = triglyceride, FC = free cholesterol, CE = cholesteryl ester, 
PL= phospholipid. Total lipid are TG + FC + CE + PL. Statistical differences between all HDLs or between HDLs of the same density were assessed by one-way 
ANOVA followed by Tukey’s post-hoc test. Statistical differences between two HDLs from the same source but different density was assessed by unpaired t-test.  

 Particles Composition (%w/w) Mass ratio 
PL TG FC  CE  protein Protein-to-

total lipid  
Surface lipids 

(PL-to-FC) 
Core lipids 
(CE-to-TG) 

Endogenous 
HDL 

Human 
plasma 

D-HDL 31.2 ± 1.2 7.0 ± 1.4 d 1.7 ± 0.5 d 11.7 ± 1.1 48.2 ± 0.3 d 0.93 ± 0.01 d 19.1 ± 5.7 d 1.73 ± 0.51 
L-HDL 30.0 ± 1.5 b 17.4 ± 3.3 d 4.9 ± 0.9 d 11.2 ± 2.4 36.5 ± 0.8 d 0.57 ± 0.02 d 6.2 ± 1.1 d 0.68 ± 0.24 

Rat plasma D-HDL 31.8 ± 0.9 d 3.1 ± 0.8 3.5 ± 1.2 13.6 ± 5.0 48.0 ± 3.9 d 0.93 ± 0.15 d 10.0 ± 3.6 4.87 ± 2.67 
L-HDL 36.9 ± 2.9 d 4.2 ± 1.7 c 5.5 ± 0.8 21.0 ± 3.7 c 32.3 ± 1.3 d 0.48 ± 0.03 d 6.7 ± 1.2 5.86 ± 3.49 c 

Rat lymph D-HDL 22.2 ± 2.7 a 13.7 ± 2.3 c 1.3 ± 0.4 5.2 ± 0.2 57.5 ± 2.9 a 1.36 ± 0.15 a 18.4 ± 5.3 0.39 ± 0.06 
L-HDL 40.8 ± 2.2 d 17.1 ± 4.8 2.3 ± 0.7 c 7.2 ± 1.8 32.6 ± 4.2 d 0.49 ± 0.09 d 18.6 ± 5.6 b 0.44 ± 0.16 

Reconstituted HDL (rHDL) D78 68.8 ± 0.9 b, 

d 
N/A 2.0 ± 0.1 d N/A 29.2 ± 0.9 d 0.41 ± 0.02 b, 

d 
35.0 ± 1.0 b N/A 

D96 86.9 ± 1.4 b, d N/A 2.6 ± 0.2 d N/A 10.5 ± 1.3 d 0.12 ± 0.02 b, 

d 
33.2 ± 3.3 b N/A 

a Significantly different than any other HDL (p≤0.01) 
b Significantly different when compared to all other HDLs (endogenous or reconstituted) of the same density (p≤0.05)  
c Significantly different when compared to all other endogenous HDL of the same density (p≤0.05) 
d Significantly different when compared to the other HDL of the same source but different density (p≤0.05) 
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HDLs were directly transported via lymph after SC administration  
HDLs were radiolabelled with 3H-CE and 14C-FC (for endogenous HDLs) or 3H-FC 

only (for rHDLs) and administered SC to thoracic lymph-cannulated rats or lymph-intact 

rats. The in vivo disposition of the CE and FC radiolabels of the endogenous HDLs were 

consistent and therefore only the FC radiolabel data are discussed in the main text.  

A summary of the thoracic lymph and plasma uptake and pharmacokinetic 

parameters is shown in Table 2 and Figure 2 (for FC radiolabel) and in SI Table 1 and 

SI Figure 1 (for CE radiolabel). Data in lymph-cannulated rats indicate that all HDLs were 

transported into the lymph. For all endogenous HDLs 6-14% of the FC radiolabel dose 

was recovered in thoracic lymph over 34 h (Table 2, Figure 2A-B). Among the D-HDLs, 

rat lymph D-HDL demonstrated significantly (p≤0.05) higher lymph uptake (12.8% of FC 

radiolabel dose recovered over 34h) when compared to rat plasma D-HDL and human 

plasma D-HDL (6.5% and 6.4% of dose, respectively). On the other hand, the thoracic 

lymph uptake of the various L-HDLs were not significantly different (~7.2-13.2% of dose). 

Meanwhile, the thoracic lymph uptake of discoidal D78 rHDL (6.2% of dose) and D96 

rHDL (9.0% of dose) were comparable to their equivalent-sized endogenous counterparts 

D-HDLs and L-HDLs. From this data, the smaller-sized HDLs were less efficiently taken 

up into lymph compared to the larger-sized HDLs, with the exception of lymph-derived 

HDLs. 

All HDLs displayed a comparable absorption profile into thoracic lymph and blood 

from the injection site. In general, the lymph concentration of HDL FC radiolabel peaked 

within 1-4 h post-dose (at up to 1% dose/ml) and gradually dropped over the next 8-10 h 

(Figure 2D), after which the thoracic lymph concentration started to match the plasma 

concentration. Interestingly, the lymph radiolabel concentration of the rHDLs peaked 

slightly earlier and dropped more rapidly compared to endogenous HDLs. In contrast, the 

plasma concentration of all HDLs remained low over 34 h (Figure 2E), with Cmax at ~0.2% 

dose/ml occurring at a tmax of ~25 h post-dose (Table 2), and there was no sign of this 

diminishing such that an elimination t1/2 could not be determined. No significant 

differences in systemic exposure (plasma AUC0-34h) were observed across the various 

HDLs (Table 2). The lymph-to-plasma concentration ratio of all HDLs was much greater 

than one (up to 100:1) for the first 12 h post-dose (Figure 2C). This indicates that the FC 

radiolabel detected in thoracic lymph is due to direct absorption of HDLs from the injection 

site into the lymph rather than extravasation of HDLs from plasma followed by uptake into 

lymph.  
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To determine the contribution of thoracic lymph uptake to the systemic exposure 

of the HDL radiolabels after SC administration, a plasma pharmacokinetic experiment 

was performed in lymph-intact rats in which lymph was not collected and thus allowed to 

drain into the systemic circulation. As expected, for all HDLs there was a marked increase 

in plasma concentration and up to a 2-fold increase in systemic exposure (plasma AUC0-

34h) of FC radiolabel in lymph-intact rats (Figure 2F and Table 2) when compared to 

lymph-cannulated rats (Figure 2E and Table 2), which could be attributed to lymph 

uptake. In lymph-cannulated rats, we previously observed several HDLs with higher 

lymph uptake than the others such as the rat lymph D-HDL and rat plasma L-HDL. 

Despite this, the systemic exposure of these HDLs in lymph-intact rats was not higher 

than the other HDLs. We hypothesised that this may be related to the stability of HDL 

radiolabels at the injection site, in lymph or after entry into systemic circulation (via lymph). 

If radiolabels disassociate from HDL at the injection site, free radiolabels would be able 

to enter blood vessels directly. For some of the HDLs with lower lymph uptake, this may 

have occurred to a greater extent than the HDLs with higher lymph uptake, resulting in a 

similar systemic exposure. Radiolabels may also be transferred to other lipoproteins in 

the interstitial fluid, in lymph or upon entry into systemic circulation. Both interstitial fluid 

and lymph contain some lipid transfer activity albeit much lower than that of plasma. This 

may change the systemic distribution and plasma concentration of the HDL radiolabels. 

However, when we assessed radiolabel association with lipoprotein fractions in lymph 

collected from HDL-dosed rats we found that most of the radiolabels were retained in the 

HDL fractions (SI Figure 2), suggesting that the entry to lymph was not due to radiolabel 

transfer to other lipoproteins. However, this experiment did not exclude the potential 

radiolabel transfer to the endogenous HDL already present in the interstitial fluid, as the 

interstitial fluid contains a large pool of HDL19. This may be investigated in future studies.  
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Table 2 Summary of the lymphatic transport and the non-compartmental pharmacokinetic parameters of HDL FC radiolabel after SC administration to (A) 
Lymph-cannulated rats or (B) Lymph-intact rats. Data are Mean ± SEM (n=3-5 rats) or Mean only (n=2 for D96 rHDL plasma AUC0-34h, Tmax and Cmax in lymph-
cannulated rats). Statistical differences between all HDLs or between HDLs of the same density were assessed by one-way ANOVA followed by Tukey’s post-hoc 
test. Statistical differences between two HDLs from the same source but different density was assessed by unpaired t-test. Statistical differences between lymph-
cannulated and lymph-intact animals were assessed by multiple t-tests with Holm-Sidak method. N/A = not available.  

 Cumulative transport 
in thoracic lymph 

over 34 h  
(% of dose) 

IL LN recovery 
at 34 h (% of 

dose)# 

IL LN retention 
(% mass 
ratio)## 

Total lymphatic 
exposure (% of 

dose)### 

Plasma 
AUC0-34h 

(%dose/ml.h) 

Tmax (h) Cmax 
(%dose/ml) 

(A
) 

Ly
m

ph
-c

an
nu

la
te

d Endogenous HDL         
Human plasma D-HDL  6.4 ± 1.1 0.40 ± 0.08 b 5.7 ± 0.9  6.8 ± 1.1 5.2 ± 0.9 23.0 ± 4.5 0.20 ± 0.04 
Human plasma L-HDL  10.6 ± 1.6 1.21 ± 0.20 b 13.1 ± 4.4 11.8 ± 1.6 3.2 ± 0.3 24.0 ± 0 0.14 ± 0.01 

Rat plasma D-HDL 6.5 ± 0.8 b 0.62 ± 0.23  9.2 ± 2.6 7.1 ± 0.8 4.3 ± 0.3 22.0 ± 3.5 0.21 ± 0.02 
Rat plasma L-HDL  13.2 ± 1.3 b 1.13 ± 0.27 8.2 ± 1.1  14.3 ± 1.3 3.7 ± 0.4  25.3 ± 1.2  0.16 ± 0.01  
Rat lymph D-HDL  12.8 ± 1.3 a, b 0.27 ± 0.08 b 2.5 ± 1.1 b 13.1 ± 1.3 3.9 ± 0.3  23.5 ± 5  0.16 ± 0.02 
Rat lymph L-HDL 7.2 ± 0.9 b 0.78 ± 0.25 b 10.7 ± 2.4 b 7.9 ± 0.9 4.8 ± 0.8 20.7 ± 6.6 0.20 ± 0.05 

rHDL         
D78 6.2 ± 1.0 0.36 ± 0.22 5.6 ± 3.2 6.6 ± 1.0 4.5 ± 1.1 15.3 ± 6.6 0.19 ± 0.05 
D96  9.0 ± 1.2 0.21 ± 0.04 2.4 ± 0.3 9.2 ± 1.2 2.4 26.0 0.13 

(B
) 

Ly
m

ph
-in

ta
ct

 

Endogenous HDL        
Human plasma D-HDL N/A 0.43 ± 0.21 N/A N/A 10.6 ± 1.2 25.3 ± 2.3 0.39 ± 0.06 
Human plasma L-HDL N/A 0.67 ± 0.03 N/A N/A 7.0 ± 0.6 c 20.0 ± 4.0 0.27 ± 0.03 

Rat plasma D-HDL N/A 0.32 ± 0.04 b N/A N/A 6.9 ± 1.3 12.7 ± 5.7 0.30 ± 0.05 
Rat plasma L-HDL N/A 0.91 ± 0.07 a, b N/A N/A 8.1 ± 2.1 24.0 ± 0 0.35 ± 0.11 
Rat lymph D-HDL N/A 0.28 ± 0.07 N/A N/A 7.2 ± 0.9 b 20.0 ± 6.1 0.30 ± 0.03 
Rat lymph L-HDL N/A 0.28 ± 0.06 N/A N/A 11.8 ± 0.9 b, c 20.0 ± 6.1 0.48 ± 0.04 

rHDL         
D78 N/A 0.33 ± 0.03 N/A N/A 8.8 ± 0.3 9.3 ± 1.3 0.35 ± 0.03 
D96 N/A 0.37 ± 0.07 N/A N/A 9.0 ± 1.9 23.3 ± 6.7 0.36 ± 0.07 

#IL LN recovery is the total recovery from IL inguinal, popliteal, and iliac LNs 
## Estimated from the % mass ratio of the IL LN recovery at 34 h to the cumulative transport in lymph over 34 h 
###Estimated from the sum of cumulative transport in lymph over 34 h and IL LN recovery at 34 h 
a Significantly different when compared to all other HDLs (endogenous and reconstituted) of the same density (p≤0.05) 
b Significantly different when compared to the other HDL of the same source but different density (p≤0.05) 
c Significantly different when compared to the corresponding lymph-cannulated cohort (p≤0.05)  
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Figure 2 Lymph and/or plasma pharmacokinetics of HDL FC radiolabel after SC administration to lymph-cannulated rats (A-E) or lymph-intact rats (F). 
Graphs shown for lymph-cannulated rats are (A) Cumulative thoracic lymph transport over time (% of dose), (B) Total recovery in lymph over 34 h (% of dose), (C) 
Lymph-to-plasma concentration ratio over time, (D) Lymph concentration over time (%dose/ml), and (E) Plasma concentration over time (%dose/ml). Graph shown for 
lymph-intact rats is (F) Plasma concentration over time (%dose/ml). Data are Mean ± SEM (n=3-5) or Mean only (n=2 for D96 rHDL plasma concentration in lymph-
cannulated rats). Statistical differences between HDLs of the same density were assessed by one-way ANOVA followed by Tukey’s post-hoc test. Statistical differences 
between two HDLs from the same source but different density was assessed by unpaired t-test. * p≤0.05, **p≤0.01.  
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SC administration of HDLs resulted in specific exposure to the IL LNs  
To evaluate the LN accumulation of HDL after SC administration, draining LNs 

(inguinal, popliteal and iliac) from the IL and CL side were collected at 34 h post-dose and 

analysed, as shown in Figure 3 and Table 2 (for FC radiolabel) and SI Figure 3 and SI 
Table 1 (for CE radiolabel). As expected, for all HDLs there was much greater accumulation 

of the FC radiolabel in the IL LNs (~0.3-1.2 % dose in total IL LNs and ~5-75 % dose per 

gram in each LN (this number is high as the weight of the lymph nodes is very low)) 

compared to the CL LNs (<0.1 % dose in total CL LNs and <5 % dose per gram in each LN) 

in both lymph-cannulated (Figure 3A and 3B) and lymph-intact animals (Figure 3E and 3F). 

This confirmed the direct entry of HDL into the lymph from the injection site. The dose 

recovered in the IL LNs was largely from the popliteal and iliac LNs and less from the inguinal 

LN, which is consistent with the expected lymph drainage pattern from the hind leg injection 

site47.  

When IL LN recovery of different HDLs was assessed, endogenous L-HDLs had 

significantly greater IL LN recovery compared to the endogenous D-HDLs in lymph-

cannulated animals. There was no significant difference in LN recovery in the lymph-intact 

compared to lymph-cannulated animals, which indicates that there was minimal re-entry of 

the lymphatically transported dose of the HDL into the LN after the HDL drained to the 

systemic circulation.  

Differences in LN recovery of the radiolabels may result from differences in the 

efficiency of uptake from the injection site into the lymphatic vessels that pass through the 

LN and are therefore not an accurate reflection of the affinity or retention of different types 

of HDL in the LN. To determine HDL affinity for and retention within the IL LNs irrespective 

of the amount of HDL that entered the lymph, an IL LN retention ratio was calculated by 

dividing the dose recovered in IL LN by the dose recovered in thoracic lymph (Table 2 and 

Figure 3C). In this analysis we found that 2-13% of the dose of HDL radiolabel was retained 

in the IL lymph nodes during passage through the lymph while the remainder passed through 

into the thoracic lymph duct. It was apparent that some HDLs that were earlier identified as 

having high lymph uptake, such as rat lymph D-HDL (lymph uptake of ~12.8%, which was 

one of the highest), were poorly retained in the IL LN (IL LN retention was ~2.51%, which 

was one of the lowest). We assessed whether IL LN retention correlates with HDL 

physicochemical properties and found a positive correlation between negative charge of the 

HDL to higher LN retention (r2=0.6834), as shown in Figure 3D.  
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Figure 3 LN disposition of HDL FC radiolabel at 34 h after SC administration to lymph-cannulated rats 
(A-D) or lymph-intact rats (E-F). Graphs shown for lymph-cannulated rats are (A) LN recovery in IL vs. CL 
LNs, expressed as % dose in total tissue, (B) LN recovery in each individual LN, expressed as %dose/g tissue, 
(C) IL LN retention, expressed as % mass ratio of the IL LN recovery at 34 h to the cumulative transport in 
lymph over 34 h %dose recovered in each individual LN, (D) Correlation between IL LN retention vs. zeta 
potential. Graph shown for lymph-intact rats are (E) LN recovery in IL vs CL LNs, expressed as % dose in total 
tissue, and (F) LN recovery in each individual LN, expressed as %dose/g tissue. Data are Mean ± SEM (n=3-
5). Statistical differences between HDLs of the same density were assessed by one-way ANOVA followed by 
Tukey’s post-hoc test. Statistical differences between two HDLs from the same source but different density 
was assessed by unpaired t-test. *p≤0.05, **p≤0.01. Abbreviations: ing = inguinal, popl = popliteal, ili = iliac, IL 
= ipsilateral, CL = contralateral. 
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Tissue biodistribution of HDLs  
The data so far has indicated that a large portion of the HDL FC radiolabel was not 

recovered in the lymphatics (from Table 2, total lymphatic exposure of HDLs was ~6-14% 

of FC radiolabel dose). The plasma concentration of HDL FC radiolabel was also relatively 

low (from Figure 2E, ~0.2% dose/ml). To trace the remainder of the dose, we performed a 

tissue biodistribution analysis at 34 h post-dose in tissues from lymph-cannulated rats and 

compared this with tissues from lymph intact animals, as summarised in SI Table 2 and 

Figure 5 (for FC radiolabel) and SI Table 3 and SI Figure 4 (for CE radiolabel).  

In lymph-cannulated rats, all HDLs demonstrated relatively comparable tissue 

biodistribution profiles (Figure 5A). From SI Table 2, up to 10% of FC radiolabel dose was 

recovered at the injection site (~5% of dose each from the hind leg skin patch and the 

underlying muscle layer). Higher dose recovery at the injection site was observed, for 

example, for rat lymph L-HDL. An additional 5% and 2% of dose was recovered in the liver 

and small intestine, respectively, for all HDLs. A very small proportion (<0.5% of dose) was 

recovered in each of the following: kidney, spleen, heart, and urine. Meanwhile, the 

estimated dose recovery in adipose tissue varied between ~5-50% of dose depending on 

the HDL type. Overall, the total dose recovered from the analysed organs ranged from 20-

70% of dose, with this variation predominantly due to the different estimates of adipose 

tissue accumulation. The incomplete recovery of the administered dose are typical of 

biodistribution experiments 29, 48.  

Tissue-biodistribution profiles of all HDLs in lymph-intact animals (Figure 5B) were 

generally similar to lymph-cannulated animals (Figure 5A). There was slightly higher FC 

radiolabel recovery from the liver, small intestine, kidney, spleen and heart of the lymph-

intact animals. However, the total dose recovered in all analysed organs were comparable 

between the two rat groups (SI Table 2).  
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Figure 4 Tissue biodistribution of HDL FC radiolabel at 34 h after SC administration to lymph-
cannulated rats (A) or lymph-intact rats (B). Tissue recovery is expressed as % dose/g tissue. Data are 
Mean ± SEM (n=3-5). #Average from two adipose depots: perirenal adipose and inguinal adipose. 
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DISCUSSION 
The recent identification that endogenous HDLs are cleared from the interstitium via 

lymphatics17, 18 suggests the potential to use HDL-based nanoparticles to promote lymphatic 

access of interstitially administered vaccines or treatments against lymph-resident diseases 

such as inflammatory diseases2, 3, viral infections9 or tumour metastases7, 8. HDL-based 

nanoparticles have been used previously to encapsulate a variety of therapeutic cargo 

ranging from small molecule drugs49-51 and siRNA52 to peptide antigens or adjuvants53-55. 

These HDL-based nanoparticles, collectively known as reconstituted HDLs (rHDLs), were 

mainly prepared from reconstitution of lipids and human plasma apoA-I or apoA-I mimetic 

peptide 49-54 and occasionally incorporated polymers such as PLGA 50. However, the 

majority of these studies did not investigate the lymphatic disposition of rHDLs as they were 

not intended to be a lymphatic-targeting system. In these studies, therapeutic-loaded rHDLs 

were used to increase therapeutic accumulation and efficacy in atherosclerotic plaques49, 50 

or tumours 51, 52. rHDLs were intravenously administered, and therefore any lymph access 

would have been non-specific via extravasation from blood circulation.  

Only a limited number of studies have reported the use of rHDL for lymphatic targeting 

and shown promising results. For instance, interstitially-administered rHDLs incorporating 

vaccines were shown to promote access into draining LNs and LN-resident immune cells 

such as dendritic cells, which ultimately led to effective anti-tumour immunity in various 

tumour models 53-55. Despite this, there remain significant gaps in the literature regarding 

the determinants of HDL (either endogenous HDL or rHDL) lymphatic uptake and 

disposition. Endogenous HDLs circulate through blood, tissue and lymph as particles with 

distinct shape and composition. It is not known whether the entry of HDLs into the lymph is 

restricted to specific HDL subclasses. Meanwhile, rHDLs may not recapitulate the 

complexity of endogenous HDLs and this may also influence lymphatic targeting. This study 

therefore evaluated the lymphatic disposition of endogenous HDLs and rHDLs after SC 

administration and determined the influence of HDL physicochemical properties on 

lymphatic transport and LN retention. This study demonstrated that HDL lymphatic transport 

is more influenced by HDL chemical composition but not physical properties, whereas HDL 

LN retention is mainly influenced by HDL charge, which is indirectly related to surface 

composition.  

We tested a panel of endogenous HDLs and rHDLs that varied in size (~10- 20 nm), 

shape (discoidal or spherical), charge (ranging from -5 mV to -20 mV) and chemical 

composition. Size is one of the major determinants of lymphatic transport of nanoparticles 

after interstitial administration, with ~10-100 nm cited as the optimal size4. Particles below 
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this size range more readily enter the blood vessels, whereas particles above this size range 

have reduced diffusion and convection through the interstitium because the water channels 

that facilitate transfer across the interstitium are ~100 nm in diameter5. All HDLs were within 

the optimal size range for lymphatic transport and were preferentially taken up from the 

injection site into the draining lymphatics rather than blood capillaries. This was apparent 

from the high lymph-to-plasma concentration ratio of HDL radiolabels and from the 

significant increase in HDL radiolabel concentration in plasma in lymph-intact rats compared 

to lymph-cannulated rats. Most HDLs with equivalent sizes had similar lymphatic transport, 

with the exception of rat lymph D-HDL which will be discussed later.  

The lymphatic transport of HDLs with diameter of 10 nm was only modestly different 

(~1.5 fold lower) than HDLs with 20 nm diameter. Nanoparticles with comparable size to 

HDLs, such as ~12 nm PEGylated polylysine dendrimers, have been found to have higher 

lymphatic transport (up to 4-fold) after SC injection compared to  ~100 nm PEGylated 

liposomes 56. This suggests that for HDL, changes in size at the lower end of the size range 

expected to promote lymphatic transport does not as dramatically impact lymphatic 

transport.  

The effect of nanoparticle shape on lymphatic transport after interstitial injection has 

been less explored. High particle aspect ratios (where one dimension of the particle has a 

smaller Stokes radius) and high flexibility have been suggested to facilitate penetration 

across the extracellular matrix at the injection site 5. But it is not known how this will impact 

lymphatic uptake after interstitial injection. In this study, the extent of lymphatic transport of 

spherical endogenous HDLs was not statistically different to discoidal rHDLs of similar size. 

However, we did note that peak lymphatic absorption of the discoidal rHDLs (which had 

higher particle aspect ratio) occurred earlier than spherical endogenous HDLs.  

Meanwhile, nanoparticle charge also influences migration through the interstitium 

and access to lymphatic capillaries4, 5. The interstitial matrix is comprised of negatively 

charged glycosaminoglycans. A greater negative charge can decrease electrostatic 

interactions with the extracellular matrix via charge repulsion and is expected to increase 

lymphatic transport, as was shown for PLGA nanoparticles57 and liposomes 58. All tested 

HDLs were negatively charged, which might have facilitated their efficient lymphatic 

transport. However, significant differences in lymphatic transport were still observed despite 

similarity in charge e.g. between rat lymph D-HDL and D78 rHDL. This suggests that charge 

is not the primary determinant of lymphatic transport of HDL. 

In general, the small size, shape and negative charge of HDL favours preferential 

transport from the interstitium into lymph rather than blood capillaries. However, the 
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observed differences in HDL lymphatic transport appear unrelated to subtle changes in HDL 

physical properties. This indicate that HDL entry into lymph may not occur solely via passive 

pathways such as non-selective size exclusion (due to the higher permeability of lymph 

capillaries to nanoparticles relative to blood capillaries 19) or via convective flux of interstitial 

fluid that propels nanoparticles into the lymph20, 21. HDL entry into lymph may also be 

facilitated by active transport pathways. HDL composition may influence HDL interaction 

with local cells at the injection site such as macrophages or lymphatic endothelial cells (LEC) 

lining the lymph capillaries. These cells express cholesterol-efflux receptors such as SR-BI 

and ABCA1 that can recognise HDL apoA-I 18, 39, 59. Active transcellular transport of HDL 

across LEC into lymph has been proposed previously and appeared to be SR-BI-mediated 
18. LEC also expresses LDL-receptor60 which can bind to HDL apoE61, although transcellular 

transport of HDL across LEC via this interaction has not been studied. Meanwhile, HDL 

interaction with macrophages at the injection site may reduce or delay lymphatic transport.  

We therefore assessed whether HDL composition influences lymphatic transport. We 

did not find a definitive correlation for a specific parameter but noted several factors that 

may alter lymphatic transport. Firstly, rat lymph D-HDL which had the highest protein-to-lipid 

ratio (apolipoprotein content) had significantly higher lymphatic transport relative to other 

similar-sized HDLs. The higher apolipoprotein content in the rat lymph D-HDL may perhaps 

facilitate transcellular transport across LEC mediated by SR-BI or other receptors. 

Differences in HDL lipid composition may also alter apoA-I conformation on the HDL surface 

and influence binding affinity to HDL receptors. For example, large cholesterol-rich and less 

dense HDLs bound SR-BI more tightly than smaller and denser HDLs or lipid poor HDLs 62, 

63. This is somewhat similar to the current data where higher lymphatic transport was 

generally observed for the slightly larger HDLs. Among the L-HDLs, rat plasma L-HDL which 

had the highest % of CE demonstrated the highest lymphatic transport. Overall, these results 

suggest that HDL composition may influence lymphatic transport via active transport 

processes, but further investigation is required to verify this. 

Retention within draining LN during passage through the lymph is important for 

immunotherapies and vaccines that target LN-resident immune cells. All HDLs 

demonstrated specific accumulation in the IL LNs and not the CL LNs, further supporting 

that all HDLs were preferentially taken up into lymph from the injection site. Interestingly, 

high lymphatic transport did not necessarily translate to high LN retention, as exemplified by 

rat lymph D-HDL which had efficient lymphatic transport but poor LN retention. We also 

assessed whether HDL size, shape, charge and composition influence LN retention. The 

presence of surface charge on nanoparticles is thought to promote electrostatic interaction 
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with LN-resident cells and thus increase LN retention. However, there are conflicting reports 

in which positive charge increased LN retention compared to neutral or negative charge for 

liposomes16, yet increasing negative charge increased LN retention of dendrimers30 and 

PLGA nanoparticles57. We found that LN retention of HDLs was correlated to HDL charge, 

which is related to HDL surface composition such as the concentration of FC. More 

negatively charged HDLs such as human plasma L-HDL, rat plasma D-HDL and rat plasma 

L-HDL displayed the highest LN retention. Meanwhile, there was no apparent correlation 

between HDL size and shape with LN retention. Size may be more important in determining 

localisation within LN 5, 6, however this was not examined here.  The fate of the HDL retained 

in the LN was also not assessed here, but the retained HDL might be taken up by LN-

resident immune cells such as dendritic cells, macrophages and lymphocytes. Dendritic cells 

and macrophages can take up particles in the size range of HDL, and this has been shown 

for rHDLs in vitro53 and in vivo55. Older studies have also reported the binding and uptake 

of endogenous HDL by human blood lymphocytes in vitro 64, 65.  

Lastly, we established the tissue biodistribution profiles of HDL after SC injection. All HDLs 

demonstrated a relatively similar biodistribution pattern. The majority of the HDL radiolabel 

was recovered at the injection site, followed by the liver and small intestine. The HDL 

radiolabel dose recovered at the injection site was higher than most other organs. However, 

the absolute dose recovery was <10% of dose therefore indicating that HDL drainage from 

the injection site was relatively efficient. Meanwhile, it is well established that the liver and 

small intestine are important sites for HDL synthesis and/or recycling 61, 66, 67. The liver and 

small intestine are major sources of HDL apoA-I67. The liver metabolises HDL by taking up 

HDL from the blood circulation and removes HDL cholesterol content for excretion in bile 

(the mechanisms have been described previously61, 66). The intestine is also involved in 

another cholesterol removal pathway known as trans-intestinal cholesterol excretion (TICE), 

in which cholesterol from plasma enters enterocytes from the basolateral side and is 

secreted from the apical lumen into the intestinal lumen for excretion in faeces68, 69. As 

radiolabel cholesterols were used to label the HDLs, substantial recovery of the radiolabels 

at the liver and small intestine is not unexpected. There was a substantial dose of HDL 

radiolabels that was not recovered in lymph, plasma, or analysed LNs and tissues. This may 

have been excreted into faeces since the hepatobiliary cholesterol excretion pathway is one 

of the major HDL cholesterol removal pathways from the body. In this pathway, liver 

metabolises HDL and converts associated cholesterol cargo into bile acids, which are then 

secreted as bile into the intestine and eventually excreted into faeces70. 
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CONCLUSION 
This study investigated the impact of HDL physical and chemical properties on 

lymphatic disposition after SC administration. All HDLs demonstrated broadly similar 

absorption kinetics into lymph and plasma, and distribution into LNs and tissues. From the 

injection site, all HDLs were preferentially taken up into the draining lymphatics rather than 

blood capillaries, and specifically accumulated in the IL LNs. Lymphatic transport appeared 

to be influenced by HDL chemical composition rather than physical properties. This may be 

because HDL physical properties generally favour lymphatic transport, and there is only a 

small variation in physical properties across the different types of HDL. On the other hand, 

LN retention was mainly influenced by HDL charge which is controlled by the surface 

composition. Tissue distribution was minimally affected by changes in HDL physicochemical 

properties. Overall, this study verified that interstitial (SC) delivery in HDL-based 

nanoparticles is a viable option to enhance lymphatic targeting, with potential application for 

immunotherapies and vaccines. The study proposes potential improvements in HDL-based 

nanoparticle design to increase lymphatic disposition. The findings also highlight that 

different factors influence lymphatic transport and LN retention, which should be taken into 

consideration when designing HDL nanoparticles for different types of therapeutic cargo for 

which either or both attributes may be preferable. Future studies may expand on this study 

by assessing the lymphatic disposition of synthetic rHDL libraries to enable greater diversity 

of HDL properties. 
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SUPPORTING INFORMATION 
SI Table 1, SI Table 2 and SI Table 3 summarise the lymphatic transport, plasma 

pharmacokinetics and tissue biodistribution of the HDL CE radiolabel after SC administration 

to lymph cannulated or lymph intact rats. SI Figure 1 shows the lymph and plasma 

pharmacokinetics of HDL CE radiolabel after SC administration to lymph cannulated and 

lymph intact rats. SI Figure 2 shows distribution of the radiolabels in different lipoprotein 

fractions of thoracic lymph collected from rats after SC administration of dual-radiolabelled 

human plasma HDL. SI Figure 3 shows LN disposition of HDL CE radiolabel in lymph 

cannulated and lymph intact rats. 

REFERENCES 
1. Fu, Y.-X.; Chaplin, D. D.  Development and maturation of secondary lymphoid tissues Annual Review 
of Immunology 1999, 17, (1), 399-433. 
2. Dieterich, L. C.; Seidel, C. D.; Detmar, M.  Lymphatic vessels: new targets for the treatment of 
inflammatory diseases. Angiogenesis 2014, 17, (2), 359-371. 
3. Zgraggen, S.; Ochsenbein, A. M.; Detmar, M.  An important role of blood and lymphatic vessels in 
inflammation and allergy. Journal of Allergy 2013, 2013, 672381. 
4. Trevaskis, N. L.; Kaminskas, L. M.; Porter, C. J.  From sewer to saviour - targeting the lymphatic 
system to promote drug exposure and activity Nature Reviews Drug Discovery 2015, 14, 781-802. 
5. Thomas, S. N.; Schudel, A.  Overcoming transport barriers for interstitial-, lymphatic-, and lymph 
node-targeted drug delivery. Current Opinion in Chemical Engineering 2015, 7, (0), 65-74. 
6. Irvine, D. J.; Swartz, M. A.; Szeto, G. L.  Engineering synthetic vaccines using cues from natural 
immunity. Nature Materials 2013, 12, (11), 978-990. 
7. Stacker, S. A.; Williams, S. P.; Karnezis, T.; Shayan, R.; Fox, S. B.; Achen, M. G.  Lymphangiogenesis 
and lymphatic vessel remodelling in cancer. Nature Reviews Cancer 2014, 14, (3), 159-172. 
8. Proulx, S. T.; Luciani, P.; Dieterich, L. C.; Karaman, S.; Leroux, J. C.; Detmar, M.  Expansion of the 
lymphatic vasculature in cancer and inflammation: new opportunities for in vivo imaging and drug delivery. 
Journal of Controlled Release 2013, 172, (2), 550-557. 
9. Fletcher, C. V.; Staskus, K.; Wietgrefe, S. W.; Rothenberger, M.; Reilly, C.; Chipman, J. G.; Beilman, 
G. J.; Khoruts, A.; Thorkelson, A.; Schmidt, T. E.; Anderson, J.; Perkey, K.; Stevenson, M.; Perelson, A. S.; 
Douek, D. C.; Haase, A. T.; Schacker, T. W.  Persistent HIV-1 replication is associated with lower 
antiretroviral drug concentrations in lymphatic tissues. Proceedings of the National Academy of Sciences of 
the United States of America 2014, 111, (6), 2307-2312. 
10. Chan, L. J.; Feeney, O. M.; Leong, N. J.; McLeod, V. M.; Porter, C. J. H.; Williams, C. C.; Kaminskas, 
L. M.  An Evaluation of Optimal PEGylation Strategies for Maximizing the Lymphatic Exposure and Antiviral 
Activity of Interferon after Subcutaneous Administration. Biomacromolecules 2017, 18, (9), 2866-2875. 
11. Miller, L. W.  Cardiovascular toxicities of immunosuppressive agents. American Journal of 
Transplantation 2002, 2, (9), 807-818. 
12. Widakowich, C.; de Castro, G.; de Azambuja, E.; Dinh, P.; Awada, A.  Review: side effects of 
approved molecular targeted therapies in solid cancers. The Oncologist 2007, 12, (12), 1443-1455. 
13. Goldenberg, M. M.  Multiple sclerosis review. Pharmacy and Therapeutics 2012, 37, (3), 175-184. 
14. Kaminskas, L. M.; McLeod, V. M.; Ascher, D. B.; Ryan, G. M.; Jones, S.; Haynes, J. M.; Trevaskis, 
N. L.; Chan, L. J.; Sloan, E. K.; Finnin, B. A.; Williamson, M.; Velkov, T.; Williams, E. D.; Kelly, B. D.; 
Owen, D. J.; Porter, C. J.  Methotrexate-conjugated PEGylated dendrimers show differential patterns of 
deposition and activity in tumor-burdened lymph nodes after intravenous and subcutaneous administration in 
rats. Molecular Pharmaceutics 2015, 12, (2), 432-443. 
15. Reddy, S. T.; van der Vlies, A. J.; Simeoni, E.; Angeli, V.; Randolph, G. J.; O'Neil, C. P.; Lee, L. K.; 
Swartz, M. A.; Hubbell, J. A.  Exploiting lymphatic transport and complement activation in nanoparticle 
vaccines. Nature Biotechnology 2007, 25, 1159. 



28 

16. Kim, C. K.; Han, J. H.  Lymphatic delivery and pharmacokinetics of methotrexate after intramuscular 
injection of differently charged liposome-entrapped methotrexate to rats. Journal of Microencapsulation 1995, 
12, (4), 437-446. 
17. Martel, C.; Li, W.; Fulp, B.; Platt, A. M.; Gautier, E. L.; Westerterp, M.; Bittman, R.; Tall, A. R.; 
Chen, S.-H.; Thomas, M. J.; Kreisel, D.; Swartz, M. A.; Sorci-Thomas, M. G.; Randolph, G. J.  Lymphatic 
vasculature mediates macrophage reverse cholesterol transport in mice. Journal of Clinical Investigation 2013, 
123, (4), 1571-1579. 
18. Lim, Hwee Y.; Thiam, Chung H.; Yeo, Kim P.; Bisoendial, R.; Hii, Chung S.; McGrath, Kristine C. 
Y.; Tan, Kar W.; Heather, A.; Alexander, J. Steven J.; Angeli, V.  Lymphatic vessels are essential for the 
removal of cholesterol from peripheral tissues by SR-BI-mediated transport of HDL. Cell Metabolism 2013, 
17, (5), 671-684. 
19. Randolph, G. J.; Miller, N. E.  Lymphatic transport of high-density lipoproteins and chylomicrons. 
Journal of Clinical Investigation 2014, 124, (3), 929-935. 
20. Swartz, M. A.  The physiology of the lymphatic system. Advanced Drug Delivery Reviews 2001, 50, 
(1–2), 3-20. 
21. Starling, E. H.  The influence of mechanical factors on lymph production. Journal of Physiology 1894, 
16, (3-4), 224-267. 
22. Dixon, J. B.; Raghunathan, S.; Swartz, M. A.  A tissue-engineered model of the intestinal lacteal for 
evaluating lipid transport by lymphatics. Biotechnology and Bioengineering 2009, 103, (6), 1224-1235. 
23. Nanjee, M. N.; Cooke, C. J.; Wong, J. S.; Hamilton, R. L.; Olszewski, W. L.; Miller, N. E.  
Composition and ultrastructure of size subclasses of normal human peripheral lymph lipoproteins: 
quantification of cholesterol uptake by HDL in tissue fluids. Journal of Lipid Research 2001, 42, (4), 639-648. 
24. Forester, G. P.; Tall, A. R.; Bisgaier, C. L.; Glickman, R. M.  Rat intestine secretes spherical high 
density lipoproteins. Journal of Biological Chemistry 1983, 258, (9), 5938-5943. 
25. Green, P. H. R.; Tall, A. R.; Glickman, R. M.  Rat intestine secretes discoid high density lipoprotein. 
Journal of Clinical Investigation 1978, 61, (2), 528-534. 
26. Brunham, L. R.; Kruit, J. K.; Iqbal, J.; Fievet, C.; Timmins, J. M.; Pape, T. D.; Coburn, B. A.; Bissada, 
N.; Staels, B.; Groen, A. K.; Hussain, M. M.; Parks, J. S.; Kuipers, F.; Hayden, M. R.  Intestinal ABCA1 
directly contributes to HDL biogenesis in vivo. Journal of Clinical Investigation 2006, 116, (4), 1052-1062. 
27. Gracia, G.; Cao, E.; Johnston, A.; Porter, C. J.; Trevaskis, N.  Organ-specific lymphatics play distinct 
roles in regulating HDL trafficking and composition. American Journal of Physiology: Gastrointestinal and 
Liver Physiology 2020, 318, (4). 
28. Boyd, M.; Risovic, V.; Jull, P.; Choo, E.; Wasan, K. M.  A stepwise surgical procedure to investigate 
the lymphatic transport of lipid-based oral drug formulations: cannulation of the mesenteric and thoracic lymph 
ducts within the rat. Journal of Pharmacological and Toxicological Methods 2004, 49, (2), 115-120. 
29. Boyd, B. J.; Kaminskas, L. M.; Karellas, P.; Krippner, G.; Lessene, R.; Porter, C. J. H.  Cationic poly-
l-lysine dendrimers: pharmacokinetics, biodistribution, and evidence for metabolism and bioresorption after 
intravenous administration to rats. Molecular Pharmaceutics 2006, 3, (5), 614-627. 
30. Kaminskas, L. M.; Kota, J.; McLeod, V. M.; Kelly, B. D.; Karellas, P.; Porter, C. J. H.  PEGylation of 
polylysine dendrimers improves absorption and lymphatic targeting following SC administration in rats. 
Journal of Controlled Release 2009, 140, (2), 108-116. 
31. Devlin, T. M., Textbook of Biochemistry : With Clinical Correlations. John Wiley & Sons, Inc. [US]: 
New York, 1997. 
32. McIntosh, M. P. An investigation into the association of halofantrine with plasma lipoproteins. 
Monash University, Parkville, Australia, 1999. 
33. Glomset, J. A.  The plasma lecithin:cholesterol acyltransferase reaction. Journal of Lipid Research 
1968, 9, (2), 155-167. 
34. Jonas, A.; Wald, J. H.; Toohill, K. L.; Krul, E. S.; Kézdy, K. E.  Apolipoprotein A-I structure and lipid 
properties in homogeneous, reconstituted spherical and discoidal high density lipoproteins. Journal of 
Biological Chemistry 1990, 265, (36), 22123-22129. 
35. Silva, R. A.; Huang, R.; Morris, J.; Fang, J.; Gracheva, E. O.; Ren, G.; Kontush, A.; Jerome, W. G.; 
Rye, K. A.; Davidson, W. S.  Structure of apolipoprotein A-I in spherical high density lipoproteins of different 
sizes. Proceedings of the National Academy of Sciences of the United States of America 2008, 105, (34), 12176-
12181. 
36. Trevaskis, N. L.; Caliph, S. M.; Nguyen, G.; Tso, P.; Charman, W. N.; Porter, C. J.  A mouse model 
to evaluate the impact of species, sex, and lipid load on lymphatic drug transport. Pharm Res 2013, 30, (12), 
3254-70. 



29 

37. Vahouny, G. V.; Blendermann, E. M.; Gallo, L. L.; Treadwell, C. R.  Differential transport of 
cholesterol and oleic acid in lymph lipoproteins: sex differences in puromycin sensitivity. Journal of Lipid 
Research 1980, 21, (4), 415-24. 
38. Nauli, A. Intestinal lipid uptake and secretion of VLDL and chylo-micron. University of Cincinnati, 
Cincinnati, 2005. 
39. Rothblat, G. H.; Phillips, M. C.  High-density lipoprotein heterogeneity and function in reverse 
cholesterol transport. Current opinion in lipidology 2010, 21, (3), 229-238. 
40. Oschry, Y.; Eisenberg, S.  Rat plasma lipoproteins: re-evaluation of a lipoprotein system in an animal 
devoid of cholesteryl ester transfer activity. Journal of Lipid Research 1982, 23, (8), 1099-1106. 
41. Clark, S. B.; Norum, K. R.  The lecithin-cholesterol acyl transferase activity of rat intestinal lymph. 
Journal of Lipid Research 1977, 18, (3), 293-300. 
42. Zannis, V. I.; Breslow, J. L.; Katz, A. J.  Isoproteins of human apolipoprotein A-I demonstrated in 
plasma and intestinal organ culture. Journal of Biological Chemistry 1980, 255, (18), 8612-8617. 
43. Davidson, W. S.; Sparks, D. L.; Lund-Katz, S.; Phillips, M. C.  The molecular basis for the difference 
in charge between pre-beta- and alpha-migrating high density lipoproteins. Journal of Biological Chemistry 
1994, 269, (12), 8959-8965. 
44. Patsch, J. R.; Sailer, S.; Kostner, G.; Sandhofer, F.; Holasek, A.; Braunsteiner, H.  Separation of the 
main lipoprotein density classes from human plasma by rate-zonal ultracentrifugation. Journal of Lipid 
Research 1974, 15, (4), 356-366. 
45. Guyard-Dangremont, V.; Desrumaux, C.; Gambert, P.; Lallemant, C.; Lagrost, L.  Phospholipid and 
cholesteryl ester transfer activities in plasma from 14 vertebrate species. Relation to atherogenesis 
susceptibility. Comparative Biochemistry and Physiology Part B: Biochemistry and Molecular Biology 1998, 
120, (3), 517-525. 
46. Sparks, D. L.; Davidson, W. S.; Lund-Katz, S.; Phillips, M. C.  Effect of cholesterol on the charge and 
structure of apolipoprotein A-I in recombinant high density lipoprotein particles. Journal of Biological 
Chemistry 1993, 268, (31), 23250-23257. 
47. Tilney, N. L.  Patterns of lymphatic drainage in the adult laboratory rat. Journal of anatomy 1971, 109, 
(Pt 3), 369-83. 
48. Caliph, S. M.; Cao, E.; Bulitta, J. B.; Hu, L.; Han, S.; Porter, C. J. H.; Trevaskis, N. L.  The impact of 
lymphatic transport on the systemic disposition of lipophilic drugs. Journal of Pharmaceutical Sciences 2013, 
102, (7), 2395-2408. 
49. Duivenvoorden, R.; Tang, J.; Cormode, D. P.; Mieszawska, A. J.; Izquierdo-Garcia, D.; Ozcan, C.; 
Otten, M. J.; Zaidi, N.; Lobatto, M. E.; van Rijs, S. M.; Priem, B.; Kuan, E. L.; Martel, C.; Hewing, B.; Sager, 
H.; Nahrendorf, M.; Randolph, G. J.; Stroes, E. S. G.; Fuster, V.; Fisher, E. A.; Fayad, Z. A.; Mulder, W. J. 
M.  A statin-loaded reconstituted high-density lipoprotein nanoparticle inhibits atherosclerotic plaque 
inflammation. Nature Communications 2014, 5, 3065. 
50. Tang, J.; Baxter, S.; Menon, A.; Alaarg, A.; Sanchez-Gaytan, B. L.; Fay, F.; Zhao, Y.; Ouimet, M.; 
Braza, M. S.; Longo, V. A.; Abdel-Atti, D.; Duivenvoorden, R.; Calcagno, C.; Storm, G.; Tsimikas, S.; Moore, 
K. J.; Swirski, F. K.; Nahrendorf, M.; Fisher, E. A.; Perez-Medina, C.; Fayad, Z. A.; Reiner, T.; Mulder, W. J.  
Immune cell screening of a nanoparticle library improves atherosclerosis therapy. Proceedings of the National 
Academy of Sciences of the United States of America 2016, 113, (44), E6731-E6740. 
51. Kuai, R.; Yuan, W.; Son, S.; Nam, J.; Xu, Y.; Fan, Y.; Schwendeman, A.; Moon, J. J.  Elimination of 
established tumors with nanodisc-based combination chemoimmunotherapy. Science Advances 2018, 4, (4), 
eaao1736. 
52. Lin, Q.; Chen, J.; Jin, H.; Ng, K. K.; Yang, M.; Cao, W.; Ding, L.; Zhang, Z.; Zheng, G.  Efficient 
systemic delivery of siRNA by using high-density lipoprotein-mimicking peptide lipid nanoparticles. 
Nanomedicine 2012, 7, (12), 1813-1825. 
53. Kuai, R.; Ochyl, L. J.; Bahjat, K. S.; Schwendeman, A.; Moon, J. J.  Designer vaccine nanodiscs for 
personalized cancer immunotherapy. Nature Materials 2016, 16, (4), 489-496. 
54. Kuai, R.; Sun, X.; Yuan, W.; Ochyl, L. J.; Xu, Y.; Hassani Najafabadi, A.; Scheetz, L.; Yu, M.-Z.; 
Balwani, I.; Schwendeman, A.; Moon, J. J.  Dual TLR agonist nanodiscs as a strong adjuvant system for 
vaccines and immunotherapy. Journal of Controlled Release 2018, 282, 131-139. 
55. Qian, Y.; Jin, H.; Qiao, S.; Dai, Y.; Huang, C.; Lu, L.; Luo, Q.; Zhang, Z.  Targeting dendritic cells in 
lymph node with an antigen peptide-based nanovaccine for cancer immunotherapy. Biomaterials 2016, 98, 
171-183. 



30 

56. Ryan, G. M.; Kaminskas, L. M.; Bulitta, J. B.; McIntosh, M. P.; Owen, D. J.; Porter, C. J. H.  
PEGylated polylysine dendrimers increase lymphatic exposure to doxorubicin when compared to PEGylated 
liposomal and solution formulations of doxorubicin. Journal of Controlled Release 2013, 172, (1), 128-136. 
57. Rao, D. A.; Forrest, M. L.; Alani, A. W. G.; Kwon, G. S.; Robinson, J. R.  Biodegradable PLGA based 
nanoparticles for sustained regional lymphatic drug delivery. Journal of Pharmaceutical Sciences 2010, 99, 
(4), 2018-2031. 
58. Kaur, C. D.; Nahar, M.; Jain, N. K.  Lymphatic targeting of zidovudine using surface-engineered 
liposomes. Journal of Drug Targeting 2008, 16, (10), 798-805. 
59. Pagler, T. A.; Rhode, S.; Neuhofer, A.; Laggner, H.; Strobl, W.; Hinterndorfer, C.; Volf, I.; Pavelka, 
M.; Eckhardt, E. R. M.; van der Westhuyzen, D. R.; Schütz, G. J.; Stangl, H.  SR-BI-mediated high density 
lipoprotein (HDL) endocytosis leads to HDL resecretion facilitating cholesterol efflux. Journal of Biological 
Chemistry 2006, 281, (16), 11193-11204. 
60. Milasan, A.; Dallaire, F.; Mayer, G.; Martel, C.  Effects of LDL Receptor Modulation on Lymphatic 
Function. Sci Rep 2016, 6, 27862. 
61. Mahley, R. W.; Huang, Y.; Weisgraber, K. H.  Putting cholesterol in its place: apoE and reverse 
cholesterol transport. Journal of Clinical Investigation 2006, 116, (5), 1226-1229. 
62. Liadaki, K. N.; Liu, T.; Xu, S.; Ishida, B. Y.; Duchateaux, P. N.; Krieger, J. P.; Kane, J.; Krieger, M.; 
Zannis, V. I.  Binding of high density lipoprotein (HDL) and discoidal reconstituted HDL to the HDL receptor 
scavenger receptor class B type I: effect of lipid association and apoA-I mutations on receptor binding Journal 
of Biological Chemistry 2000, 275, (28), 21262-21271. 
63. de Beer, M. C.; Durbin, D. M.; Cai, L.; Jonas, A.; de Beer, F. C.; van der Westhuyzen, D. R.  
Apolipoprotein A-I conformation markedly influences HDL interaction with scavenger receptor BI. Journal 
of Lipid Research 2001, 42, (2), 309-313. 
64. Schmitz, G.; Wulf, G.; Brüning, T.; Assmann, G.  Flow-cytometric determination of high-density-
lipoprotein binding sites on human leukocytes. Clinical Chemistry 1987, 33, (12), 2195-203. 
65. Traill, K. N.; Jürgens, G.; Böck, G.; Wick, G.  High Density Lipoprotein Uptake by Freshly Isolated 
Human Peripheral Blood T Lymphocytes. Immunobiology 1987, 175, (5), 447-454. 
66. Kwiterovich, P. O.  The metabolic pathways of high-density lipoprotein, low-density lipoprotein, and 
triglycerides: a current review. The American Journal of Cardiology 2000, 86, (12, Supplement 1), 5-10. 
67. Wu, A. L.; Windmueller, H. G.  Relative contributions by liver and intestine to individual plasma 
apolipoproteins in the rat. Journal of Biological Chemistry 1979, 254, (15), 7316-7322. 
68. van der Velde, A. E.; Vrins, C. L. J.; van den Oever, K.; Kunne, C.; Oude Elferink, R. P. J.; Kuipers, 
F.; Groen, A. K.  Direct Intestinal Cholesterol Secretion Contributes Significantly to Total Fecal Neutral Sterol 
Excretion in Mice. Gastroenterology 2007, 133, (3), 967-975. 
69. Jakulj, L.; van Dijk, T. H.; de Boer, J. F.; Kootte, R. S.; Schonewille, M.; Paalvast, Y.; Boer, T.; Bloks, 
V. W.; Boverhof, R.; Nieuwdorp, M.; Beuers, U. H. W.; Stroes, E. S. G.; Groen, A. K.  Transintestinal 
Cholesterol Transport Is Active in Mice and Humans and Controls Ezetimibe-Induced Fecal Neutral Sterol 
Excretion. Cell Metabolism 2016, 24, (6), 783-794. 
70. Packard, C. J.; Shepherd, J.  The hepatobiliary axis and lipoprotein metabolism: effects of bile acid 
sequestrants and ileal bypass surgery. Journal of Lipid Research 1982, 23, (8), 1081-1098. 

 

 



1 

High density lipoprotein composition influences lymphatic transport 
after subcutaneous administration  

Gracia Gracia1,2, Enyuan Cao1,2, Orlagh M Feeney1,2, Angus PR Johnston1,2, Christopher JH Porter1,2 

and Natalie L Trevaskis1 

1Drug Delivery, Disposition and Dynamics, Monash Institute of Pharmaceutical Sciences, Monash 

University, Australia; 2ARC Centre of Excellence in Convergent Bio-Nano Science and Technology, 

Monash Institute of Pharmaceutical Sciences, Monash University, Melbourne, Australia 



2 

SUPPORTING INFORMATION 
SI Table 1 Summary of the lymphatic transport and the non-compartmental pharmacokinetic parameters of HDL CE radiolabel after SC administration to 
(A) Lymph-cannulated rats or (B) Lymph-intact rats. Data are Mean ± SEM (n=3-5 rats). Statistical differences between HDLs of the same density were assessed 
by one-way ANOVA followed by Tukey’s post-hoc test. Statistical differences between two HDLs from the same source but different density was assessed by unpaired 
t-test. Statistical differences between lymph-cannulated and lymph-intact animals were assessed by multiple t-tests with Holm-Sidak method. N/A = not available. 
 

 Cumulative 
transport in 

lymph over 34 h  
(% of dose) 

IL LN recovery 
at 34 h (% of 

dose)# 

IL LN 
retention (% 
mass ratio)## 

Total lymphatic 
exposure (% of 

dose)### 

Plasma AUC0-34h 
(%dose/ml.h) 

Tmax (h) Cmax (%dose/ml) 

(A
) 

Ly
m

ph
-c

an
nu

la
te

d 

Human plasma D-HDL 8.1 ± 1.3 0.31 ± 0.04 b 4.2 ± 1.1  8.5 ± 1.3 4.4 ± 0.4 b 27.5 ± 1.3 0.21 ± 0.01 

Human plasma L-HDL 14.1 ± 2.9 1.96 ± 0.34 b 16.0 ± 5.2 16.1 ± 2.9 2.3 ± 0.5 b 27.3 ± 3.3 0.13 ± 0.02 

Rat plasma D-HDL  8.3 ± 1.2 b 0.70 ± 0.37 8.1 ± 3.4 9.0 ± 1.3 4.4 ± 0.6 24.5 ± 4.7 0.23 ± 0.03 

Rat plasma L-HDL 22.0 ± 2.5 b 0.93 ± 0.26 3.9 ± 0.9  22.9 ± 2.5 3.6 ± 0.7  26.0 ± 1.7  0.16 ± 0.02  

Rat lymph D-HDL 16.0 ± 1.8 a 0.23 ± 0.05 b 1.5 ± 0.3 b  16.2 ± 1.8 4.5 ± 0.6  28.0 ± 1.4  0.26 ± 0.08  

Rat lymph L-HDL 12.1 ± 2.4 1.12 ± 0.43 b 8.9 ± 1.8 b 13.2 ± 2.4 4.5 ± 0.3  22.0 ± 7.6 0.21 ± 0.03 

(B
) 

Ly
m

ph
-in

ta
ct

 

Human plasma D-HDL N/A 0.37 ± 0.16 N/A N/A 12.4 ± 1.9 c 25.3 ± 1.3 0.49 ± 0.04 

Human plasma L-HDL N/A 0.70 ± 0.04 N/A N/A 7.4 ± 1.0 c 26.0 ± 2.0 0.32 ± 0.04 

Rat plasma D-HDL N/A 0.40 ± 0.09 b N/A N/A 10.6 ± 1.0 c 12.7 ± 5.7 0.24 ± 0.06  

Rat plasma L-HDL N/A 0.95 ± 0.01 a, b N/A N/A 15.2 ± 3.8 c 14.0 ± 5.0 0.62± 0.18  

Rat lymph D-HDL  N/A 0.36 ± 0.14 N/A N/A 9.8 ± 0.7  b, c 14.0 ± 5.0 0.42 ± 0.01 

Rat lymph L-HDL N/A 0.41 ± 0.10 N/A N/A 16.9 ± 0.9 b. c 16.0 ± 6.0 0.68 ± 0.08 

#IL LN recovery is the total recovery from IL inguinal, popliteal, and iliac LNs 
##Estimated from the % mass ratio of the IL LN recovery at 34 h to the cumulative transport in lymph over 34 h 
###Estimated from the sum of cumulative transport in lymph over 34 h and IL LN recovery at 34 h 
aSignificantly different when compared to all other HDLs of the same density (p≤0.05) 
bSignificantly different when compared to the other HDL of the same source but different density (p≤0.05) 
cSignificantly different when compared to the corresponding lymph-cannulated cohort (p≤0.05) 
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SI Figure 1 Lymph and/or plasma pharmacokinetics of HDL CE radiolabel after SC administration to lymph-cannulated rats (A-E) or lymph-intact rats (F). 
Graphs shown for lymph-cannulated rats are (A) Cumulative lymphatic transport over time (% of dose), (B) Total recovery in lymph over 34 h (% of dose), (C) Lymph 
: plasma concentration ratio over time, (D) Lymph concentration over time (%dose/ml), and (E) Plasma concentration over time (%dose/ml). Graph shown for lymph-
intact rats is (F) Plasma concentration over time (%dose/ml). Data are Mean ± SEM (n=3-5). Statistical differences between HDLs of the same density were assessed 
by one-way ANOVA followed by Tukey’s post-hoc test. Statistical differences between two HDLs from the same source but different density was assessed by unpaired 
t-test. * p≤0.05, **p≤0.01. 
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SI Figure 2 Distribution of radiolabels in lipoprotein fractions of thoracic lymph collected from rats 
dosed with dual-radiolabelled human plasma D-HDL formulation. Lymph collected at 1-2 h post-dose 
was subjected to ultracentrifugation as described in the Methods section. 200 µl fractions were eluted from 
the bottom of the tube and analysed for radioactivity. Data are expressed as % of radioactivity recovered in 
each lymph lipoprotein fraction and are for n =1 rat. Abbreviations: non-LP = non-lipoproteins or lipoprotein-
deficient plasma proteins (LPDP); HDL = high density lipoprotein, LDL = low density lipoprotein, VLDL = very 
low density lipoprotein, CM = chylomicron, CE = cholesteryl esters, and FC = free cholesterol. 
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SI Figure 3 LN disposition of HDL CE radiolabel at 34 h after SC administration to lymph-cannulated 
rats (A-C) or lymph-intact rats (D-E). Graphs shown for lymph-cannulated rats are (A) LN recovery in each 
individual LN, expressed as %dose/g tissue, (B) LN recovery in IL vs. CL LNs, expressed as %dose in total 
tissue, (C) IL LN retention, expressed as % mass ratio of the IL LN recovery at 34 h to the cumulative transport 
in lymph over 34 h %dose recovered in each individual LN. Graph shown for lymph-intact rats are (D) LN 
recovery in each individual LN, expressed as %dose/g tissue, and (E) LN recovery in IL vs CL LNs, expressed 
as %dose in total tissue. Data are Mean ± SEM (n=3-5). Statistical differences between HDLs of the same 
density were assessed by one-way ANOVA followed by Tukey’s post-hoc test. Statistical differences between 
two HDLs from the same source but different density was assessed by unpaired t-test. *p≤0.05, **p≤0.01. 
Abbreviations: ing = inguinal, popl = popliteal, ile = iliac, IL = ipsilateral, CL = contralateral. 
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SI Table 2 Tissue biodistribution of HDL FC radiolabel at 34 h after SC administration to lymph-cannulated rats (A) or lymph-intact rats (B). Tissue recovery 
is expressed as total % dose recovered from entire organ/tissue. Data are Mean ± SEM (n=3-5) or Mean only (n=2 for human plasma D-HDL dose recovery at the 
dose site muscle, heart, small intestine and adipose tissue in lymph-cannulated rats). #Average from two adipose depots: perirenal and inguinal adipose. Total %dose 
recovered in adipose tissue was calculated using the assumption that 10%–15% the rat body weight consists of adipose tissue. Statistical differences between HDLs 
of the same density were assessed by one-way ANOVA followed by Tukey’s post-hoc test. Statistical differences between two HDLs from the same source but different 
density was assessed by unpaired t-test. *p≤0.05, **p≤0.01. Statistical differences between lymph-cannulated and lymph-intact animals were assessed by multiple t-
tests with Holm-Sidak method. 

% dose in entire 
organ/tissue 

Liver Dose site 
skin  

Dose site 
muscle 

Heart Kidney Spleen Small 
intestine 

Adipose 
tissue# 

Urine  Total  

(A
) 

Ly
m

ph
-c

an
nu

la
te

d 

Human plasma 
D-HDL 

5.46 ± 0.64 3.16 ± 0.74 3.06 0.53 0.35 ± 0.06 0.39 ± 0.08 1.36 4.7 – 7.1 0.78 ± 0.16 

b 
19.8 – 22.1 

Human plasma 
L-HDL 

4.57 ± 0.42 3.93 ± 1.66 2.08 ± 1.01 0.12 ± 0.02 0.25 ± 0.03 0.40 ± 0.03 1.83 ± 0.53 27.7 – 41.6 0.23 ± 0.03 
b 

41.1 – 55.0 

Rat plasma    
D-HDL 

4.61 ± 0.32 3.11 ± 0.24 4.08 ± 1.24 0.06 ± 0.04 0.31 ± 0.02 0.46 ± 0.06 1.61 ± 0.37 4.6 – 6.9 0.68 ± 0.09 
b 

19.5– 21.8 

Rat plasma    
L-HDL 

3.78 ± 0.56 3.57 ± 0.84 0.97 ± 0.46 0.11 ± 0.01 0.24 ± 0.03 0.46 ± 0.02 1.68 ± 0.34 6.4 – 9.7 0.21 ± 0.03 
b 

17.5 – 20.7 

Rat lymph  
D-HDL 

4.69 ± 0.26 2.95 ± 0.54 2.22 ± 0.37 0.07 ± 0.02 0.29 ± 0.02 0.43 ± 0.05 1.18 ± 0.10 30.6 – 45.9 0.35 ± 0.06 42.8 – 58.1 

Rat lymph 
L-HDL  

5.99 ± 0.90 4.77 ± 1.75 5.09 ± 2.45 
a 

0 0.27 ± 0.02 0.55 ± 0.08 1.69 ± 0.37 17.9 – 26.8 0.52 ± 0.21 36.8 – 45.7 

D78 rHDL 2.91 ± 0.66 2.71 ± 0.92 3.65 ± 0.72 0.14 ± 0.05 0.28 ± 0.04 0.32 ± 0.16 1.23 ± 0.39 7.2 – 10.8 0.38 ± 0.19 18.8 – 22.4 
D96 rHDL 2.67 ± 0.66 6.92 ± 2.90  2.63 ± 0.78 0.16 ± 0.04 0.36 ± 0.02 0.39 ± 0.08 0.82 ± 0.25 35.1 – 52.6 0.22 ± 0.09 49.3 – 66.8 

(B
) 

Ly
m

ph
-in

ta
ct

 

Human plasma 
D-HDL 

10.5 ± 1.72 4.26 ± 1.95 3.71 ± 1.67 0 b 1.03 ± 0.29 0.94 ± 0.11 3.79 ± 0.70 17.6 – 26.4 0.61 ± 0.24 42.4 – 51.2 

Human plasma 
L-HDL 

5.41 ± 1.20 3.26 ± 1.02 2.89 ± 0.61 0.24 ± 0.03 
b 

0.49 ± 0.04 
c 

0.97 ± 0.12 2.56 ± 0.18 23.6 – 35.4 0.35 ± 0.07 39.8 – 51.6 

Rat plasma    
D-HDL 

5.80 ± 0.40 1.43 ± 0.31 1.26 ± 0.77 0.14 ± 0.12 0.48 ± 0.06 0.83 ± 0.13 2.43 ± 0.44 12.4 – 18.6 0.63 ± 0.15 25.4 – 31.6 

Rat plasma L-
HDL 

10.6 ± 2.32 4.15 ± 2.01 1.03 ± 0.31 0.23 ± 0.04  0.74 ± 0.09 
c  

1.31 ± 0.27 3.75 ± 0.32 10.1 – 15.1 0.32 ± 0.10 32.2 – 37.2 

Rat lymph  
D-HDL 

7.03 ± 0.99 2.51 ± 0.34 3.26 ± 0.94 0.07 ± 0.05 0.42 ± 0.05  0.90 ± 0.10 4.19 ± 2.58 3.6 – 5.4 b 0.72 ± 0.43 22.7 – 24.5 

Rat lymph 
L-HDL  

9.98 ± 0.94 6.39 ± 2.22 3.21 ± 0.85 0.23 ± 0.13 0.63 ± 0.04 
c  

1.10 ± 0.02 4.51 ± 1.17 18.0 – 27.0 
b 

0.83 ± 0.20 44.9 – 53.9 

D78 rHDL 13.1 ± 0.65 b, 

c 
1.75 ± 0.38 0.87 ± 0.34 0.22 ± 0.03 0.74 ± 0.08 

c 
0.30 ± 0.04 a 1.78 ± 0.29 10.3 – 15.5 0.52 ± 0.17 29.6 – 34.8 

D96 rHDL 7.86 ± 0.91 b 1.80 ± 0.71 1.02 ± 0.49 0.23 ± 0.01 0.48 ± 0.07 0.28 ± 0.06 a 1.93 ± 0.29 10.7 – 16.1 0.34 ± 0.04 24.6 – 30.0 
a Significantly different when compared to all other HDLs (endogenous and reconstituted) of the same density (p≤0.05) 
b Significantly different when compared to the other HDL of the same source but different density (p≤0.05) 
c Significantly different when compared to the corresponding lymph-cannulated cohort (p≤0.05)
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SI Table 3 Tissue biodistribution of HDL CE radiolabel at 34 h after SC administration to lymph-cannulated rats (A) or lymph-intact rats (B). Tissue recovery 
is expressed as total % dose recovered from entire organ/tissue. Data are Mean ± SEM (n=3-5) or Mean only (n=2 for human plasma D-HDL dose recovery at the 
dose site muscle, heart, small intestine and adipose tissue in lymph-cannulated rats). #Average from two adipose depots: perirenal and inguinal adipose. Total 
%dose recovered in adipose tissue was calculated using the assumption that 10%–15% the rat body weight consists of adipose tissue. Statistical differences between 
HDLs of the same density were assessed by one-way ANOVA followed by Tukey’s post-hoc test. Statistical differences between two HDLs from the same source 
but different density was assessed by unpaired t-test. *p≤0.05, **p≤0.01. Statistical differences between lymph-cannulated and lymph-intact animals were assessed 
by multiple t-tests with Holm-Sidak method. 

%dose in entire 
organ/tissue 

Liver Dose site 
skin  

Dose site 
muscle 

Heart Kidney Spleen Small 
intestine 

Adipose 
tissue# 

Urine  Total  

(A
) 

Ly
m

ph
-c

an
nu

la
te

d Human plasma 
D-HDL  

5.44 ± 0.86 3.56 ± 0.26 2.48 0.26 0.35 ± 0.09 0.39 ± 0.07 1.61 9.6 – 14.4 0.32 ± 0.10 24.0 – 
28.8 

Human plasma 
L-HDL 

5.41 ± 1.47 3.50 ± 1.18 1.13  ± 0.51 0.10  ± 0.01 0.14  ± 0.01 0.20  ± 0.03 1.13  ± 0.24 28.0 – 
42.0 

0.18  ± 0.09 39.8 – 
53.8 

Rat plasma    
D-HDL 

4.20 ± 0.66 3.03 ± 0.14 3.88 ± 1.14 0.05 ± 0.02 0.32 ± 0.02 0.45 ± 0.11 1.75 ± 0.42 5.7 – 8.6 0.48 ± 0.08 
b 

19.9 – 
22.7 

Rat plasma    
L-HDL 

4.56 ± 0.76 2.44 ± 0.51 0.81 ± 0.40 
b 

0.10 ± 0.02 0.21 ± 0.03 

b 
0.35 ± 0.08 0.92 ± 0.23 5.1 – 7.7 0.11 ± 0.03 

b 
14.6 – 
17.2 

Rat lymph  
D-HDL 

4.26 ± 0.31 3.92 ± 1.01 2.08 ± 0.22 
b 

0.08 ± 0.02 0.26 ± 0.02 

b 
0.33 ± 0.04 1.11 ± 0.10 32.1 – 

48.2 
0.20 ± 0.05 44.3 – 

60.4 
Rat lymph 

L-HDL 
5.02 ± 0.16 3.96 ± 1.22 3.37 ± 1.19 0.07 ± 0.03 0.24 ± 0.01 0.40 ± 0.05 1.54 ± 0.26 20.4 – 

30.6 
0.42 ± 0.22 35.4 – 

45.6 

(B
) 

Ly
m

ph
-in

ta
ct

 

Human plasma 
D-HDL 

10.7 ± 1.65 
b 

4.11 ± 1.03 3.08 ± 1.28 0.30 ± 0.04 
a, b 

0.51 ± 0.05 0.60 ± 0.05 3.20 ± 0.45 

b 
12.2 – 
18.2 

0.41 ± 0.17 35.1 – 
41.1 

Human plasma 
L-HDL 

4.41 ± 0.49 
b 

2.71 ± 1.33 1.51 ± 0.42 0.13 ± 0.04 
b 

0.34 ± 0.12 0.55 ± 0.12 1.42 ± 0.42 

a, b 
13.6 – 
20.5 

0.23 ± 0.13 24.9 – 
31.8  

Rat plasma    
D-HDL 

5.90 ± 0.06  1.53 ± 0.40 1.32 ± 0.73 0.11 ± 0.02 
b 

0.38 ± 0.08 
b 

0.70 ± 0.14 2.60 ± 0.49 16.5 – 
24.8 

0.57 ± 0.23 29.6 – 
37.9 

Rat plasma  
L-HDL 

10.5 ± 2.11 3.62 ± 1.77 0.95 ± 0.17 0.24 ± 0.03 
b, c 

0.89 ± 0.08 
b, c 

1.35 ± 0.19 
a, c 

3.79 ± 0.28 
c 

12.2 – 
18.3 

0.13 ± 0.04 33.7 – 
39.8 

Rat lymph  
D-HDL 

6.96 ± 1.22  2.53 ± 0.57 2.15 ± 0.52 0.11 ± 0.02 0.42 ± 0.04 
b, c 

0.60 ± 0.11 
c 

4.31 ± 2.81 3.6 – 5.4 b 0.49 ± 0.24 21.2 – 
23.0 

Rat lymph 
L-HDL 

9.94 ± 1.04  7.79 ± 2.52 3.23 ± 0.36 
a 

0.25 ± 0.10 0.58 ± 0.03 
b, c 

0.76 ± 0.04 
c 

3.69 ± 0.59 16.7 – 
25.0 b 

0.51 ± 0.11 43.5 – 
51.8 

a Significantly different when compared to all other endogenous HDL of the same density (p≤0.05) 
b Significantly different when compared to the other HDL of the same source but different density (p≤0.05) 
c Significantly different when compared to the corresponding lymph-cannulated cohort (p≤0.05) 
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SI Figure 4 Tissue biodistribution of HDL CE radiolabel at 34 h after SC administration to lymph-
cannulated rats (A) or lymph-intact rats (B). Tissue recovery is expressed as % dose/g tissue. Data are 
Mean ± SEM (n=3-5). #Average from two adipose depots: perirenal adipose and inguinal adipose. 
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