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Although oral combination antiretroviral therapy effectively clears plasma HIV, 
patients on oral drugs exhibit much lower drug concentrations in lymph nodes 
than blood. This drug insufficiency is linked to residual HIV in cells of lymph 
nodes. While nanoformulations improve drug solubility, safety and delivery, most 
HIV nanoformulations are intended to extend plasma levels. A stable nanodrug 
combination that transports, delivers and accumulates in lymph nodes is needed 
to clear HIV in lymphoid tissues. This review discusses limitations of current oral 
combination antiretroviral therapy and advances in anti-HIV nanoformulations. A 
‘systems approach’ has been proposed to overcome these limitations. This concept has 
been used to develop nanoformulations for overcoming drug insufficiency, extending 
cell and tissue exposure and clearing virus for treating HIV/AIDS.
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While there has been success in develop-
ing highly potent and specific compounds 
that suppress virus to undetectable levels 
in the blood of HIV-infected patients, it is 
well accepted that these treatments do not 
cure patients from HIV/AIDS. At oppor-
tune times, disruption of therapy due to 
noncompliance or medical conditions such 
as an inability to swallow oral tablets and 
capsules can readily result in viral rebound 
and progression to AIDS. Therefore, there 
is an urgent need to understand the source 
of residual virus; the underlying virologic, 
physiologic and pharmacologic mechanisms 
that allow viral persistence; and to develop 
targeted drug delivery strategies to eliminate 
residual virus in HIV patients.

Due to steady advancements in HIV 
research and drug discovery, HIV+ patients 
on current combination antiretroviral ther-
apy (cART; also referred to as highly active 
ART or HAART) can effectively maintain 

undetectable plasma virus levels for years [1]. 
Long-term plasma viral suppression has 
improved life expectancy and quality and 
reduced the rate of disease progression in 
patients under medical care. Additionally, 
viral resistance to antiretroviral (ARV) drugs 
can be addressed with two to three drug 
combinations that target two or more drug 
targets within the same or different viral pro-
teins that are pivotal for viral propagation. 
Should drug-resistant virus appear, clinicians 
typically switch to alternate drug combina-
tions to suppress virus in plasma. In general, 
the drugs available for the treatment of HIV/
AIDS are proven to be selective and effective 
with an acceptable safety profile to reduce 
plasma HIV levels to undetectable levels as 
long as patients are consistently on chronic 
oral cART.

Despite the availability of effective oral 
anti-HIV drugs to suppress virus, HIV per-
sists in tissues within the body even in the 
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absence of detectable plasma virus. This tissue per-
sistence is a significant challenge and believed to be 
a key barrier to finding a cure for HIV. Even after 
years of effective plasma viral suppression to undetect-
able levels, discontinuation of cART results in a rapid 
viral rebound in patients’ plasma; viral RNA is often 
detectable within 2 weeks of discontinuation [2]. Rare 
exceptions to this rule have drawn significant research 
interest. For instance, genetic variation is thought to 
play a role in the ability of some individuals to retain 
high CD4+ T-cell counts despite HIV infection status 
(termed ‘long-term nonprogressors’), and a small sub-
set is even able to suppress virus in the blood to below 
the level of detection without antiretroviral therapy 
(termed ‘elite controllers’). There have been rare cases 
of a ‘functional cure’ or ‘sterilizing cure,’ such as the 
2008 case of the Berlin stem cell transplant patient, 
who remains virus free after receiving stem cells with 
a mutation that inhibits HIV cell entry [3]. However, 
despite these rare successes, the vast majority of indi-
viduals are unable to control HIV viral replication 
without daily cART, and the necessity of adherence to 
therapy is a constant challenge. In addition, due to the 
high frequency (two- to four-times daily) of oral cART 
dosing schedules, patient populations at risk for non-
compliance such as those unable to swallow, IV drug 
abusers and recreational drug users become at risk of 
disease progression.

Even in the USA with advanced medical care and 
a high living standard, 2011 CDC data showed that 
only 40% of the 1.2 million HIV-infected people were 
engaged in medical care (treatment), and only 30% 
had achieved viral suppression [4]. The reasons for this 
‘leaky cascade of care’ are multifold. Individuals that 
are unemployed, homeless or living in poverty may 
not have the ability to access or afford regular medi-
cal care. Mental health problems can make adherence 
to daily therapy difficult. Adolescents may lack the 
mental and emotional maturity to take their medica-
tion consistently. Users of recreational injectable drugs 
are not only at higher risk of transmitting HIV but 
also may miss doses due to their drug use. In order to 
engage these individuals in medical care and adequate 
treatment, new drug delivery methods or dosage forms 
are needed to provide long-acting therapy and enhance 
drug exposure in tissues, targeting the residual virus 
that is pivotal to viral rebound.

Long-acting therapy, referred to as sustained release 
or extended release (XR) oral dosage forms, has had 
an extensive history and proven record of contribution 
to improving patient compliance and effective drug 
use. In fact, formulation research and development 
has been a major driver and contributor to growth in 
the life-cycle (patent life) extension of innovator drugs 

for large pharmaceutical companies. For chronic treat-
ments, converting multiple daily doses to once-a-day 
dosing with an XR dosage form has been reported to 
improve patient compliance [5]. Also, the application of 
nanoformulations or pharmaceuticals of small size is a 
proven and important area of pharmaceutical research 
and development. Pharmaceuticals of small size include 
nanocrystal, colloids, nanoparticles, lipid vesicles or 
liposomes, biopolymers, or protein and protein aggre-
gates. When these drug-carrier particles or complexes 
are small and in the range of 10–1000 nm, they are 
often referred to as nanoparticles or nanomedicine, and 
the process or method to produce the dosage form is 
generally known as nanoformulation of drugs. These 
nanoformulations are intended to improve pharmaceu-
tical properties and drug response by improving drug 
solubility, stability, biodistribution, pharmacokinetics, 
safety and efficacy. Some examples of nanoformulations 
in clinical use are shown in Table 1 [6–11].

On a laboratory scale, many novel nanoformulations 
are reported to improve antiretroviral therapy. Drug 
delivery platforms that include emulsomes [12], nano-
emulsions [13] and solid lipid nanocapsules [14] have 
shown improved targeting of HIV drugs to the liver, 
brain and testes, respectively. Unfortunately, the liver 
is not the major site of HIV replication. In the case 
of emulsomes, retention of zidovudine in liver tissue 
with a cationic carrier was shown to be higher relative 
to a neutral carrier, indicating an ionization-dependent 
localization of particles. For the nanoemulsion, incor-
poration of saquinavir (a protease inhibitor with highly 
variable bioavailability) into a lipid emulsion allowed 
for improved absorption and higher concentrations in 
the CNS. Solid lipid nanocapsules were shown to pre-
vent P-gp efflux of indinavir and improve the concen-
tration of drug in the testes and brain. These examples 
highlight the profound impact that size, morphology 
and composition can have on the distribution of the 
active pharmaceutical ingredient. With an under-
standing of physiochemical properties, hydrophobic/
hydrophilic interactions and distributive processes in 
the body, researchers have demonstrated the potential 
of nanosize drug formulations in laboratory and early 
conceptual studies.

Traditional sustained drug release platforms gener-
ally act by way of a drug depot at the site of injection or 
within the gastrointestinal (GI) tract, with slow release 
of native drug from the dosage form or drug-carrier 
complex. The slow and sustained release of drug from 
a reservoir deposited in a local site provides effective 
plasma drug levels in the blood. With technological 
advances and a fuller understanding of mechanisms 
of drug release, transport, distribution, metabolism 
and elimination over time (sometimes referred to as 
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pharmacokinetics, drug transport and metabolism, or 
PKDTM), the characteristic physiochemical profile 
of an active pharmaceutical ingredient can be used to 
construct nanoformulations capable of increasing drug 
exposure in the target tissues and cells. In other words, 
nanoformulations should and could be used not only 
as an XR platform but also to transport and localize 
drug preferentially in tissues laden with a high density 
of a drug-target (e.g., HIV-infected cells or HIV pro-
teins). In this way, nanoformulations not only provide 
prolonged drug levels in blood but also prolong the 
time spent within target tissues where virus persists. 
This is important because extended exposure in the 
blood alone may not translate to extended drug expo-
sure in tissue, resulting in subtherapeutic effects at sites 
of interest.

Compared to other areas of therapeutics, interest in 
developing long-acting HIV drug therapy (once-a-day 
or lower dosing frequency) is a relatively new. With 
the availability of highly potent HIV drugs and well-
defined tissue and cellular targets, recent innovations 
in nanoformulation design have offered new strategies 
to enhance drug exposure over time and increase drug 
penetration into tissues. It should be reminded that 
overall tissue exposure requires both achieving thera-
peutic target drug concentrations in the target tissue 
and maintaining those concentrations for sufficient 
time. This is especially true for HIV, where the cur-
rent goal is to reduce and eliminate residual virus in 
tissues such as lymph nodes and to some extent in the 
brain. There are a number of excellent reviews on the 
use of HIV drug formulations for prevention, as well 
as nanoformulations intended for suppressing HIV in 
the brain and CNS. Please refer to [15–20] for additional 
details.

In the following, we will discuss recent advances 
in anti-HIV nanoformulation research intended for 
treating AIDS patients with emphasis on the rationale, 
progress and potential impact in overcoming the drug 
insufficiency shown to exist in lymphoid tissues and 

cells. We will first briefly review HIV infection and 
current treatment strategies, limitations and challenges 
of oral dosage forms. We will also highlight the link 
between limited tissue exposure and the lack of clear-
ance of HIV in tissues, followed by discussion of the 
systems approach to targeting drugs to tissues and cells 
– from concept to implementation and validation in 
primate HIV models. This review will conclude with 
discussion on future directions in nanomedicine to 
enhance drug exposure in HIV-infected tissues and 
cells, as well as patient compliance/acceptance in 
pursuit of a cure for HIV.

HIV infection & treatment
HIV infection was first described in the early 1980s 
when scientists isolated a retrovirus capable of horizon-
tal transmission in humans with symptoms that often 
preceded AIDS [21]. Shortly thereafter, a concerted 
effort between clinicians and scientists allowed eluci-
dation of HIV virus as a causative agent in the devel-
opment of AIDS [22]. With significant investments of 
NIH funding for HIV research and tireless effort of 
HIV researchers, almost all proteins that regulate the 
HIV life cycle are now identified, and their structure 
and functional details are characterized, allowing their 
validation as HIV drug targets. As a result, proteins 
pivotal to HIV replication are now known in the con-
text of the HIV life cycle, which is presented schemati-
cally in Figure 1.

The pathogenesis of HIV begins with a single infec-
tious virus entering the host CD4+ T lymphocyte, 
while other cells such as macrophages and mono-
nuclear phagocytes harbor HIV, CD4+ T cells are 
the major host of viral replication and pathogenesis. 
In addition to CD4, other host cell receptors such as 
CCR5 and CXCR4 also serve as coreceptors of HIV 
envelope protein that mediate viral entry into host 
cells. Upon entry, as a retrovirus, HIV RNA is tran-
scribed to DNA by HIV reverse transcriptase, which 
allows HIV DNA to be integrated into host DNA for 

Table 1. Examples of commercially available nanoformulations.

Drug Indication Particle diameter (nm) Drug delivery system Ref.

Doxorubicin (Doxil) Kaposi’s sarcoma 50–100 Liposome [6,7]

Amphotericin B (Ambisome) Fungal infections 50–100 Liposome [8]

Sirolimus (Rapamune) Transplant rejection 20–1000 Nanocrystal [9]

Aprepitant (Emend) Antiemetic 20–1000 Nanocrystal [9]

Fenofibrate (Tricor) High cholesterol 20–1000 Nanocrystal [9]

Albumin-Paclitaxel 
(Abraxane)

Breast cancer ≈130 Protein–drug 
conjugate

[10]

Gamma Globulin (IVIG) Autoimmune 
disease

5 Immunoglobulin [11]
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Figure 1. Schematic representation of the life cycle of HIV beginning with the entry of a viral particle into a 
healthy cell via membrane proteins such as CD4 or CCR5/CXCR4 and the therapeutic agents approved by the 
US FDA for use in the treatment of HIV. After entry into the cell (A), viral RNA is converted into viral DNA by 
reverse transcriptase (B). Viral DNA is then incorporated into the human genome by integrase (C). Ultimately, 
expression of viral proteins result in a budding process (D). Newly budded viral particles must undergo cleavage by 
protease enzymes to mature into infectious viruses.
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producing HIV progeny [23]. The viral protein inte-
grase is responsible for incorporating the viral DNA 
into the human genome. As HIV reverse transcriptase 
converts viral RNA into viral DNA with a high degree 
of error, it may introduce genetic variations. In patients 
on antiretroviral therapy, these genetic variations are 
responsible for the high rate of drug resistance develop-
ment [24]. Once integrated into the host genome, HIV 
can enter its replication cycle through transcription/
translation of the HIV viral sequence to produce viral 
progeny. Viral protein and newly synthesized RNA are 

transported to the cell plasma membrane and initiate 
a ‘budding’ process, resulting in new viral particles. 
These viral particles then require the HIV protease to 
cleave whole viral proteins into viable, infectious virus 
for initiating subsequent host cell infection [25].

As the mechanisms and proteins essential for HIV 
replication are characterized, most of these viral pro-
teins have been used as drug targets for inhibiting 
HIV replication. Potent inhibitors of viral entry, rep-
lication, integration and maturation have been devel-
oped as therapeutic agents. These drugs are generally 
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referred to as entry (CCR5/CD4), reverse transcrip-
tase, integrase and protease inhibitors, respectively. 
Reverse transcriptase inhibitors have been elucidated 
in detail, which revealed two distinct (nucleoside 
and non-nucleoside analogs) classes of molecules that 
inhibit enzyme activity through unique mechanisms. 
In combination, these two reverse transcriptase inhibi-
tors greatly reduce the risk of inducing drug-resistant 
virus. In the relatively short span (∼30 years after the 
discovery of HIV), there are 26 or more drugs avail-
able for the treatment of HIV in the USA. Clinically, 
therapeutic (cART) regimens often target multiple 
checkpoints in viral replication such as the combina-
tion of protease inhibitors with reverse transcriptase 
inhibitors [26,27]. The development of these agents for 
cART has been effective at suppressing plasma viral 
load and preventing drug resistance [28,29].

Residual virus & oral ARV drug exposure in 
tissues
Lymphoid tissue drug exposure is expected to 
be low for orally administered cART
Despite the success of oral cART and its ability to 
reduce the mortality of HIV patients and increase their 
life expectancy, treatment of HIV is a lifetime com-
mitment [30–34]. While patients on oral cART achieve 
undetectable virus levels in blood, virus rebounds read-
ily if cART is stopped [35–37]. Residual virus isolated 
from the lymph nodes of patients without detectable 
virus in their blood is still responsive to cART [38,39]. 
Therefore, instead of drug resistance, limited access of 
orally administered drug to sites of viral persistence in 
the lymphatic system is likely the cause of the inability 
to clear residual virus [40,41]. While it is possible that 
HIV sequences integrated into host DNA may produce 
latent virus that is later reactivated by some cellular or 
immunological trigger, it is also likely that insufficient 
oral drug penetration into lymphoid tissue leads to 
insufficient tissue drug exposure. Additionally, rapid 
re-equilibration of the small fraction of penetrated 
drug back into the blood can exacerbate this problem. 
The resulting insufficient drug exposure in lymph 
nodes and other lymphoid tissues could lead to rapid 
viral rebound soon after stoppage of oral cART.

Physiologic mechanisms of oral versus 
subcutaneous drug administration relating to 
overall drug exposure in lymphoid tissues
Lymphatic drug insufficiency of oral HIV therapies 
can be explained from a physiologic and anatomic per-
spective (Figure 2). First, orally administered HIV drug 
encounters several barriers and sites of loss in its sequen-
tial movement from the GI tract to the systemic circu-
lation. Dissolution, a prerequisite to movement across 

the gut wall, is the first step (Figure 2A). Incomplete 
dissolution, slow penetration of the GI membranes, 
metabolism and decomposition in the gut lumen can 
all lead to poor plasma HIV drug bioavailability or 
overall drug exposure in plasma. Second, blood supply 
draining the gut goes through the liver before reaching 
the systemic circulation. The liver is the major organ 
for drug metabolism, excretion and clearance. Limited 
drug absorption via the gut [42] and early biotransfor-
mation and elimination by the liver and kidney lead to 
only a fraction of orally administered drug entering the 
systemic circulation (Figure 2B). Third, once absorbed 
systemically, drug in the blood exists in either pro-
tein bound or free soluble form (typically measured as 
plasma drug concentrations). The drug in free soluble 
form will be delivered by the blood to most tissues, 
including organs of elimination such as the liver and 
kidney. Thus, an even smaller fraction of HIV drug in 
plasma that presents in free soluble form will be avail-
able to penetrate the blood–lymphatic barriers to reach 
lymphoid tissues (Figure 2C) [43]. Due to nonspecific 
drug distribution as well as the restriction of biologi-
cal barriers, lymphoid drug exposure after oral dosing 
is likely very limited. Fourth, soluble free drug that 
is found in lymphoid tissue can readily diffuse back 
into the blood with little resistance, which also likely 
contributes to lymphoid drug insufficiency by shorten-
ing the residence time of drug in the lymphatic system 
(Figure 2D).

Subcutaneous administration of HIV drug in solu-
tion is expected to improve drug bioavailability in 
blood by overcoming problems of oral drug absorp-
tion and first-pass metabolism. The free soluble drug 
molecule in the subcutaneous space can gain equal and 
direct access to both lymphatic and blood circulatory 
systems through capillary vessels in the subcutane-
ous space. The fraction of drug drained and found in 
the lymphatic system could distribute into the nodes 
without being subjected to first-passage metabolism 
before appearing in the blood. However, the drug 
found in lymphoid tissues can still readily diffuse out 
of the vessels into tissue and return to the blood via 
blood capillaries or the interstitial space in the body. 
Therefore, the subcutaneously administered HIV drug 
in solution could bypass the need of drug penetration 
from blood to lymph but would not provide duration 
of drug retention in the lymphatic system to improve 
the overall lymphoid tissue drug exposure.

On the other hand, drug formulated in large par-
ticles such as microspheres may improve drug retention 
in the subcutaneous space by inhibiting the drug back-
flow from lymph nodes (Figure 2D). However, the hin-
drance of significantly larger particle size also makes it 
difficult for those large particles to enter the lymphatic 
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Figure 2. The distribution of drug varies depending on particle size and route of administration. (A) Represents 
issues in bioavailability including solubility in gastrointestinal fluids and absorption through the gastrointestinal 
and first-pass metabolism. (B) Shows the possible accumulation of drug in off-target tissues as well as clearance 
of drug through the liver and kidneys. Peripheral accumulation of drug can result in toxicities and adverse 
reactions. (C) Shows the effect of particle size on drug retention in the lymph. Free drug that absorbs into the 
lymph is subject to rapid reabsorption into the blood. (D) Shows the effect of particle size on the drug’s ability to 
move in the interstitial space and migrate to the lymph nodes. Free drugs and smaller nanoparticles can readily 
move into the lymph while larger particles (>1000 nm) stay at the site of injection. 
po.: Per os.
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system. Thus, only drug molecules released (slowly) 
from the particles at the injection site are available to 
lymph, leading to apparent sustained but low levels 
of drug in the blood and lymph; overall, this process 
provides some improvement over oral drug dosages 
but still carries significant limitations to improve drug 
exposure in lymphoid tissues. Therefore, subcutaneous 
administration of free drug or a large particle formula-
tion is unlikely to significantly improve tissue and cell 
drug exposure and address HIV drug insufficiency. As 
a result, strategies are urgently needed to increase lym-
phoid drug exposure that not only improve drug distri-
bution but also enhance the retention time of drug in 
the lymphatic system.

HIV drug insufficiency in lymphoid tissues after 
oral dosing: hypothesis & data validation
While logical, the hypothesis we proposed in 2003 
about lymphoid tissue drug insufficiency in HIV 
patients on oral drug therapy needed validation. To 
determine whether HIV drug levels in lymphoid tis-
sue are lower than in blood, we have investigated and 

compared drug concentrations in cells in lymph nodes 
and the equivalent cells in blood from patients on oral 
cART. These results were published in 2003 [44,45]. We 
found that in patients on chronic oral cART therapy 
(with steady-state drug levels), intracellular indinavir 
levels in lymph node cells were about 66% lower than 
the same set of cells in blood (Table 2 [44,46]). Based on 
these data, we proposed that drug insufficiency in lym-
phoid tissues after oral dosing is one of the factors likely 
to contribute to residual virus. We also highlighted the 
need to address this issue for improved effectiveness 
of HIV therapy. Recently, our initial finding about 
lymphatic HIV drug insufficiency in treated patients 
was confirmed and extended to multiple classes of 
HIV drugs [47]. In a prospective study, Fletcher et al. 
reported that multiple drug concentrations in lymph 
nodes were as much as 99% lower than those in blood 
for the same patient (Table 3 [47]). Low lymphatic drug 
levels in patients also paralleled the residual virus and 
viral replication detected in tissues [47]. Thus, the 
association between suboptimal concentrations of 
ARV drugs in lymphoid tissues and viral persistence 
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is established. While a number of oral ARV combina-
tion drug therapies can reduce detectable viral load in 
blood to nearly undetectable levels in HIV-infected 
patients, they are unable to maximally suppress or clear 
the virus in lymphoid tissue compartments due to the 
limited drug exposure [48].

Current status of HIV drug nanoformulations
Various forms of nanoformulations including lipo-
somes, polymeric nanoparticles (NPs), solid lipid 
nanoparticles (SLNs), dendrimers and micelles are 
reported to enhance the effective delivery of ARV drugs 
for HIV prevention and therapy (Table 4) [44,49–74]. 
Among them, liposome formulations have been exten-
sively used for delivery of anti-HIV drugs to enhance 
solubility of insoluble drugs with high log P, protect 
drugs from enzymatic degradation, improve intracel-
lular uptake and encapsulate both hydrophobic as well 
as hydrophilic drugs [44,49–61]. While many reports are 
in a preformulation or formulation characterization 
stage, some have progressed to in vivo small-animal 
studies. Jin et al. [54] investigated the pharmacokinetics 
and tissue distribution of zidovudine in rats following 
intravenous administration of zidovudine myristate (a 
prodrug of zidovudine)-loaded liposomes. The pro-
drug resulted in greater entrapment efficiency and a 
longer plasma half-life in rats. Other studies showed 
that PEG-coated liposomes have benefits as long cir-
culation carriers for lymphatic tissue delivery after 
intravenous administration and were less cytotoxicity 
in mice [57,58]. In addition to conventional liposomal 
delivery system, Gagne et al. developed an indinavir-
loaded targeted liposome (immunoliposome), which 
showed 21- to 126-fold enhanced drug accumulation 
in the liver, spleen and lymph nodes when compared 
with free indinavir [59]. Garg et al. used mannose and 
galactose as targeting moieties on liposomes, which 
were intended to improve uptake by macrophages 
with galactose receptors. Stavudine loaded into man-
nosylated and galactosylated liposomes exhibited 
greater cellular uptake by cells of the mononuclear 
phagocytic system. Unfortunately, this strategy also 

enhanced accumulation in other organs of the mono-
nuclear phagocytic system such as the liver, spleen and 
lungs in Sprague–Dawley rats (compared with free 
drug solution and control liposomes) [60,61]. Develop-
ment and characterization of HIV drugs in polymeric 
nanoparticles, micelles, dendrimers and SLNs, and the 
results of some of the representative formulations are 
summarized briefly in Table 4 [62–74].

To varying degrees, nanotechnology-based drug 
delivery systems could potentially enhance uptake of 
anti-HIV drugs into HIV host and infected cells in 
vitro and improve the pharmacokinetics, pharmacody-
namics and biodistribution of ARV agents in various 
rodent models. It should be noted that most of these 
reports, if not all, are in early stage and use only a 
single agent formulation, which is no longer accept-
able clinical practice for HIV therapy. Nevertheless, 
these reports demonstrate potential of nanotechnology 
to modify tissue distribution and extend the plasma 
half-life of HIV drugs [63]. When an anti-HIV drug is 
encapsulated in a nanosystem, its absorption, metabo-
lism and excretion is not exclusively governed by drug 
properties; rather, the nanosystem’s physical–chemical 
properties, particularly surface-exposed molecules and 
electric charge, and its size, could significantly mod-
ify the resident time and metabolic and elimination 
rates [75,76]. To our knowledge, most current nanomed-
icine platforms for HIV treatment focus on drug deliv-
ery in the blood and on improving pharmacokinetic 
profiles. Minimal research effort has been directed at 
developing drug delivery systems that would target 
other major sites of residual HIV, for example, lym-
phoid tissues in the mucosa such as gut-associated lym-
phoid tissue (GALT) and in the peripheral and visceral 
nodes throughout the lymphatic system [50].

To reduce off-target effects and improve on-target 
drug distribution into tissues and cells that mediate or 
are linked to a clinical syndrome, an innovative nano-
formulation must be stable both in vitro and in vivo 
for sufficient duration and exhibit physiochemical 
properties that allow distribution and localization of 
drug particles within the sites of interest (e.g., lym-

Table 2. Indinavir concentrations in peripheral blood mononuclear cells relative to concentrations in 
plasma and lymph node mononuclear cells in HIV-1-infected humans receiving oral therapy.†

 PBMC (ng/ml)‡ PBMC/plasma ratio LNMC/PBMC ratio

Patient A 860 1.40 0.35

Patient B 940 NA 0.28

Patient C 265 NA 0.23
†Drug concentrations were determined in patients who had received 800 mg indinavir t.i.d. (3×/day) orally for at least 1 month as part 
of the combination therapy. PBMCs and LNMCs were isolated from blood and lymph node tissue, respectively, as described in ref. [44]. 
‡Intracellular drug concentrations were calculated assuming an intracellular volume of 4 × 10–9 ml per cell [46].
LNMC: Lymph node mononuclear cell; NA: Not available; PBMC: Peripheral blood mononuclear cell; t.i.d.: Three times a day. 
Data taken from [44].
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phoid tissues and nodes), while minimizing peripheral 
toxicities (e.g., liver and kidney). Consideration of the 
systems context and practical prospects for clinical 
translation is also essential, as many of what were con-
sidered highly effective but complex formulations have 
proven to be impractical to scale up and/or unstable 
in vitro or in vivo for clinical development. Further-
more, the majority of work done to date in the field 
of nanocarrier ARV drug delivery systems involves 
the use of single ARV agents. As mentioned, single-
agent ART is no longer clinically relevant. Given that 
clinical use of combinations of drugs is more effica-
cious than HIV monotherapy, the understanding of 
HIV pathophysiology and the fact that the residual 
virus target is linked to drug insufficiency could be 
leveraged to develop novel cART nanodrug formula-
tions with high relevant and increasing their potential 
clinical impact.

Systems approach to target HIV drugs 
& overcome lymphatic drug insufficiency
The systems approach concept
Lymphoid tissue is now a well-established target tis-
sue in HIV patients on cART with low or no detect-
able HIV in their blood [44,47,77–78]. While it is clear 
that drug insufficiency in lymphoid cells parallels 
residual virus in lymphoid tissues [44,47], it is less-well 
appreciated that the use of either subcutaneous dos-
ing of drug or traditional sustained-release formu-
lations to gain access to the lymphatic system may 
not address the much needed enhancement of HIV 
drug exposure in lymphoid tissues. As mentioned, 
subcutaneous drug administration can provide first 
passage of drug into the lymph and lymph nodes; 
however, free drug in solution or released from a sus-
tained-release dosage form will readily diffuse out of 
the lymphoid tissue and redistribute into the blood. 
Therefore, only very limited short-acting and tran-
sient gains will be realized. This short-term gain is 

unlikely to improve lymphoid tissue drug exposure 
and overcome drug insufficiency. A more concerted 
and integrated approach is needed to enhance drug 
resident time and improve the drug concentration in 
lymphoid tissue.

Therefore, beginning in 2003, we began to inte-
grate knowledge in HIV pathogenesis with other 
advancements in bioanalytical markers and assess-
ment tools to develop a novel drug delivery platform 
that efficiently tackles barriers to HIV eradication. 
For example, the rebound of viral load and the pre-
cipitate decline of the HIV target CD4+ T cells are 
now validated to be pathological/surrogate markers 
of HIV progression to AIDS. In addition, advances in 
bioanalytical capabilities using a number of tools such 
as chromatographic mass spectrometry have allowed 
probing of tissue drug exposure with sensitivity and 
specificity necessary to evaluate the detailed time 
course and effects of nanodrug combination formu-
lations in small tissue and cell samples. With these 
advances and converging knowledge about the virol-
ogy, cellular immunology and pathology of disease 
progression in HIV/AIDS along with the ability to 
isolate residual virus in lymphoid tissues, we have pro-
posed and implemented an integrated approach called 
the systems approach to nanomedicine, also referred 
to as the systems approach to targeted drug delivery 
(Figure 3).

In brief, the systems approach to targeted drug 
delivery is an integrated drug delivery and targeting 
platform designed to address lymphoid tissue drug 
insufficiency and HIV persistence. It is a holistic 
approach for drug development that includes care-
ful consideration of: first, the detailed pathobiologi-
cal and pathophysiological context of a disease and 
hence drug targets and their biological distribution; 
second, drug distribution (at molecular, intra-/
extracellular, tissue, organ and blood levels), elimi-
nation and action; and third, validated measures or 

Table 3. Drug concentrations in lymph nodes compared with blood for different anti-HIV drugs.†

HIV drug Viral RNA in lymph node  
(over 6 months)

Drug present in LN vs PBMC (%)‡

TDF + 20

FTC + 35

ATV + 0

DRV + 0

EFV + 5
†12 HIV+ patients were administered combination antiretroviral therapy for 6 months with LN and blood samples taken monthly for drug and 
virological analyses.
‡Median drug concentrations over the 6-month study period were determined in LNs and blood, and the ratio of ([drug]LN/[drug]blood) was 
taken. Data are expressed as a percentage.
ATV: Atazanavir; DRV: Darunavir; EFV: Efavirenz; FTC: Emtricitabine; LN: Lymph node; TDF: Tenofovir disoproxil fumarate.
Data taken from [47], (Figures 1 & 3).
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Figure 3. Schematic representation of the systems approach concept. It involves integration of the detailed 
understanding of four core areas of biomedical knowledge: first, drug target distribution and localization in the 
body at molecular, intra-/extra-cellular and tissue/organ levels; second, drug biodistribution and clearance of 
drug in the body over time; third, quantitative or bioanalytical markers that could be measured in blood or other 
samples for predicting drug levels and disease outcome and fourth, physiological and pathological consequences 
of the aberration of drug targets that reflect disease symptoms. This is in addition to selecting the right drug(s) 
with potent efficacy and high safety. The integration of these four areas of knowledge is the basis for the 
development of the simplest approach of a drug delivery platform that leads to low off-target and high on-target 
effects. Finally, the ultimate outcome of a successful systems approach is a novel therapeutic that is more effective 
and safe at treating a disease.
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surrogate biomarkers of disease outcomes coupled 
with bioanalytical capabilities. It integrates molec-
ular, cellular and physiological knowledge, and an 
understanding of pharmacology (the study of drug 
action) and pharmacokinetics (how the body handles 
drug) of drug–target interactions. The time course 
of drug concentrations and the extent of drug expo-
sure at target sites in the body relative to the blood 
are carefully contrasted and considered. Moreover, 
an intricate understanding and definition of key-
limiting factors that impede total elimination of a 
disease is considered in this approach to design and 
build a delivery system that can best deliver drug to 
molecular, intra-/extracellular and tissue targets, and 
realize maximal overlap between the distribution of 
drug molecules (and exposure) and that of drug tar-
gets. The overall goal of the systems approach is to 
reduce off-target effects and metabolic conversion 
and to improve on-target drug distribution into the 
precise disease targets that mediate or are linked to 
a clinical HIV/AIDS syndrome. For practicality and 
sustainability, a minimalist approach is preferred 
to arrive at the simplest tissue and cell localization 
strategy – this should enable a cost-effective and scal-
able drug delivery system with the fewest preparation 
steps needed to ensure a stable pharmaceutical dos-
age formulation specifically targeted to well-defined 
sites of action.

Application of the systems approach to 
enhance tissue & cell drug exposure in lymph 
nodes: the tissue of drug insufficiency in HIV 
infection
HIV is a prototypical case study on the implementa-
tion of the systems approach because the components 
required to implement the systems approach are mostly 
in place (Figure 4). HIV target proteins, as well as their 
respective inhibitors (drugs), are well characterized and 
have been validated to modify virus levels and rate of 
HIV progression to AIDS. This detailed knowledge 
forms the basis of the molecular targets that are vali-
dated by having drugs approved for human use with 
selective, inhibitory efficacy against HIV, but minimal 
cross-activity against human host protein counterparts. 
In addition, in the case of residual virus and virus-
infected cells in lymphoid tissues with limited drug 
exposure, the tissue distribution of HIV drug–target 
(enzymes) is also defined to be cells of lymph nodes and 
associated tissues. While viremia is an important factor, 
precipitate decline in CD4+ T cells is among the best 
clinical hallmarks and surrogate biomarkers of HIV 
progression to AIDS [79]. Having a validated surrogate 
biomarker that represents disease outcome to assist in 
early decisions on drug development is invaluable to the 
design and implementation of the systems approach is 
designed to preferentially deliver to and improve drug 
exposure in lymphoid tissues. As mentioned above, the 
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Figure 4. Schematic representation of implementation of the systems approach for HIV nanoformulations. Following the systems 
approach principle, implementation from concept to practice could be divided into three general components: first, convergence 
of core competencies; second, identifying key rate-limiting steps and third, definition of the therapeutic product profile for the 
nanoformulation. 
HAART: Highly active antiretroviral therapy; iv.: Intravenously; po.: Per os; sc.: Subcutaneously.
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tissues that HIV infects are also well understood, which 
primarily include the blood, the lymphatic system and 
CNS. A key consideration is if the extent of drug expo-
sure in target tissues is sufficient for therapeutic efficacy 
to take place. Thus, a detailed understanding of HIV 
drug uptake, distribution (including the influence of 
drug transporter proteins, such as P-gp), metabolism 
and elimination in tissues and cells within the body 
over time is needed. Inconsistent drug penetration and 
insufficient drug exposure in tissues other than highly 
perfused organs such as the liver, kidneys and lungs 
can pose a unique set of challenges [43]. As discussed 
above, only a very small fraction of orally administered 
drug gains access to the lymphatic tissues. This poor 
drug exposure in lymph nodes may be a key underly-
ing mechanism of the low but detectable and persistent 
virus in lymph nodes. Finally, as mentioned above, bio-
analytical capabilities exist that use chromatographic 
mass spectrometry and target tissue and cell isolation to 
detect drug molecules inside cells with high sensitivity 
and selectivity. Highly sensitive assays capable of detect-
ing a single virus copy of HIV’s ribonucleotide sequences 
have been developed to prove that cART reduces the 
detectable viral load in blood to nearly undetectable 
levels in HIV patients. Thus, in summary, the follow-
ing six components have coalesced for HIV to make the 
systems approach applicable to novel anti-HIV thera-
peutic development: first, pathobiology/physiology of 
disease mechanisms; second, definition and character-
istics of disease targets at molecular, intra-/extracellular 
and tissue levels; third, selective and effective drug mol-

ecules; fourth, validated surrogate biomarker(s) that 
represents disease outcome; fifth, drug and drug–target 
(residual viral-infected cells) distribution (including 
influence of drug transporter proteins) and pharmaco-
kinetics in cells, tissue and blood within the body and 
sixth, sensitive and selective bioanalytical capabilities.

Lymphatic drug insufficiency and persistent HIV 
in the lymphatic system have been identified as the 
drug delivery target and a limiting step in viral eradi-
cation in HIV patients on oral cART [80,81]. The key 
to overcoming drug insufficiency and residual HIV 
is improving drug exposure in lymphatic tissue above 
and beyond what is currently achievable [82]. In other 
words, drug delivered to the lymphatic system must 
accumulate and be retained/trapped in the tissues 
(i.e., lymph nodes) and cells for extended periods of 
time, so it can carry out its therapeutic action at its 
target (i.e., HIV proteins essential for replication).

After integrating the systems knowledge and clearly 
defined target of lymphoid tissues and cells, we then look 
for characteristics of drug and drug particle properties 
that could gain not only a first-pass advantage but also 
accumulate in the lymph nodes for an extended time. 
Following the early discovery that ink particles of 40–80 
nm (not soluble fountain pen ink) are trapped in the 
interstitial space within the lymph nodes [83,84], we rea-
soned that having nanodrug particles of 50–100 nm that 
drain from the subcutaneous space into lymph vessel 
could allow accumulation of drug molecules as they flow 
throughout the lymphatic system (the resulting drug–
lipid nanoformulation will be discussed below) [44].
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For clinical translation, the simplest tissue and 
cell localization strategy is favored to provide a cost- 
effective and scalable pharmaceutical preparation 
that accelerates product development. To address 
lymphatic drug insufficiency and suppress viral 
rebound, we systematically developed and evaluated 
anti-HIV drug particles that distribute throughout 
the lymphatic system after subcutaneous administra-
tion and avoid metabolic liabilities that occur with 
chronic oral dosing. In initial proof-of-principle non-
human primate studies, we used the protease inhibi-
tor indinavir in lipid particles in which the lipid 
stabilizes water-insoluble (hydrophobic) indinavir in 
50–90 nm lipid–drug particles at neutral pH (7–8), 
and then readily releases drug from particles at pH 
4–5. After subcutaneous administration, indinavir 
concentrations were greatly enhanced in lymph nodes 
throughout the lymphatic system (e.g., inguinal, 
mesenteric, submandibular and other peripheral and 
visceral nodes) compared with free indinavir given 
orally. Moreover, the natural course of HIV progres-
sion was disrupted by CD4+ T-cell decline being 
reversed, and both viremia and residual viral levels 
in lymph nodes were reduced [44,45]. Therefore, these 
studies demonstrated that lipid-bound drug targets 
the system of interest (the lymphatics) and retains 
pharmacologic activity.

These proof-of-principle studies with indinavir–
lipid nanoparticles demonstrated the potential of the 
systems approach to develop a method to target HIV 
drug to sites of viral persistence, overcome lymphatic 
drug insufficiency and enhance viral suppression. 
However, since monotherapy is no longer an accepted 
HIV treatment paradigm due to the high risk of drug 
resistance, a combination of at least three drugs target-
ing at least two viral proteins is required to sufficiently 
combat HIV. Thus, to move our drug delivery system 
forward in a clinically relevant direction, we pursued 
a combination anti-HIV drug nanoparticle formula-
tion to increase clinical efficacy and reduce the risk of 
harboring drug-resistant HIV.

Application of the systems approach to design 
nanoformulation with multiple HIV drugs
Patient compliance remains a significant hurdle in 
HIV treatment strategies. Several key demograph-
ics, including those suffering from economic hard-
ship, mental disability or injectable drug use, have 
increased rates of treatment interruption and ces-
sation due to lack of access to continuous care and 
difficulties complying with oral dosing frequencies 
of twice or even three-times daily administration. In 
the case of nanoformulations for parenteral adminis-
tration, daily dosing would be even more impracti-

cal. Drug delivery strategies that achieve prolonged 
drug exposure after a single injectable dose could 
allow access to therapy for many underserved at-risk 
demographics. A survey conducted by the University 
of Nebraska and Johns Hopkins University indi-
cates a high degree of patient interest in weekly or 
less frequent injectable anti-HIV therapy, especially 
among young people and among users of recreational 
drugs [85]. Thus, applying the systems approach to 
develop long-acting nanoformulations capable of tar-
geting drug combinations to the lymphatic system 
after subcutaneous delivery may not only overcome 
lymphatic drug insufficiency that currently enables 
viral persistence but also address current concerns of 
patient compliance.

Targeted long-acting combination 
antiretroviral therapy intended for 
simultaneous delivery of multiple anti-HIV 
drugs
The targeted long-acting combination antiretroviral 
therapy (TLC-ART) formulation composed of drug–
lipid nanocomplexes that carries multiple ARV drugs 
in a single nanoformulation. It is intended to enhance 
exposure of drug in lymphoid tissues after subcutane-
ous administration [41]. The overall goal is to enhance 
and prolong drug exposure in the lymph node and 
lymphoid tissue targets (to overcome tissue drug insuf-
ficiency) and to extend the duration of plasma drug 
concentrations. We have chosen two protease inhibi-
tors, lopinavir (LPV) and ritonavir (RTV), and a 
nucleoside reverse transcriptase inhibitor (PMPA) as a 
test combination for TLC-ART (Figure 5). The lipo-
philic protease inhibitors lopinavir and ritonavir natu-
rally associate with the lipid excipient in TLC-ART, 
resulting in a high degree of lipid–drug binding. A sig-
nificant fraction of hydrophilic tenofovir (PMPA) can 
also be simultaneously and stably associated.

While traditional sustained-release drug delivery 
systems (a depot or biodegradable implant at the injec-
tion site) slowly release native drug over time, TLC-
ART nanodrug combination formulation has proven 
to gain preferential lymphatic access from the subcu-
taneous injection site, enhance drug penetration and 
retain within cells. In addition, the nanodrug combi-
nation formulation prolonged circulation time of the 
drugs in the blood (Figure 6) [86]. With a particle size 
of 50–70 nm, the TLC-ART formulation is ideally 
sized for lymphatic uptake, distribution and retention 
within lymph nodes [87]. This capability has been dem-
onstrated in nonhuman primates, which is one of the 
most appropriate models for anti-HIV nanotherapeu-
tics intended to enhance drug exposure in tissue and 
cells.
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Figure 5. Schematic representation of a lipid nanoparticle with combined antiretroviral drugs. The lipophilic 
protease inhibitors (ritonavir and lopinavir) are shown to be integrated into the lipid compartment of 
nanoparticles. Tenofovir is shown to be associated within the aqueous compartment and on the hydrophilic 
surface due to its hydrophilicity. This formulation enables the loading of multiple drugs with variable solubility/
absorption properties into the same lipid nanoparticle composed of DSPC (1,2-distearoyl-sn-glycero-3-
phosphocholine) and mPEG2000DSPE (1,2-distearoyl- sn-glycero-3-phosphoethanolamine-N-methoxy-polyethylene 
glycol-2000).
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Translation of ARV drug combination 
nanoparticles intended to enhance intracellular 
drug exposure in lymphoid tissues & cells
Following the systems approach, verification of sys-
temic targeting to lymphoid tissues and cells by in vivo 
evaluation can, and often should, be conducted. These 
studies should be done as a priority and prior to the 
addition of targeting moieties to a nanoformulation 
for cell-specific localization, such as a CD4-selective 
peptides and antibodies or aptamers. Inclusion of these 
cell-selective moieties not only increases complexity 
and cost but also the challenges in scaling from labora-
tory testing to large-animal testing, which is essential 
for clinical translation and development. While we 
have developed capabilities to target HIV drug nano-
formulations to CD4+ T cells [88], which is the HIV 
host, we deliberately did not proceed with clinical 

translation to find the simplest solution for addressing 
lymphoid tissue drug insufficiency. No CD4 targeting 
is necessary to improve drug exposure in cells of lymph 
nodes [89].

Evaluations of anti-HIV therapies in nonhuman 
primates are the most appropriate model for mul-
tiple physiological and virological reasons. Rodents 
have very loose connective tissue in the subcutaneous 
space, resulting in wide lateral expansion of adminis-
tered compounds, potentially impacting drug absorp-
tion and distribution [90]. While swines have tight 
attachments in the subcutaneous space that mimic 
that in humans, they also have inverted lymph node 
architecture that may impact trafficking through the 
lymphatic system [91]. Not only do the larger size and 
comparable lymphatic physiology make nonhuman 
primates a preferable model for subcutaneously admin-
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Figure 6. Schematic representation of differences in 
lymphatic uptake, distribution and retention of lipid 
nanoparticles in the lymph nodes in comparison to free 
drug.
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istered compounds, but they are also an ideal model for 
HIV research due to their ability to develop AIDS [92]. 
Importantly, SIV-infected macaques (a nonhuman pri-
mate) treated with antiretroviral therapy demonstrate 
the same plasma viral suppression and rebound viremia 
seen in humans [93].

When administered to macaques, drug–lipid 
nanoparticles containing lopinavir, ritonavir and teno-
fovir resulted in enhanced and extended drug concen-
trations of all three drugs in plasma and peripheral 
blood mononuclear cells with drugs still detectable 
7 days after administration [87]. Total drug exposure 
(plasma AUC from 0 to 168 h) was enhanced seven-
fold or more compared with free drug in suspension. 
This was particularly remarkable for hydrophilic teno-
fovir which, with only 12% lipid-association, not only 
demonstrated increased total drug exposure but also 
showed a dramatic shift toward delayed drug exposure 
with 51% of exposure occurring after 24 h. By con-
trast, administration of free drug resulted in only 0.1% 
of tenofovir exposure occurring after 24 h. Triple-drug 
particles also enhanced intracellular drug concentra-
tions within peripheral lymph nodes, supporting our 
previous findings with monodrug particles contain-
ing indinavir, which enhanced drug concentrations in 
peripheral and visceral lymph nodes throughout the 
body [44]. Importantly, no significant adverse effects 
were observed.

Few other anti-HIV nanoformulations have been 
evaluated in primates, likely indicative of the chal-
lenges involved in translating from small-scale 
nanoparticle development to the larger scale aseptic 
production needed for in vivo studies. Liposomes con-
taining antithrombin III, a serpin with anti-HIV activ-
ity, were administered subcutaneously to SIV-infected 
macaques and resulted in a decrease in plasma viral 
load [92]. However, tissue drug concentration was not 
evaluated, and the clinical relevance of antithrombin 
III has yet to be demonstrated. Polymer-coated crys-
talline forms of RTV and atazanavir (ATV), prepared 
separately and mixed at the time of administration, 
resulted in sustained drug release in plasma, but this 
was accomplished via a slow-release drug depot in the 
subcutaneous space, and lymphatic tissue concentra-
tions were not evaluated [94]. This is in contrast to a 
long-circulating nanoformulation that is sized for 
direct lymphatic uptake. Although possible, mixing 
of two or more single-drug nanoformulations could 
circumvent the need to produce a nanoformuation 
containing multiple HIV drugs. However, the mixing 
approach may lead to heterogeneous intracellular drug 
concentrations for each drug, which could pose drug 
resistance concerns. Uneven peak and trough intracel-
lular concentrations could be minimized with a fixed 

ratio of drug combinations in a single nanoformula-
tion such as that proposed in the TLC-ART strategy. 
As presented above, the TLC-ART formulation with 
a three HIV drug combination allows for simultane-
ous delivery of multiple complimentary drugs to target 
tissues and cells. Taken together, by combining our 
understanding of lymphatic physiology, drug pharma-
cokinetics and clinical need, we have developed lipid–
drug complexes containing multiple ARV drugs that 
provide enhanced lymphatic delivery and prolonged 
drug concentrations in blood and cells. With a target 
dosing frequency of once-weekly or less, TLC-ART 
has the potential to address challenges of lymphatic 
drug insufficiency and patient noncompliance inherent 
to current oral cART. While incorporation of CD4-
binding peptides in the TLC-ART nanoformulation 
provided selective delivery of drug to CD4+ T cells [88], 
such a strategy will add cost to final product and is 
therefore reserved as a backup strategy.

Conclusion & future perspective
Nanomedicine has provided new tools and rationales in 
the development and search for new and more powerful 
strategies for HIV/AIDS treatment. The rational design 
and manipulation of diverse nanosystems, including 
liposomes, dendrimers, NPs and SLNs, has provided 
new candidates against HIV with improved solubility, 
stability and pharmacokinetic and adherence proper-
ties. However, most current nanomedicine platforms 
for HIV treatment focus on drug delivery in the blood 
and on improving pharmacokinetic profiles. Nano- or 
microsustained drug release formulations could main-
tain plasma drug concentrations for weeks and months, 
especially those implanted or injected in the muscular 
or subcutaneous space. While accumulated data indi-
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cate that most of the sustained-release formulations 
prolong the plasma drug exposure, these formulations 
do not fully address lymphoid tissue drug insufficiency. 
In this review, we discussed a systems approach to tar-
geted drug delivery to residual HIV-infected cells and 
tissues. The systems approach leverages and integrates 
the pathology, virology and well-defined tissues and 
cells of drug insufficiency and residual virus to develop 
long-acting nanoformulations capable of improving 
local drug concentrations and retention at these sites of 
interest. As a result, drug exposure in off-target tissues 
such as the liver and kidney will likely be reduced. By 
doing so, this approach could contribute significantly 
to reducing adverse systemic toxicities while improving 
efficacy for existing and new products. Through the 
integration of pathophysiological understanding with 
physiochemical interactions as well as the characteris-
tics of drug pharmacokinetic properties and bioanalyti-
cal capabilities, this approach has the potential to pro-
duce multiple drugs in a single nanoformulation and to 
accelerate development of breakthrough therapeutics in 

a wide range of diseases including cancer. It also could 
accelerate the development of systems for bacterial, 
fungal and mycobacterial diseases.

Although there are benefits and advantages of apply-
ing the systems approach to novel nanoformulations, 
there are features and challenges that must be overcome 
in the future to successfully translate ongoing studies to 
the clinical setting. These include the biocompatibility 
of excipients (biopolymers, lipids, novel materials, etc.), 
safety, stability and their robust scale-up procedure for 
large-scale preparations. The integration of virological 
information, drug target and drug distribution, elimi-
nation and kinetics has allowed for the development 
of new ways of clearing residual virus through main-
taining therapeutic drug concentrations in the hard-
to-reach tissues. With the goal of clinical translation 
in mind, an improved nonformulation that combines 
multiple ARV drugs that target multiple HIV proteins 
should be selected to overcome tissue drug insufficiency. 
Other nanomedicine platforms should also be explored 
to develop combination therapies for safe and effective 

Executive summary

Challenges of HIV/AIDS treatment
•	 Current HIV drug combinations are given orally, which reduce virus to undetectable levels. However, they are 

unable to completely eradicate the virus.
•	 HIV persists in cells and tissues such as lymph nodes and other privileged sites, and rebound upon cessation of 

drug therapy.
•	 The tissue persistence is a significant challenge and believed to be a key barrier to finding a cure for HIV.
•	 As pills are taken daily, or more frequent, patient adherence to dosing schedule is also a key challenge.
Lymphatic drug insufficiency: hypothesis & data validation
•	 Orally given HIV drugs are found in cell of lymph node at 1/3 that of blood counterpart.
•	 Lymphatic drug insufficiency of oral HIV therapies could be rationally explained from a physiologic and 

anatomic context, and has been verified directly with experimental evidence.
•	 Lymphatic drug insufficiency and viral rebound from persistent and residual HIV in the lymphatic system in 

HIV patients on oral highly active antiretroviral therapy have been identified and validated independently as 
rate-limiting steps in viral eradication.

Nanotechnology-based drug delivery for HIV/AIDS treatment
•	 Various nanocarriers such as liposomes, polymeric nanoparticles, solid lipid nanoparticles, dendrimers 

and micelles have been reported with varying degree of success to enhance and overcome lymphatic drug 
insufficiency.

•	 Subcutaneous administration of nanoformulation could help improve the drug bioavailability in the 
lymphatic system.

The systems approach concept
•	 The systems approach to targeted drug delivery integrates knowledge of drug target at tissue and cell levels 

and engineering insights to develop appropriate nanoformulation to improve drug exposure at target.
•	 The overall goal is to reduce off-target effects and improve on-target drug distribution into the precise 

tissue/cell targets that mediate a clinical response.
•	 Application of the systems approach has proven to accelerate nanoformulation design that enhances tissue 

and cell drug exposure in lymph nodes, the tissue of drug insufficiency in HIV infections.
Targeted long-acting combination antiretroviral therapy for simultaneous delivery of multiple anti-HIV 
drugs
•	 Unlike most nanodrug formulations carrying a single drug, targeted long-acting combination antiretroviral 

therapy formulations carry multiple antiretroviral drugs in a single drug–lipid nanoformulation.
•	 Targeted long-acting combination antiretroviral therapy nanoformulations have been shown to enhance 

intracellular drug exposure in lymphoid tissues and cells; it is currently a part of clinical translation effort.
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long-acting HIV therapy to improve patient compli-
ance. Future clinical trials and in vivo research studies 
that address these challenges may prevent the spread of 
the HIV/AIDS epidemic worldwide and may help find 
a cure for those who are infected.
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