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Nanoparticles (NPs) have been gaining prominence as delivery vehicles formodulating immune responses to im-
prove treatments against cancer and autoimmune diseases, enhancing tissue regeneration capacity, and potenti-
ating vaccination efficacy. Various engineering approaches have been extensively explored to control the NP
physical and chemical properties including particle size, shape, surface charge, hydrophobicity, rigidity and sur-
face targeting ligands to modulate immune responses. This review examines a specific set of physical and chem-
ical characteristics of NPs that enable efficient delivery targeted to secondary lymphoid tissues, specifically the
lymph nodes and immune cells. A critical analysis of the structure-property-function relationship will facilitate
further efforts to engineer new NPs with unique functionalities, identify novel utilities, and improve the clinical
translation of NP formulations for immunotherapy.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

1.1. Vaccines and immunotherapy

The immune system plays a vital role in protecting the human body
against pathogens such as bacteria and viruses. The discovery of vac-
cines has paved the way for modulating the immune system for disease
prevention and treatment. Traditional prophylactic vaccines were com-
posed of whole pathogens in live-attenuated or killed/inactivated
forms. These vaccines have been effective in preventing a variety of in-
fectious diseases including tetanus, diphtheria, polio, typhoid and
chickenpox, but they can be less effective in young and old populations
as well as recipients with immunodeficiency, and may even cause se-
vere toxicities due to the risk of virulence reversion [1,2]. Furthermore,
effective vaccines are still unavailable for many morbid infectious dis-
eases such as HIV, dengue, chikungunya, Zika, and malaria. To address
these challenges, a new generation of well-defined subunit vaccines
composed of inactivated proteins, synthetic peptides, or plasmid DNA
encoding the specific antigens are being developed [3–5]. Although
these vaccines are considered to be safer than traditional whole patho-
gen vaccines, theirwidespread applications have been impeded by their
low immunogenicity and poor immune memory induction [1]. Cur-
rently, commercially available adjuvants include aluminum salts, emul-
sions (MF59 and AS03), Toll-like receptor (TLR) agonists adsorbed on
aluminum (AS04) and combination of immunopotentiators (QS-21
and MPL in AS01), which were developed empirically [6,7]. There is an
increasing need to develop new adjuvants to elicit the potency of the
next generation of vaccines.

In addition to vaccines, other forms of immunotherapy have
drawn increasing attention in the last few decades, particularly in
the field of cancer therapy [1,8,9]. Currently available cancer immu-
notherapy repertoire includes cytokines for modulating the host
immune system and antibodies against check-point molecules
such as programmed cell death protein 1 (PD-1) and cytotoxic T-
lymphocyte-associate protein 4 (CLTA-4) [10]. Despite some agents
having shown great promise for the treatment of a subset of cancer
patients, there remains a substantial population for whom currently
available immunotherapies are ineffective. To improve treatment re-
sponse, investigators have tried combining different immunother-
apy agents. However, such a combinatorial approach may increase
the risk of off-target “immune-related adverse events” that manifest
as a diverse range of autoimmune diseases. For example, in patients
with untreated unresectable stage III or IV tumors, the combination
of Nivolumab and Ipilimumab increased the median progression-
free survival to 11.5 months compared to 2.9 months with
Ipilimumab alone and 6.9 months with Nivolumab alone, respec-
tively. However, the combination also increased Grade 3 or 4
treatment-related adverse events from 16.3% of the patients in the
Nivolumab group and 27.3% of those in the Ipilimumab group to
55.0% of those in the combination treatment group [10].
1.2. Lymphatic system

An important target for modulating the immune response via pro-
phylactic or therapeutic interventions is the lymphatic system and sec-
ondary lymphoid organs, especially the major draining lymph nodes
(dLNs). Early characterization of the lymphatics established the
lymphatic's main role in reabsorption of fluids and electrolytes lost by
Starling forces at the capillary beds [11]. Starling's law states that arteri-
oles, capillaries, and venules contribute to fluid filtration and plasma
proteins pulled into the interstitial space [12]. With this understand,
the lymphatic system acts as a sewer system that absorbs protein rich
exudate and dietary fats, and recycles this filtrate back to the blood by
way of the thoracic duct [13]. This view evolved to the lymphatics im-
portant role as an antigen “information superhighway” that samples
and concentrates upstream inflammatory cues within the dLNs [14].
The dLN structure allows the innate immune response to meet the
adaptive immunity and to pass off key information about the foreign in-
vader or state of self, thereby maximizing the likelihood of a productive
encounter between an antigen presenting cell (APC) and low-frequency
antigen-specific T- or B-cell and initiation of a successful immune re-
sponse and resolution of infection [14]. Given that the LN is themeeting
ground for productive immunological interactions, the lymphatic sys-
tem is a key target for immunomodulation.

Targeting the LNs via the lymphatics for initiation of the immune re-
sponse has been well explored over the past 15 years. Early work using
labeled dextrans and liposomes determined the optimal size and charge
characteristics for delivery [15–20]. It was not clear if delivery to a single
LN could initiate a systemic immune response or if the response would
remain locally. Antigen depots administered by direct intra-LN delivery
that retains antigen and adjuvant within the dLN [21] resulted in a sys-
temic response in a tolerogenic vaccine multiple sclerosis (MS) model
leading to alleviation of MS symptoms in mice [22]. Memory B- and T-
cells have been shown to be preferentially enriched within the dLN
and interrogate incoming antigens in the lymph and quickly become ac-
tivated to clear the infection [23,24]. This highlights not only the impor-
tance in targeting the LNs for initiating an immune response but also for
boosting an immune response and formation of subsequent memory.
Current evidence suggests that memory T- and B-cells are restricted to
the dLNs that originate the immune response, leavingmany unanswered
questions as to the best priming and boosting vaccination regimen and
location of prime/boost (e.g. same dLN target for prime/boost or different
dLN target for prime and boost) that yields the most effective systemic
immune response and immune memory formation [25]. Targeting
APCs and B−/T-cell memory is key for robust vaccine formulations.



74 X. Ke et al. / Advanced Drug Delivery Reviews 151–152 (2019) 72–93
1.3. Nanoparticles (NPs) for immunoengineering

NPs have been increasingly proposed for the delivery of immuno-
modulatory molecules to improve the potency and reduce the safety
concerns raised by vaccines and immunotherapy agents [1,26,27]. For
example, the combination therapy using oxaliplatin and NPs loaded
plasmid DNA encoding PD-L1 trap fusion protein significantly enhanced
the antitumor effect and decreased the “immune-related adverse
events” compared to the treatment of oxaliplatin plus anti-PD-L1 anti-
body in murine orthotopic colorectal, melanoma and breast cancer
models [28]. Compared to traditional delivery systems, nanoparticulate
systems are more desirable by virtue of their unique properties: (a) NPs
can significantly lower the side effects induced by immunomodulatory
agents through specific agent delivery to select lymphoid tissues or im-
mune cells; (b) this targeted delivery can enhance the potency of these
payloads, reducing the required dose to elicit an effective immune re-
sponse; (c) NPs can protect and stabilize these immunomodulatory
compounds in vivo; (d) NPs can enable co-delivery of antigens and im-
munomodulatory agents simultaneously to the lymphoid tissues and
immune cells in a single vehicle, enhancing the activity of these agents;
and (e) some NPs may also have intrinsic immunomodulatory proper-
ties that can ameliorate the immune response induced by the payloads.
Various types of nanoparticular systems have been designed and
employed for the delivery of vaccines and immunotherapy agents, in-
cluding, but not limited to polymeric micelles, liposomes, dendrimers
and gold/iron oxide NPs [27,29–31]. The immunomodulatory com-
pounds can be either loaded inside the core or attached on the surface
of the NPs. Through synthetic chemistry and NP engineering strategies,
improved targeting effects and enhanced immune responses could be
achieved by controlling the physicochemical properties of the NPs
Fig. 1. (A) Schematic illustration of variousNPphysicochemical properties including size, shape,
and antigen below 100 nm in hydrodynamic diameter in the intradermal or subcutaneous spa
dictating which immune cell subsets process self or non-self-antigen cues. Modified from [36]
including particle size, particle shape, surface charge, surface chemistry
and hydrophobicity, rigidity and targeting ligands (Fig. 1). For instance,
controlling the NP size is an attractive strategy to achieve effective LN
targeting and changing the particle shape significantly affect the inter-
actions between NPs andmacrophages, which both markedly influence
the toxicity and immune responses induced by NPs [20,32–35]. Under-
standing the relationship between the various NP physicochemical
properties and their lymphatic targeting abilities, in terms of tissue,
cell, and sub-cellular targeting, is important to NP design as the carrier
for vaccines and immunotherapy agents. In this review, we will discuss
various approaches used to control the physicochemical properties of
NPs, and elaborate on how these properties of immunomodulatory
agent-loaded NPs influence lymphoid tissues and immune cells
targeting.

2. Effect of NP size on lymphatic targeting

Particle size is one of themost important parameters that influences
NP biodistribution and interactionswith immune cells after administra-
tion. For polymeric and lipid NPs, particle size can be controlled by
changing the physicochemical properties of the NP forming materials
or by using various NP preparation methods such as flash nanoprecipit-
ation, microfluidic devices, layer-by-layer self-assembly and particle
replication in nonwetting templates (PRINT) technology, as previously
reviewed [37]. More recently, our group has developed a new
method termed Flash Nanocomplexation (FNC) for DNA or protein
therapeutic-loaded NP preparation with good size control in a scalable
and reproducible manner [38–43]. In addition, particle size of gold
NPs can be easily controlled by tuning the preparation conditions [44].
These methods provide appealing platforms to investigate the size
charge, hydrophobicity, rigidity and targeting ligand influence lymphatic targeting. (B)NPs
ce drain to the lymphatics. (C) The LN sieves NP and antigen in a size-dependent fashion,
.
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effect of NPs. In this section, the effect of particle size on LN targeting,
biodistribution, interactions with immune cells, and immune response
to the delivered antigens of NPs will be discussed.

2.1. Effect of NP size on LN targeting

Draining LNs have a high density of immature APCs,making them an
attractive target for vaccines and therapeutics [45]. NP size has been
shown as a key determinant for LN targeting and retention. Reddy
et al. showed that small polypropylene sulfide (PPS) NPs stabilized by
polyethylene glycol (PEG) or Pluronic (b50 nm) were more readily
transported to dLNs and processed by immature dendritic cells (DCs)
than largeNPs (100 nm) by convective lymphatic drainage following in-
tradermal (i.d.) administration [20,32]. The lower size limit for preferen-
tial lymphatic drainage targeting was found to be 8 nm by using
dendritic polymers [46]. NPs below this size preferentially drain into
the blood via absorption into capillary beds by passing through endo-
thelial cell junctions. NPs above 8 nm travel primarily by convection
and traverse the thick, negatively-charged extracellular matrix in a
size- and charge-dependent manner [47,48]. These NPs can then cross
Fig. 2. LN anatomy. (A) LNs are composed of one or many functional units called lobules. Each l
entering the LN by afferent vessels are filtered into the cortex region if b70 kDa, otherwise
micrograph of a LN highlighting critical features. (C) LEC junction with anchoring filam
(B) reproduced with permission from [50]. (C) and (D) reproduced with permission from [11]
the junctions between lymphatic endothelial cells (LECs) that line the
lymphatic collecting system, and enter the collecting vessel's lumen
(Fig. 2) [13]. This entry is facilitated by stress-induced stretching of an-
choring filaments that adhere LECs to the extracellular matrix. The tem-
poral stretching allows passage of soluble macromolecules via
convection into the initial lymphatics [13]. This stretching is induced
under peristaltic pressure driven by unidirectional fluid floworiginating
from Starling Forces that govern the passive exchange ofwater between
the capillary bed and surrounding tissue [49].

Size discrimination originates from the interstitial extracellular ma-
trix, which forms water pores that are about ~100 nm in diameter, and
acts as a molecular sieve for convective transport [51]. NPs above
100 nm are retained at the injection site until uptake by epidermal or
dermal DCs that then activate and upregulate chemokine receptor
CCR7, and travel to the dLN through the lymphatics [52]. One strategy
to avoid this size limitation in NP transport is by using intra-LN injection
[53]. The size requirements for LN targeting differ from ideal size char-
acteristics for targeting major APC populations in the LNs. Particulate
and soluble matter in lymphatic fluid entering the LN through afferent
lymphatic vessels are sorted by hydrodynamic size in the subcapsular
obule has the same features of superficial cortex, paracortex, andmedulla regions. Antigen
passing through the transverse sinuses and exiting the LNs by efferent vessel. (B) H&E
ents. (D) Labeled particulates b100 nm can pass through the LEC junction. (A) and
.
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sinus. Macromolecules below 70 kDa (corresponding to a hydrody-
namic radius of 4 nm) can traverse the CD169+ subcapsular macro-
phage lining by way of the reticular network, which penetrates into
the paracortical zone containing the highest density of T lymphocytes
and DCs [54,55]. Larger NPs are relegated to the subcapsular sinus re-
gion as they drain out the LN via the efferent lymphatic vessel, and are
not taken up by any immune cells unless coated by complement; they
are eventually released into the blood circulation via the thoracic duct
or cisterna chyli [56].

2.2. Effect of NP size on biodistribution under disease conditions

Most NP trafficking studies use healthy mouse models to define the
biodistribution of NPs after administration.However, within the context
of different diseases, the distribution of NPs to the lymphatic system
may greatly differ. Chen et al. investigated the effects of systemic inflam-
mation on the distribution of spherical, fluorescently labeled polysty-
rene (PS) (20, 100, 500 nm) NPs after intravenous (i.v.) injection [57].
In non-inflamed conditions, the biodistribution of these NPswere as ex-
pected, with majority of the NP dose accumulating in the liver, lungs
and spleen. However, after the introduction of lipopolysaccharide
(LPS) and induction of systemic inflammation over a 16-hour period,
there was a decrease in accumulated dose in the liver and lung, while
there was an increase in NP retention in the spleen across all NP sizes.
Using Evans Blue assay, they revealed that spleenhad amuchhigher de-
gree of blood vessel leakage than the other organs after treated with
LPS. This might be the reason causing the increased retention of
20 nm NPs in the spleen at LPS-induced inflammatory condition. On
the other hand, the increased retention of larger NPs in the spleen
might associate with the higher uptake of these NPs by spleen leuko-
cytes during inflammation. Themagnitude of statistically significant dif-
ferences between NP retention in control and LPS-induced systemic
inflammation mice was directly associated with size, where 500 nm
NPs saw the greatest increase in retention in the spleen, and 20 nm
NPs had very little difference in biodistribution before and after sys-
temic inflammation. A similar change in biodistribution occurs in the
presence of a tumor, altering immune cell interactions with NPs by up-
regulating M2 macrophage polarization systemically and in secondary
lymphoid organs, resulting in faster NP clearance relative to healthy
mice [58]. This size- and organ-specific change in retention highlights
the importance of pathology-specific systemic conditions in designing
NP treatments.

2.3. Effect of NP size on immune responses

The immune response of NPs has been shown to be significantly af-
fected by NP size. Kang et al. synthesized OVA-conjugated gold NPs
(OVA-Au-NPs) with hydrodynamic diameters of 10, 22 and 33 nm and
found that the 33 nm NPs had the best DC uptake in vitro and in the
dLNs, while the 22 nm NPs had significantly higher polyfunctional
CD8+ T cells [59]. In an EG7-OVA prophylactic lymphoma tumor
model, the 22 nm NPs significantly prevented tumor growth compared
to the 10 nm NPs, which had no significant difference compared to free
OVA. Stano et al. used an OVA-conjugated Pluronic stabilized PPS NP to
compare the extremes of sizes, 30 and 200 nm, to determine which NP
size best elicits a cellular and humoral response after intranasal admin-
istration [60]. The 200-nmPPS NPs increased OVA-specific OT-I CD8+T
cell andOT-II CD4+T cell proliferation ex vivo in a dose-dependedman-
ner compared to 30-nm PPS NPs. In vivo, the 200-nm PPS NPs induced a
statistically higher fraction of polyfunctional lung CD4+ T cells (secret-
ing INF-γ, TNF-α and IL-2) compared to the 30-nmPPS NPs, while there
was no significant difference in elicited polyfunctional lung CD8+ T
cells. Similarly, Zhou et al. engineered Toll-like receptor-9 (TLR-9) ago-
nist CpG oligodinucleotide (ODN)-conjugated Au-NPs with finer grada-
tions of change in NP diameter (15, 30, 40, 60, 80 nm), and found that
the 80 nm NPs had the greatest antigenic presentation and stimulatory
capacity in bone marrow-derived dendritic cells (BMDCs) as measured
byH-2Kb (SIINFEKL) and CD40flow cytometric surface staining, respec-
tively [61]. This work highlights how controlling NP size to control
antigenic presentation can be used to enhance cell-based immunoth-
erapeutics already used in the clinic.

As suggested above, the impact of various immunostimulatory
adjuvants can be dictated by NP size and packaging. It was thought
that CpG-ODN stimulatory activity was dictated by sequence motifs
and their secondary and tertiary structures alone, thus explaining why
different classes of CpG (CpG-A, CpG-B, CpG-C) elicit differential
plasmacytoid DC (pDC) activation and maturation, IL-1β secretion and
IFN-α production [62]. It was later determined that these molecules'
stimulatory capabilities and responses were not caused by their se-
quence motifs or relative unmethylated CG content, but rather that
the mechanism was linked to CpG compartmentalization into early or
late endosomes [62]. IL-1β secretion correlated with sequestration of
CpGs in early endosomes, while pDC maturation was linked to CpG lo-
calization in LAMP-1-rich late endosomes, regardless of CpG sequence.
Controlling this localization by aggregating or breaking up CpG aggre-
gateswith different sequences and class (CpG-A, CpG-B, CpG-C) thus al-
lows for control of CpG activity. Taking advantage of this insight,
multiple groups have conjugated CpGs directly to the NP surface and
controlled NP size to modulate immunostimulation and downstream
immune response [63–65]. Conjugating CpG2006–a CpG-B that prefer-
entially induces pDC activation and elicits little IFN-α secretion when
delivered in free form–onto 3–4 nm sized silicon NPs skewed CpG-B ac-
tivity away from pDC activation and towards IFN-α secretion [63].
Along with particle size, surface density of adjuvants on NP surface
may also affect the immune response. Controlling the CpG surface den-
sity on poly(lactic-co-glycolic acid) (PLGA) NPs (~100 nm) and PLGA
microparticles (2 μm) skewed results towards a Th1 vs. Th2 immune re-
sponse, with the NPs eliciting more of a Th2 response unless NPs had a
high CpG density, where the response was skewed towards Th1. The 2
μm microparticles always led to a Th1-biased response regardless of
CpG surface density (Fig. 3) [64]. Smaller gold NPs of 13 nm (sphere),
40 nm (star) and 50 nm (sphere) with the same CpG surface density
also had differential responses, where 40nmand50nmNPshad greater
uptake, NF-κB activation and cytokine secretion inmurinemacrophages
RAW-BLUE reporter cells relative to 13 nm NPs [65]. Similar control of
aluminum salt adjuvant activity by controllingNP size has been demon-
strated. Historically, alum salts yield only Th2 antibody responses,
which are hallmarked by weak cellular immune response and poor im-
mune memory induction. Typically, alum salts are mixed directly with
antigens prior to injection, creating 2–20 μm sized alum/antigen depots
at the injection site. Controlling this alum/antigen depot size by gener-
ating well-controlled NP and microparticle structures allowed for
control of adjuvant immunogenicity, activation and injection site in-
flammation [66,67]. Li et al. synthesized aluminum hydroxide NPs
(200 nm) or microparticles (9.3 μm) surface-coated with OVA to inves-
tigate size-dependent immune response [67]. Compared to the micro-
particles, the NPs had a greater reduction in inflammation at the site
of injection and an increase in antibody titer in a mouse model. In addi-
tion, only the NPs prevented tumor growth in a B16-OVA tumor model
[67]. These results suggest that immune cells sense not only the
pathogen-associatedmolecular patterns, but also their spatial presenta-
tion and together, they influence the appropriate immune response (e.g.
Th1 for small viruses, Th2 for bacteria). The NP systems discussed in this
section are summarized in Table 1.

3. Effect of NP shape on lymphatic targeting

The continuous development of NP preparation techniques such as
PRINT, step and flash imprint lithograph (S-FIL) and membrane
stretching to control particle shape, has further enabled research efforts
to investigate the shape effect of NPs [69,70]. In this section,wewill dis-
cuss the effects of particle shape on the interactions with macrophages



Fig. 3.NP size and CpG surface density influences DC and T cell cytokine profiles. (A) Schematic illustration depicting the mechanism of action of PLPs and how CpG density and PLP-size
impacts the biological response with regards to the systemic immune polarization observed after treatment of each formulation. Maximum density NPs promoted greater secretion of
IL12p70 inactivated BMDCs 24 h after initial treatment. (C) IL-10 production was low regardless of treatment 24 h after initial treatment. (D) IFN-γ secretion of CD4+ transgenic T-
cells (OT-II) that were co-cultured with activated BMDCs mirrored IL12p70 profiles, with the maximum density NP-treated DCs inducing greater IFN-γ production. (E) IL4 secretion
patterns in OT-II CD4+ T-cells demonstrate an inverse pattern relative to (C), with low-density formulation inducing a greater secretion of IL-4 than their maximum density NP
counterparts. Reproduce with permission from [64].
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and DCs, and the immune response, as well as the application of NPs of
various shapes for immunotherapy.

3.1. Effect of NP shape on cellular uptake by macrophages and DCs

Regardless of the administration route, NPs introduced into the body
may be recognized and internalized bymacrophages through phagocy-
tosis. For those NPs that are not for macrophage targeting, this process
may significantly affect the delivery efficiency to the desired cell popu-
lations. NP shape has long been known to influence the phagocytic effi-
cacy ofmacrophages. For instance, worm-likefilomicelles delivering the
anti-cancer drug paclitaxel showed 10 times longer blood circulation
time than their spherical counterparts in both mice and rats [71]. It
was speculated that the macrophages had more difficulty phagocytos-
ing the filomicelles compared to the spherical micelles in both cell cul-
ture and flow conditions [71]. Similarly, Samir and his co-workers also
found that worm-like particles with aspect ratio N20 were negligibly
phagocytosed compared to spherical particles with the same volume
[72]. The contact angle of the particle with macrophage was important
in controlling the phagocytosis efficiency of such particles [73]. When
the contact angle was small, the macrophage membrane formed an
actin cup and ring structure to achieve successful internalization of the
particles, while with a large contact angle, the energy required to form
the actin cup to cover the particles was too high to induce phagocytosis
[73]. Thus, theworm-like particles could only be internalizedwhen they
contacted with the macrophages along their long axis, which explained
why worm-like particles were phagocytosed less efficiently than the
spherical particles by macrophages [73]. By taking advantage of this,
Wibroe et al. changed the particle geometry from spherical shape to ei-
ther rod- or disk-shape to delay the recognition by pulmonary macro-
phages within the first few minutes after i.v. injection, which
effectively mitigated the cardiopulmonary reactions after NP injection
in pigs [74]. The shape effect on phagocytosis is also associated with
size. Spherical NPs with sizes of 0.5-, 1- and 3.6-μm, were stretched to
form oblate ellipsoids and prolate ellipsoids to investigate the shape
and size effects on phagocytosis [75].For small particles derived from
0.5 and 1 μm particles, the phagocytes were more efficient at engulfing
oblate ellipsoids, followed by spheres, and then prolate ellipsoids. How-
ever, no differences in phagocytosis were observed for the large parti-
cles (derived from 3.6-μm particles) [75].

NP shape also affects the interactions of NPs with DCs. It was found
that disc-shape NPs could be internalized in a much higher degree
than rod-shape NPs with similar volume and similar largest surface
area by BMDCs [76]. In another study, nanofibers showed enhanced up-
take than spherical NPs in DCs (CD11c+) and plasmacytoid DCs (CD11c
+/B220+) isolated from splenocytes [77].

3.2. Effect of NP shape on immune responses

The shape effect of NPs on immune responses has also been investi-
gated in both in vitro and in vivo. For the rod-shaped aluminum oxide
NPs with long and short aspect ratios of 6.2 and 2.1, only the long-
type NPs showed the ability to increase the population of neutrophils
and monocytes, and were more effective in inducing the co-
expression of CD80 and CD86 on splenocytes, decreasing the expression
of CD195 compared with the short-type NPs upon i.v. injection [68]. Al-
though the spherical NPs had higher cell uptake than the cylindrical
NPs, the long cylindrical NPs was far more effective in inducing the se-
cretion of IL-6 than spherical NPs and short cylindrical NPs in murine
macrophages RAW 264.7 cells [78]. When NPs with different shapes
were used as adjuvants for antigen delivery, they significantly influ-
enced the immune responses elicited by the loaded antigens. For in-
stance, Samir and his co-workers prepared a set of PS NPs (two
spherical NPs with diameters of 193 and 521 nm, and two rod-shape
NPs derived from the spherical NPs with 376 nm and 1530 nm in
length) and decorated OVA on the surface to investigate the size- and
shape-depended immune response [79]. Results showed that immune
responses shifted from a Th1-biased response to a Th2-biased response



Table 1
Examples of NPs used to investigate the effect of size on lymphatic targeting.

NP forming
materials

Payload/dye Main
characteri-zations

Immune
cells

Animal model R.A. Key findings Ref.

PEG-
stabilized
PPS

Fluorescein or Alexa
Fluor 488

Size: 20, 45 and
100 nm

BALB/c mice i.d. Small size NPs (20 and 45 nm) had better LN targeting and higher
level of DC uptake in the LN than the large NPs (100 nm).

[20]

Pluronic
stabilized
PPS

OVA Size: 25 and 100
nm; Surface
groups: OH vs.
OCH3

BALB/c, C57BL6 and
C3−/−, OT-II Tg
and CD45.1 mice

i.d. Small size NPs had better LN targeting and higher level of DC
uptake in the LN than the large NPs; Combination of small size
and in situ complement activation elicited strong immune
responses.

[32]

PLGA-b-PEG Cy7.5 and Alexa
Fluor 488

Size: 20, 40, and
100 nm

SKH1-Elite and CD1
mice

s.c. Size-dependent gradient in lymphatic targeting kinetics, fraction
of injected dose in LN, NP uptake by DCs, paracortex penetration,
and retention in draining LN, all following the trend of 20 N N 40 N

100 nm. Suggests that NPs smaller than 30 nm exhibit optimal
drainage kinetics and LN retention.

[35]

PS Molecular Probes®
FluoSpheres®
proprietary
yellow-green dye

Size: 20, 100 and
500 nm

FVB mice at
inflammatory
condition induced
by LPS

i.v. Under inflammatory condition, accumulation of NPs increased in
the spleen; the 500-nm NPs showed the most significant
difference compared with that at healthy condition.

[57]

Gold OVA Size: 10, 22 and 33
nm

DC2.4 and
OT-1 T cells

EG7-OVA tumor
model

s.c. The 33-nm NPs had the best DC uptake in vitro and in the dLNs,
while the 22-nm NPs had significantly higher polyfunctional CD8
+ T cells;
The 22-nm ONPs significantly prevented tumor growth compared
to the 10-nm NPs.

[59]

Pluronic
stabilized
PPS

OVA Size: 30 and 200
nm

C57BL/6, OT-II and
OT-I OVA
transgenic mice

i.n. The 200-nm NPs induced a statistically higher fraction of
polyfunctional lung CD4+ T cells compared to the 30-nm NPs
in vivo.

[60]

Gold CpG; OVA Size: 15, 30, 40, 60
and 80 nm

BMDCs The 80-nm NPs had the greatest antigenic presentation and
stimulatory capacity.

[68]

Silicon CpG-B Size: 3–4 nm PBMCs Conjugating CpG-B onto silicon NPs skewed CpG-B activity away
from pDC activation and towards IFN-α secretion.

[63]

PLGA CpG Size: 100 nm and
2000 nm
CpG density: low
and high

BMDCs The 100-nm NPs elicited more of a Th2 response unless NPs had a
high CpG density, where the response was skewed towards Th1;
The 2000-nm NPs led to a Th1-biased response regardless of CpG
surface density.

[64]

Gold CpG Size: 13 nm
spheres, 50 nm
spheres, and 40 nm
stars

RAW-BLUE The 40- and 50-nm NPs had greater uptake, NF-κB activation and
cytokine secretion in RAW-BLUE cells relative to 13-nm NPs.

[65]

Alum OVA and Bacillus
anthracis protective
antigen protein

Size: 112 nm and
9.3 μm

BMDCs,
DC2.4 and
J774A.1
cells

B16-OVA tumor
model

s.c. The NPs had a greater reduction in inflammation at the site of
injection and an increase in antibody titer in a mouse than the
9.3-μm macroparticles; Only the NPs prevented tumor growth in
a B16-OVA tumor model.

[67]

PPS: polypropylene sulfide; PS: polystyrene; PLGA: poly(lactic-co-glycolic acid); Alum: aluminum; OVA: ovalbumin; BMDCs: bone marrow-derived dendritic cells; PBMCs: Peripheral
blood mononuclear cells; LPS: Lipopolysaccharide; R.A.: route of administration; i.d.: intradermal; i.v.: intravenous; i.n.: intranasal; s.c.: subcutaneous; Ref.: Reference.
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when the maximum particle length of the NPs increased (Fig. 4) [79].
Among all the NPs, the small spherical NPs elicited the strongest both
Th1-biased and Th2-biased responses [79]. In another case, Niikura
et al. engineered four cetyltrimethylammonium bromide (CTAB)-
coated gold NPs including spheres (20 and 40 nm in diameter), rod
(40 × 10 nm) and cubic (40 × 40 × 40 nm) for the West Nile virus en-
velope (WNVE) protein delivery [80]. Compared to other NPs, 40 nm
spherical NPs elicited the highest level of WNVE antibody level in
C3H/HeNJc1 mice after intraperitoneal (i.p) injection. In APC cells
(BMDCs and RAW264.7), rod NPs showed the highest cellular internal-
izations and induced the highest level of IL-1β and IL-18 secretions,
while 40 nmspherical NPs and cube NPs induced higher levels of the se-
cretion of the pro-inflammatory cytokines including TNF-α, IL-6, IL-12
and GM-CSF than other NPs [80]. The NP systems discussed in this sec-
tion are summarized in Table 2.

4. Effect of NP surface charge on lymphatic targeting

Surface charge is an important NP feature that influences the NP sta-
bility and the interactions of NPs with biological systems, which can be
controlled by tuning the ratio of cationic and anionic NP forming mate-
rials or coating the surface of NPs with materials with different charges.
In this section, how the surface charge affects the cellular uptake by
APCs, immune response, LN targeting ability and biodistribution of
NPs will be discussed.
4.1. NP uptake by APCs is dependent on both NP surface charge and size

Due to the negative surface charge of the cell membrane, cationic
NPs typically exhibit higher cell internalization compared to anionic
and natural NPs. One study showed that Chitosan-based NPs of the
same particle size but different zeta potentials (+39.25, +0.51 and
−45.84 mV, named P-NPs, M-NPs and N-NPs respectively) presented
differentiated cellular uptake with the P-NPs showing higher cellular
uptake than the other two NPs in eight different cell lines including car-
cinoma, epithelial, endothelial, fibroblast and megakaryoblastic cells
[84]. However, predicting the cellular uptake as a function of the charge
of a NP inmacrophages andDCs ismore complicated. In BMDCs, 100 nm
cationic NPs had higher cellular uptake than 100 nm anionic NPs, while
200 nm anionic NPs showed higher cellular uptake than 200 nm cat-
ionic NPs [85]. Surface charge had negligible effect on cellular uptake
for 500 nm NPs [85]. Thus, the results indicated that the charge effect
of NPs on cellular uptake in macrophages and DCs were also dependent
on the particle size.
4.2. Effect of NP surface charge on biodistribution and immune responses

Surface charge also significantly influences biodistribution, and thus
immune response to NPs. In a recent study published by Kranz and
Diken et al., it was found that changing the surface charge of mRNA-



Fig. 4. Size and shape-dependent modulation of immune response: (A) Immune response as function of the size and shape of NPs. (B) SEM images of particles with different sizes and
shapes. SEM image of OVA conjugated ps particles for: (a) OVA-Spheres-193, (b) OVA-Rods-376, (c) OVA-Spheres-521 and (d) OVA-Rods-1530. Scale bars = 1 μm. (C) Shape, size and
volume effect on antibody titer production. The antibody titers obtained at 3rd week after booster immunization were used to estimate the effect of varying size (a and b) and
equivolume shape (c and d) on antibody (IgG-total, IgG-1 and IgG-2a) generation. * indicates that the values are significantly higher compared to other groups, respectively (p b

0.001). Each data point represents mean ± STDEV (n = 4). Reproduced with permission from [79].
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lipoplexes (RNA-LPX) from positive to negative through enhancing the
charge ratio of mRNA to cationic lipids (e.g. DOTMA and DOPE) shifted
the distribution of RNA-LPX from the lungs to the spleen after i.v. injec-
tion (Fig. 5A–C) [86]. In addition, negatively charged RNA-LPX had high
accumulation and gene expression in DCs andmacrophages within var-
ious lymphoid compartments including spleen, LNs and bone marrow.
Administration of the negatively-charged antigen-encoded RNA-LPX
triggered interferon-α (IFNα) release, and induced strong effector and
memory T-cell responses as well as mediated rejection of progressive
tumors (Fig. 5D) [86]. In an ongoing phase I clinical trial, the first
three melanoma patients treated with a low-dose RNA-PLX encoding
shared tumor antigens showed strong INF-α expression and antigen-
specific T-cell responses (Fig. 5E) [86]. Huang's group has also showed
that for NPs of same size, negatively-charged lipid/calcium/phosphate
(LCP) NPs (zeta potential: −19.9 ± 4.1 mV) had greater LN accumula-
tion than the positively-charged LCP NPs (zeta potential: +21.3 ±
2.1mV) after i.v. injection [87]. However, positively charged LCPNPs ex-
hibited higher gene expression level compared to negatively charged
LCP NPs in LNs, which can be attributed to the higher cellular uptake
and greater endosome escaping ability of the positively charged NPs
[87].

Doddapaneni et al. prepared three types of NPs including neutral,
partially-negatively charged and fully-negatively charged NPs with
zeta potentials of −6.4 ± 0.24, −19.2 ± 2.15 and −37.6 ± 1.02 mV,
respectively, to investigate the charge effect on LN trafficking patterns.
The results showed that the neutral NPs and partially-charged NPs
were effective in lowering the number of melanocytes at proximal LNs
and both proximal and distal LNs respectively, while the fully-charged
NPs had no effect on either LNs [83]. Fromen et al. investigated the im-
pact of the NP charge in the immune response using two OVA
conjugated rod NPs with positive or negative surface charge upon pul-
monary administration [33]. Results showed that the OVA-conjugated
cationic NPs induced high systemic and lung antibody titers and in-
creased the population of germinal center B-cells and activated CD4+
T-cells in lung dLNs, while OVA-conjugated anionic NPs had no effect
[33]. In a subsequent study, they found that both cationic and anionic
NPswere capable of trafficking to the dLNs after pulmonary administra-
tion [81]. Cationic NPs showed lower cell internalization in lung alveolar
macrophages but higher cell association with lung CD11b+ and CD103
+ DCs when compared with anionic NPs [81]. As a result, the cationic
NPs induced upregulation of CCL2 and CXC10 in the lung [81]. In a
more recent study, it was fond that cationic NPs and anionic NPs had
similar effects in stimulating the release of IL-1β from BMDCs, however,
the release of IFN-γ from T cells after incubation with BMDCs treated
with various NPs was greatest for cationic NPs, followed by neutral
NPs and lastly anionic NPs [82].

Myeloid-derived suppressor cells (MDSCs) are one of the major
populations of immune cells at the tumor microenvironment and



Table 2
Examples of NPs used to investigate the effect of shape on lymphatic targeting.

NP forming
materials

Payload/dye Main characteri-zations Immune cells Animal model R.A. Key findings Ref.

PEG-PEE and
PEG-PCL

Paclitaxel/PKH26 Shape: spheres and worms C57 mice and
Sprague–Dawley
rats

i.v. Worm-like NPs showed 10 times longer blood
circulation time than their spherical
counterparts in both mice and rats.

[33]

PS Coumarin Shape: spheres and worms Rat
macrophage
cells NR8383

Worm-like particles with aspect ratio N20
were negligibly phagocytosed compared to
spherical particles with the same volume.

[81]

PS Shape: spheres, Oblate ellipsoids,
Prolate ellipsoids, Elliptical disks,
Rectangular disks and UFOs

NR8383 and
J774

Small contact angle of the particle with
macrophage induced fast phagocytosis.

[82]

PS Shape: spheres, rods and discs Pig i.v. Changing the particle geometry from spherical
shape to either rod- or disk-shape delayed the
recognition by pulmonary macrophages
within the first few minutes.

[34]

PS Shape: spheres, oblate ellipsoids and
prolate ellipsoids
Size: 0.5, 1 and 3.6 μm

RAW264.7 For small particles, the phagocytes were more
efficient at engulfing oblate ellipsoids,
followed by spheres, and then prolate
ellipsoids.; No differences in phagocytosis
were observed for the large particles with
different shapes.

[83]

PEGDA Fluorescein Shape: rods and discs BMDCs Disc-shape NPs could be internalized in a
much higher degree than rod-shape NPs with
similar volume and similar largest surface
area.

[76]

Peptide
self-assembled
NPs

CpG Shape: spheres and rods DCs and
plasmacytoid
DCs isolated
from
splenocytes

Rod-shape NPs showed enhanced uptake than
spherical NPs in DCs and plasmacytoid DCs.

[77]

Aluminum oxide Shape: rods with aspect ratios of 6.2
and 2.1

ICR mice i.v. Only the long-type NPs showed the ability to
increase the population of neutrophils and
monocytes, and were more effective in
inducing the co-expression of CD80 and CD86
on splenocytes, decreasing the expression of
CD195 compared with the short-type NPs.

[68]

PDLLA-b-PAA
and
PLLA-b-PAA

Fluorescein Shape: spheres and rods RAW 264.7 The spherical NPs had higher cell uptake than
the rod NPs; The long rod NPs was far more
effective in inducing the secretion of IL-6 than
spherical NPs and short rod NPs.

[62]

PS OVA Shape: two spherical NPs with
diameters of 193 and 521 nm and two
rod-shape NPs derived from the
spherical NPs with 376 nm and 1530
nm in length

DC2.4 BALB/c mice s.c. The immune responses shifted from a
Th1-biased response to a Th2-biased response
when the maximum particle length of the NPs
increased; The small spherical NPs elicited the
strongest both Th1-biased and Th2-biased
responses than other NPs.

[63]

Gold WNVE Shape: spheres (20 and 40 nm), rods
and cubes

BMDCs and
RAW264.7

C3H/HeNJc1
mice

i.p. The 40 nm spherical NPs elicited the highest
level of WNVE antibody level than other NPs;
The rod NPs showed the highest cellular
internalizations and induced the highest level
of IL-1β and IL-18 secretions in APC cells; The
40 nm spherical NPs and cube NPs induced
higher levels of the secretion of the
pro-inflammatory cytokines including TNF-α,
IL-6, IL-12 and GM-CSF than other NPs in APC
cells.

[64]

PEG-PEE: polyethylene glycol-polyethyl ethylene; PEG-PCL: polyethylene glycol-polycaprolactone; PS: polystyrene; PEGDA: polyethylene glycol diacrylate; PDLLA-b-PAA: poly(D,L-
lactide)-b-poly-(acrylic acid); PLLA-b-PAA: poly(Llactide)-b-poly(acrylic acid); OVA: ovalbumin; WNVE: West Nile virus envelope; BMDCs: bone marrow-derived dendritic cells; R.A.:
route of administration; i.v.: intravenous; s.c.: subcutaneous; i.p.: intraperitoneal; Ref: reference.
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have potent immune suppressive activity [90]. It has been
shown that cationic polymers (e.g. cationic dextran and
polyethyleneimine (PEI)) have the potential to re-polarize MDSCs
at tumor site from M2 immunosuppressive phenotype to M1
anti-tumor phenotype [91]. By taking advantage of this, Wu et al.
prepared PEI coated magnetic cationic NPs to combine with radio-
therapy for brain tumor treatment. Due to the cytotoxicity to the
tumor cells under radiation and the re-polarization effect on
MDSCs, these NPs significantly prolonged the survival time of
both immunocompetent and athymic mice with glioma [34]. Neu-
trophils are the most abundant leukocytes in the blood and the
“first responders” against foreign materials that enter our bodies
[92]. It was found that changing the surface charges of both poly-
meric and lipid NPs from negative to positive by adding cationic
surfactants caused cytotoxicity and inflammatory response to
human neutrophils [93].

It is important to point out that the surface properties of NPs is
significantly changed once in contact with physiological conditions,
due to the formation of protein corona [94,95]. In a study where
superparamagnetic iron oxide NPs (SPIONs) with different surface
charges were incubated in serum, cationic and neutral NPs prefer-
entially led to serum protein adsorption compared to anionic NPs
[96]. The NP systems discussed in this section are summarized in
Table 3.



Fig. 5. mRNA-lipoplexes quality attributes and impact in biodistribution and treatment of melanoma patients. (A) Impact of mRNA and lipid composition on charge and structure of
lipoplexes. (B) Particle size, polydispersity index (top) and zeta potential (bottom) (n = 3) of RNA-lipoplexes constituted with DOTMA/DOPE liposomes and Luc-RNA at various
charge ratios. (C) Bioluminescence imaging of BALB/c mice (n = 3) after i.v. injection of Luc-lipoplexes at various charge ratios. Pie charts show relative contribution of each organ to
total signal. (D) CT26-Luc growth and CT26 tumor load in lungs of BALB/c mice (n = 4–7) immunized i.v.with gp70-lipoplexes. (E) Serum cytokines before (0 h) and after injection of
intra-patiently escalated doses of RNA-lipoplexes vaccines encoding four tumor antigens (NY-ESO-1, MAGE-A3, tyrosinase and TPTE). (A) Reproduced with permission from [88,89];
(B-E) Reproduced with permission from [86].
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5. Effect of NP surface hydrophobicity on lymphatic targeting

Several strategies have been commonly used to control the hydro-
phobicity of NPs, such as (a) forming NPs using amphiphilic polymers
with different hydrophobic segments [97]; (b) grafting side chains of
varying degrees of hydrophobicity onto the main NP chain, forming
polymers [98–101]; (c) modifying the surface of NPs with various func-
tional groups [82,102,103]; and (d) preparing NPs by blending two
polymers with different degrees of hydrophobicity [104]. In addition,
to further investigate the effects of hydrophobicity, NPs fabricated
using polymers with similar structures but different hydrophobicity
have also been adopted [105–107]. In this section, we will discuss
how hydrophobicity affects the antigen-loading ability and release pro-
file, LN targeting and retention effects, DC uptake and activation and
immune response.

5.1. Effect of NP hydrophobicity on antigen release and integrity

Hydrophobicity of the NP-forming materials can significantly influ-
ence the antigen release profile and functional preservation, and subse-
quently influence the immune response. For instance, Petersen et al.
designed and synthesized four polyanhydride polymers for the delivery
of bacillus anthracis protective antigen (PA) with the purpose of
selecting the best nanoparticulate formulation to preserve the immuno-
genicity of PA during fabrication, storage and administration [97].
The four polymers were polymerized based upon three monomers,
sebacic anhydride (SA), 1,6-bis(pcarboxyphenoxy) hexane (CPH) and
1,8-bis(p-carboxyphenoxy)-3,6-dioxaoctane (CPTEG), at different ra-
tios. PA-loaded NPs prepared using these four polymers demonstrated
sustained PA release over 2 months, with 20:80 CPTEG:CPH and 50:50
CPH:SA NPs showing slower PA release than 50:50 CPTEG:CPH and
20:80 CPH:SA NPs. Compared with the two CPH:SA polymers, the two
amphiphilic polymers CPTEG:CPH were better at preserving the bioac-
tivity and immunogenicity of PA during the fabrication process and in
in vivo applications. Moreover, the amphiphilic polymer with a longer
hydrophobic chain (20:80 CPTEG:CPH) preserved the biological activity
of PA more effectively than the one with shorter hydrophobic chain
(50:50 CPTEG:CPH) at 40 °C, 25 °C and 4 °C during a 4 month storage
period.

5.2. Effect of NP hydrophobicity on LN drainage

The LNdrainage and retention effect of NPs can also be influenced by
the hydrophobicity. NPs with high hydrophobicity tend to form large
aggregations at injection site, which decreases LN drainage. On the
other hand, increasing the hydrophobicity can also enhance the interac-
tions between NPs and immune cells, leading to increased cell-
mediated NP uptake, LN trafficking and LN retention [108]. Thus, the
hydrophobicity/hydrophilicity balance is an important factor that
needs to be considered in designing LN-targeted NPs. In one particular



Table 3
Examples of NPs used to investigate the effect of surface charge on lymphatic targeting.

NP forming
materials

Payload/dye Main characteri-zations Immune cells Animal model R.A. Key findings Ref.

Layer-by-layer NPs
with PS beads
core

Fluore-scein Charge: positive (zeta potential: ~
+30 mV) and negative (zeta
potential: ~−30 mV)

BMDCs 100 nm cationic NPs had higher cellular uptake
than 100 nm anionic NPs; 200 nm anionic NPs
showed higher cellular uptake than 200 nm
cationic NPs; Surface charge had negligible effect
on cellular uptake for 500 nm NPs.

[85]

Lipid mRNA Charge: negative BALB/c mice,
C57BL/6 mice,
B16-OVA and
CT26 tumor
models

i.v. Changing charge from positive to negative shifted
the distribution of RNA-LPX from the lungs to the
spleen; Negative charge NPs triggered
interferon-α (IFNα) release, and induced strong
effector and memory T-cell responses.

[86]

LCP Charge: positive (zeta potential:
+21.3 mV) and negative (zeta
potential: −19.9 mV)

C57BL/6 mice
and nude mice

i.v. Negatively-charged NPs had greater LN
accumulation than the positively-charged NPs;
Positively charged NPs exhibited higher gene
expression level compared to negatively charged
NPs in LNs.

[87]

PEG-PCL Docetaxel,
evero-limus
and
LY294002

Charge: neutral (zeta potential:
−6.4 mV), partially-negative
(zeta potential: −19.2 mV) and
fully-negative (−37.6 mV)

Metastatic
melanoma mice
models

s.c. Neutral NPs and partially-charged NPs were
effective in lowering the number of melanocytes at
proximal LNs and both proximal and distal LNs
respectively, while fully-charged NPs had no effect
on either LNs.

[83]

PRINT NPs formed
by TPO, AEMA,
diacrylate PEG,
mono-acrylate
TEG

OVA Charge: positive (zeta potential:
+37 mV) and negative (zeta
potential: −38 mV)

C57BL/6 mice p.a. Cationic NPs induced high systemic and lung
antibody titers and increased the population of
germinal center B-cells and activated CD4+ T-cells
in lung dLNs, while anionic NPs had no effect;
Cationic NPs showed lower cell internalization in
lung alveolar macrophages but higher cell
association with lung CD11b + and CD103+ DCs
when compared with anionic NPs.

[33,81]

Silica NPs modified
with PAA

Charge: zeta potential ranging
from −42 mV to +38 mV

BMDCs and
OT-I T cells

Cationic NPs and anionic NPs had similar effects in
stimulating the release of IL-1β from BMDCs; The
release of IFN-γ from T cells after incubation with
BMDCs treated with various NPs was greatest for
cationic NPs, followed by neutral NPs and lastly
anionic NPs.

[82]

Magnetic NPs
coated with PEI

Charge: positive (zeta potential: ~
+40 mV)

MDSCs
isolation
from bone
marrow

CT2A glioma
model

i.c. Positively charged NPs repolarized MDSCs and
prolonged the survival time of both
immunocompetent and aythmic mice with glioma
when combined with radiotherapy.

[34]

Lipid NPs and
polymeric NPs

Charge: lipid NPs (−42.9, +52.0
and +51.5 mV); polymeric NPs
(−5.6, +28.9 and +39.4 mV)

Human
neutron-phils

Cationic NPs induced strong cytotoxicity and
inflammatory responses to human neutrophils.

[93]

Superparamagnetic
iron oxide NPs
coated with PVA,
SiO2, TiO2 or gold

Charge: zeta potential ranging
from −48 mV to +37 mV

Cationic and neutral NPs preferentially led to
serum protein adsorption compared to anionic
NPs.

[96]

LCP: lipid/calcium/phosphate; PEG-PCL: polyethylene glycol-polycaprolactone; PRINT: particle replication in nonwetting templates; TPO: diphenyl(2,4,6-trimethylbenzoyl)phosphine
oxide; AEMA: 2-aminoethyl methacrylate hydrochloride; TEG: tetra(ethylene glycol); PAA: poly(amino acid); PEI: polyethylene imine; PVA: polyvinyl alcohol; mRNA: messenger
RNA; OVA: ovalbumin; BMDCs: bone marrow-derived dendritic cells; MDSCs: Myeloid-derived suppressor cells; R.A.: route of administration; i.v.: intravenous; s.c.: subcutaneous; p.a.:
pulmonary administration; i.c.: intracranial; Ref.: reference.
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study, Rao et al. found that the PP (PLGA-PMA:PLA-PEG) NPswith lower
hydrophobicity showed higher LN accumulation than PS NPs with
higher hydrophobicity upon subcutaneous (s.c.) injection in rats [107].
In another example, the more hydrophobic NPs generation-5
polypropylenimine dendrimer and Gadomer-17 showed higher axillary
LN accumulation than the less hydrophobic poly(amidoamine)
(PAMAM) dendrimer-based agents of similar sizes in mice after mam-
mary gland injection for sentinel node imaging [46]. These studies
thus highlight the role of hydrophobicity in controlling the LN targeting
effect of NPs.

5.3. Effect of NP hydrophobicity on DC uptake and activation

Hydrophobicity can also influence the immune cell targeted by NPs.
Akashi's group prepared NPs with different hydrophobicity using am-
phiphilic poly(g-glutamic acid)-graft-L-phenylalanine ethyl ester
(PGA-g-Phe) with various grafting degrees of hydrophobic side chains
for OVA delivery [98]. The results demonstrated that BMDC uptake
and BMDC activation increased with increasing hydrophobicity of the
NPs. Additionally, after s.c. injection of these NPs in mice, the cellular
immune response increased when the grafting ratio was increased
from 43% to 65%, but then decreased when the grafting ratio was in-
creased from 65% to 71%, illustrating that a hydrophobic/hydrophilic
balance needs to be achieved for effective cellular immune activation.
In another study,Moyano et al.modified the 2 nmgold NPswith various
surface functional groups to investigate the influence of surface hydro-
phobicity on cytokines expression levels both in vitro and in vivo
(Fig. 6A) [102]. PEG was employed as a linker between gold core and
surface functional groups to avoid the possible background effects
caused by gold NPs (Fig. 6B). The results demonstrated that after injec-
tion of these NPs into mice, the levels of cytokines (including IRGs
STAT1, OAS1, IFN-β, IFN-γ, IL-2, IL-6, IL-10 and TNF-α) in splenocytes
increased linearly with increasing hydrophobicity of the NPs, except
for one type of NPwith a highly exposed charge whichmight induce al-
ternate response (Fig. 6C). At a low hydrophobicity degree, hydropho-
bicity and the cytokines (IL-10 and TNF-α) release levels were found
to be positively correlated in vivo, whereas such correlationwas less ev-
ident at a high hydrophobicity degree (Fig. 6D). In a recent study,
Kakizawa et al. also found that the secretion of cytokine IL-1β from
BMDCs and the IFN-γ levels produced by T cells co-cultured with NP-



Fig. 6. (A) Effect of hydrophobicity on the immune response of splenocytes. The gene expression profile of a range of cytokines (immunological reporters) was analyzed against the
calculated log P of the NP headgroups. (B) Chemical structure of the monolayer-protected 2-nm core diameter gold NPs. Log P represents the calculated hydrophobic values of the
headgroups. (C) TFNα in vitro gene expression and (D) IL-10 in vivo gene expression as a function of the calculated AuNP headgroup log P value. The gene expression levels are
normalized by dividing the observed response against the values of a positive control (LPS) under the same experimental set. A minimally interacting neutral particle (NP9) was used
as a negative control. NPs were used at a concentration of 10 μM for in vitro and 5 mg/kg for in vivo studies. Data were taken 2 h (in vitro) and 1.5 h (in vivo) after exposure to AuNPs.
Reproduced with permission from [102].
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pulsed BMDCs were both positively correlated with NP surface hydro-
phobicity [82]. TheNP systemsdiscussed in this section are summarized
in Table 4.

6. Effect of NP rigidity on lymphatic targeting

Compared to other properties, NP rigidity has been less investigated,
mainly due to the difficulties in generating NPs with different degree of
rigidities while similar other properties. In general, NP rigidity is con-
trolled by tuning the fraction of NP formingmaterials or usingmaterials
with different degree of rigidities inNPpreparation. The role of NP rigid-
ity in biodistribution, uptake by APCs and immune response of NPs will
be reviewed in this section.

6.1. Effect of NP rigidity on biodistribution

Anselmo et al. synthesized PEG based hydrogel NPswith similar par-
ticle size and surface charge but different elasticities (elastic moduli:
10 kPa vs. 3000 kPa) [109]. After i.v. injection, the soft NPs showed
higher blood concentration than the hard NPs in the first 4 h, and no dif-
ference thereafter. At 30 min, the soft NPs had much higher accumula-
tion in the kidneys, heart, lungs, and brain than the hard NPs. The
possible reason is that the higher blood concentration of soft NPs at
the short time points may cause the increased retention at the tissues
with high blood flow. At 12 h, the soft NPs only showed significantly
higher accumulation in the lungs than the hard NPs. In another study,
Christensen et al. found that the dimethyldioctadecylammonium
(DDA)-based liposomes (rigid) had a longer retention time at the site
of injection (SOI) than the dimethyldioleoylammonium (DODA)-based
liposomes (highly fluidic) after i.m. injection, which induced a delayed
draining to the dLNs of DDA-based NPs (Fig. 7) [110].

6.2. Effect of NP rigidity on APC uptake

NP rigidity also significantly affect the phagocytosis process. For the
PEG based hydrogel NP systemmentioned above, the hard NPs showed
muchhigher cellular uptake level than the soft NPs in J774macrophages
and bEnd.3 endothelial cells [109]. Similarly, Palomba et al. also demon-
strated that the uptake level of hard NPs was up to 5 times higher than
that of soft NPs in bone marrow-derived monocytes using discoidal
polymeric NPs [111]. This phenomenon may be due to shorter interac-
tion times of soft NPs with the cell membrane compared to that of
hard NPs, thus decreasing the likelihood of cell recognition and uptake.
The same results were also reported by Hui et al. showing that soft NPs
had three times lower uptake than hard NPs in RAW264.7 murinemac-
rophages using liquid-filled silica NPs [112].

6.3. Effect of NP rigidity on immune response

Research investigating the effect of NP rigidity on immune response
is still limited. Hard liposomes induced almost 100 times higher level of
Th-1 responses than soft liposomes when co-delivered with antigen
Ag85B-ESAT-6 upon i.m. injection [110]. In addition, hard liposomes
tend to form depot at injection site, which continuous attracted APCs
and induced high expression level of co-stimulators CD40 and CD86.
In contrast, soft liposomeswere removed from the injection site quickly,



Table 4
Examples of NPs used to investigate the effect of hydrophobicity on lymphatic targeting.

NP forming materials Payload/
dye

Main characteri-zations Immune
cells

Animal
model

R.A. Key findings Ref.

Polyanhydride NPs
formed by SA, CPH and
CPTEG

Bacillus
anthracis
PA

Four NPs with different
hydrophobicity: 20:80 CPTEG:CPH,
50:50 CPH:SA, 50:50 CPTEG:CPH and
20:80 CPH:SA NPs

A/J mice s.c. 20:80 CPTEG:CPH and 50:50 CPH:SA NPs showed slower
PA release than 50:50 CPTEG:CPH and 20:80 CPH:SA NPs;
Compared with the two CPH:SA polymers, the two
amphiphilic polymers CPTEG:CPH were better at
preserving the bioactivity and immunogenicity of PA
during the fabrication process and in in vivo applications.

[97]

PP and PS Hydrophobicity: PS NPs N PP NPs Wistar
albino
rats

s.c. PP NPs showed higher LN accumulation than PS NPs. [107]

Generation-5
polypropylenimine
dendrimer, Gadomer-17
and PAMAM dendrimer

Hydrophobicity: generation-5
polypropylenimine dendrimer and
Gadomer-17 N PAMAM dendrimer

Athymic
mice

i.d. Generation-5 polypropylenimine dendrimer and
Gadomer-17 showed higher axillary LN accumulation
than PAMAM dendrimer of similar sizes.

[46]

PGA-g-Phe OVA NPs with various grafting degrees of
hydrophobic side chains ranging
from 43% to 71%

BMDCs C57BL/6
mice

s.c. BMDC uptake and activation increased with increasing
hydrophobicity of the NPs; Cellular immune response
increased when the grafting ratio was increased from 43%
to 65%, but then decreased when the grafting ratio was
increased from 65% to 71%.

[98]

Gold NPs with different surface functional
groups

Splenocytes Mice i.v. Cytokine levels in splenocytes increased linearly with
increasing hydrophobicity of the NPs; Positive
correlations were found between hydrophobicity and the
cytokines release levels at a low hydrophobicity degree
in vivo, whereas such correlation was less evident at a
high hydrophobicity degree.

[102]

Silica NPs modified with
PAA

NPs with different hydrophobicities BMDCs and
OT-I T cells

The secretion of cytokine IL-1β from BMDCs and the
IFN-γ levels produced by T cells co-cultured with
NP-pulsed BMDCs were both positively correlated with
NP surface hydrophobicity.

[82]

SA: sebacic anhydride; CPH: 1,6-bis(pcarboxyphenoxy) hexane; CPTEG: 1,8-bis(pcarboxyphenoxy)-3,6-dioxaoctane; PP: PLGA-PMA:PLA-PEG; PS: polystyrene; PAMAM: poly(amido-
amine); PGA-g-Phe: poly(g-glutamic acid)-graft-Lphenylalanine ethyl ester; PAA: poly(amino acid); PA: protective antigen; BMDCs: bone marrow-derived dendritic cells; R.A.: route
of administration; s.c.: subcutaneous; i.d.: intradermal; i.v.: intravenous; Ref.: reference.

84 X. Ke et al. / Advanced Drug Delivery Reviews 151–152 (2019) 72–93
which induced a lower up-regulation of CD40 and CD86 of adjuvant
positive APCs. More studies are needed in the future to understand
the relationship between NP rigidity and immune response in vivo.
The NP systems discussed in this section are summarized in Table 5.

7. Effect of NP surface-conjugated ligand on lymphatic targeting

Active targeting by decorating targeting ligands on the surface of NPs
is one of the effective strategies to modulate immune response at the
single-cell level [1]. Using this strategy, loaded immunomodulation re-
agents can be delivered to a subset of immune cells specifically to
Fig. 7.NP rigidity plays and important role in biodistribution and ability to activate an immune r
ability to ensure that Ag + APCs are activated to prime, polarize and mature cell-mediated im
decreased fluidity of the liposomes, resulting in a delayed draining of the adjuvant to the LNs. M
either H3-DODA/TDB (◊) or H3-DDA/TDB (♦). Site of injection (SOI) and local dLN frommice w
adjuvant dosepresent at the two locations determinedby radiation quantification: (B) adjuvant
independent experiments. ** p b 0.01, *** p b 0.001. Reproduced with permission from [110].
reduce the non-specific toxicity and enhance the immune response. In
this section, various NP systems for macrophage, DC and T cell active
targeting will be reviewed.

7.1. Effect of NP surface-conjugated ligand onmacrophage andDC targeting

Macrophages are a type of phagocytes that can be found essentially
in all tissues in the body. These cells differentiate from immaturemono-
cytes and play an important role in nonspecific immune defense by
engulfing and digesting foreign substances, cell debris and pathogens.
In addition, they are involved in initiating adaptive immunity by
esponse. (A) Liposome composition impacts lipid structure organization andfluidity and its
mune (CMI) responses. Bioavailability of the adjuvant is increased at site of injection with
ice were vaccinated through the i.m. route with I125-Ag85B-ESAT-6 co-administered with
ere isolated at days 1, 5 and 14 after vaccination and the percentage of total administered
at SOI and (C) adjuvant in dLN, Threemice per group (mean±SEM), representative of two



Fig. 8. “Easy-to-adopt” strategy to enhance the immune response using functionalized alginateNPs. (A) AlginateNPswere fabricatedusing a pH sensitive Schiff base linkage that allows for
release of the antigens of interest into DC cytoplasm and antigen presentation via MHC. (B) Confocal microscope images of DCs after incubation with free OVA and mannose targeted
(MAN-ALG/ALG = OVA) NPs. The bar scale indicates 75 μm. (C) Tumor volume and (D) Tumor weight during the total immunotherapy course using free OVA or mannose targeted
NPs in mice bearing E.G7 tumors. The statistical significance in difference was analyzed using student's t-Test: *p b 0.05 and **p b 0.01. Reproduced with permission from [124].

Table 5
Examples of NPs used to investigate the effect of rigidity on lymphatic targeting.

NP forming materials Payload/dye Main
characteri-zations

Immune
cells

Animal
model

R.A. Key findings Ref.

PEG based hydrogel
NPs

Bacillus
anthracis PA

Rigidity: elastic
moduli: 10 kPa and
3000 kPa

J774 BALB/c
mice

i.v. Soft NPs showed higher blood concentration than the hard NPs in the first
4 h; At 30 min, the soft NPs had much higher accumulation in the kidneys,
heart, lungs, and brain than the hard NPs; At 12 h, the soft NPs only
showed significantly higher accumulation in the lungs than the hard NPs;
Hard NPs showed much higher cellular uptake level than the soft NPs in
J774 macrophages.

[109]

Liposomes formed by
DDA or DODA

TDB Rigidity: DDA-based
liposomes
NDODA-based
liposomes

C57BL/6
mice

i.m. DDA-based liposomes had a longer retention time at the site of injection
(SOI) than the DODA-based liposomes, which induced a delayed draining
to the dLNs of DDA-based NPs; DDA-based liposomes induced almost 100
times higher level of Th-1 responses than DODA-based liposomes when
co-delivered with antigen Ag85B-ESAT-6.

[110]

Discoidal polymeric
NPs formed by
PLGA and PEG-DA

Rhodamine
B

Rigidity: elastic moduli
ranging from 100 kPa
to 10 mPa

RAW264.7
and
BMDCs

The uptake level of hard NPs was up to 5 times higher than that of soft NPs
in BMDCs.

[111]

Liquid-filled silica NPs Dil Rigidity: elastic moduli
ranging from 704 kPa
to 9.7 GPa

RAW264.7 Soft NPs had three times lower uptake than hard NPs. [112]

PEG: polyethylene glycol; DDA: imethyldioctadecylammonium; DODA: dimethyldioleoylammonium; PLGA: poly(lactic-co-glycolic acid); PEG-DA: poly(ethylene glycol) diacrylate; PA:
protective antigen; TDB: Trehalose-6,6-dibehenate; BMDCs: bone marrow-derived dendritic cells; R.A.: route of administration; i.v.: intravenous; i.m.: intramuscular; Ref.: reference.
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Fig. 9.Modulation of T cell function viadeliver of siRNAs to CD4+T cells using targeted lipidNPs (tLNPs). (A) The tLNPswere surface-functionalizedwith anti-CD4monoclonal antibody to
enable efficacious and specific delivery of the siRNAs specifically to CD4+ T lymphocytes. Silencing of CD45 in CD4+ T cells at the protein (B) and the mRNA (C) level. Five days after
administration of tLNP carrying siCD45, spleen, LNs, bone marrow, and blood lymphocytes were isolated and analyzed by FACS. Error bars represent mean ± SD, n = 5 mice/group,
***p b 0.0005, **p b 0.005 are compared to mock treated sample. mRNA was isolated, and CD45 mRNA levels in the spleen were tested by quantitative polymerase chain reaction. All
values are normalized to murine PPIB gene expression (endogenous control). Reproduced with permission [145].
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presenting antigens to lymphocytes and secreting cytokines. Macro-
phages are also critical regulators of the inflammatory process and can
be sub-classified into M1 macrophages that are pro-inflammatory and
M2 macrophages that are anti-inflammatory [113]. The balance of M1
and M2 macrophages plays a vital role in the development of various
diseases such as inflammatory bowel disease, rheumatoid arthritis, ath-
erosclerosis, diabetes and cancer. DCs are key APCs and play multiple
important roles in initiating and shaping the adoptive immune response
depending upon their subtype and tissue location. Themain function of
Table 6
Summary of NPs for macrophage, DC and T cell active targeting.

Immune Cell Targeting Targeting Ligand R.A.

Macrophage targeting Mannose i.v.
i.v.
i.m.,

HA i.v.
F4/80 antibody fragments i.p.

i.p.
oral

DC targeting Mannose –
s.c.
i.v.
–

Anti-DEC-205 antibody i.v.
Anti-CD209 antibody –
Anti-CD40 antibody and anti-CD11c antibody s.c.

T-cell targeting Anti-CD3 antibody –
i.v.

CD4 targeting peptides –
i.v.

Integrin targeting antibody i.v.

HA: hyaluronic acid; R.A.: route of administration; i.v.: intravenous; i.m.: intramuscular; i.p.: in
acid); BMA: butyl methacrylate; PAA: 2-propylacrylic acid; DMAEMA: 2-dimethyl aminoethyl
late;OEGMA: oligo(ethylene glycol)methacrylate; PEI: polyethyleneimine;HPMA:N-[2-hydrox
SPION: superparamagnetic iron oxide nanoparticles. Ref.: reference.
the conventional dendritic cells (cDCs) is to process and present antigen
to T cells, whereas pDCs are responsible for mass-production of Type 1
interferons upon viral infection. Targeted NPs with surface modifica-
tions have shown great promise in the ability to specifically deliver im-
munomodulatory compounds and antigens to macrophages and DCs.

The mannose receptor (CD206) is a C-type lectin that is primarily
expressed on the surface of mature macrophages andmany DC popula-
tions [114]. Thus, mannose has been widely employed as a simple but
effective ligand for targeting NPs to macrophages and DCs. Tumor-
NP Forming Materials Ref.

HA coated MnO2 NPs [116]
PEG sheddable PLGA NPs [119–121]

i.p. and intubation Poly(BMA-co-PAA-co-
DMAEMA)-b-poly
(DMAEMA)-b-poly
(AzEMA)

[117,118]

Poly(DEGMA-co-OEGMA) grafted HA [149]
HA modified PEI [126–129]
Cholanic acid modified HA [130]
PLA-PEG [131]
Poly(HPMA)-b-poly(LMA) [122]
CS [123]
Alginate [124]
PEGylated hydroxyethyl starch [125]
Dextran coated iron oxide microcrystals [132]
PVA coated gold NPs [133]
PLGA [134]
PEG-g-PEI with SPION [139]
PEG-SPION [141]
Lipid NPs [143,144]
Lipid NPs [145]
HA coated lipid NPs [147,148]

traperitoneal; s.c.: subcutaneous; PEG: polyethylene glycol; PLGA: poly(lactic-co-glycolic
methacrylate; AzEMA: 2-azidoethyl methacrylate; DEGMA: di(ethylene glycol) methacry-
ypropyl]methacrylamide; LMA: laurylmethacrylate; CS: chitosan; PVA: polyvinyl alcohol;



Table 7
NPs currently tested for immunotherapy in clinical trials.

Products NP Systems NP Properties Payloads Indications Identifier
(Phase)

R.A. Ref.

CAF01 Liposomes formed by DDA and
TDB

Size: 50-5000 nm
Charge: positive
Shape: primarily
unilamellar

Tuberculosis NCT00922363
(Ph 1,
completed)

i.m. [151]

CCS/C Liposomes formed by CCS and
cholesterol

Size: 100-3000 nm
Charge: positive
Shape: mixture of
uni-, oligo- and
multi-lamellar
vesicles

Hemagglutinin Influenza NCT00915187
(Ph 2,
completed)

i.m. [152]

AS01 Liposomes formed by DMPC,
DMPG, cholesterol and a
synthetic MPL (3D-PHAD®)

Distribution:
poly-dispersed
Shape: unilamellar

MPL and QS21 Malaria NCT03824236
(Ph2,
ongoing)

i.m. [153]

HIV NCT03368053
(Ph1,
completed)

Tuberculosis NCT01755598
(Ph 2,
completed)

DPX-0907 DepoVaxTM(DPX): Liposomes
formed by DOPC and cholesterol

Size: ~120 nm
Charge: positive

Seven tumor-specific
HLA-A2-restricted peptides, a
universal T Helper peptide (A16L), and
a polynucleotide adjuvant

Ovarian, breast or
prostate cancer

NCT01095848
(Ph 1,
completed)

s.c. [154,155]

DPX-Survivac Survivin epitopes and a polynucleotide
adjuvant

Advanced stage ovarian,
fallopian or peritoneal
cancer

NCT01416038
(Ph 1,
completed)

s.c. [156,157]

Recurrent ovarian
cancers

NCT02785250
(Ph 1,
ongoing)

Recurrent
survivin-expressing
diffuse large B-cell
lymphoma

NCT02323230
(Ph 2,
ongoing)

Advanced stage ovarian,
fallopian or peritoneal
cancer

NCT03332576
(Ph 1,
ongoing)

Advanced stage ovarian,
fallopian or peritoneal
cancer

NCT03029403
(Ph 2,
ongoing)

Recurrent diffuse large
B-cell lymphoma

NCT03349450
(Ph 2,
ongoing)

Advanced stage ovarian,
hepatocellular, non-small
cell lung or bladder
cancers

NCT03836352
(Ph 2,
ongoing)

DPX-RSV(A) A synthetic Respiratory Syncytial Virus
small hydrophobic glycoprotein
antigen

Respiratory Syncytial
Virus

NCT02472548
(Ph 1, active)

i.m. [158]

Lipo-MERIT Lipopolexes formed by
DOTMA/DOPE liposomes and
mRNA

Size: 200-320 nm
Charge: negative

Four mRNA encoding melanoma
antigens

Melanoma NCT02410733
(Ph1,
ongoing)

i.v. [86]

BLP25 Liposomes formed by DMPG,
DPPC and cholesterol

Size: ~800 nm
Charge: positive

Tecemotide and MPL Multiple myeloma NCT01094548
(Ph 2,
completed)

s.c. [159–162]

Colon or rectum cancer NCT01462513
(Ph 2,
completed)

Prostate cancer NCT01496131
(Ph 2,
completed)

Non-small cell lung
cancer

NCT00157196
(Ph 2,
completed)

Rectal cancer NCT01507103
(Ph 2,
completed)

Stage III non-small cell
lung cancer

NCT00960115
(Ph 1, 2,
completed)

Stage III non-small cell
lung cancer

NCT00828009
(Ph 2,
ongoing)

(continued on next page)
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Table 7 (continued)

Products NP Systems NP Properties Payloads Indications Identifier
(Phase)

R.A. Ref.

non-small cell lung
cancer

NCT00157209
(Ph 2,
completed)

Stage III non-small cell
lung cancer

NCT00409188
(Ph 3,
completed)

Lipovaxin-MM Liposomes formed by human
melanoma cell MM200
membrane and
POPC/Ni-3NTA-DTDA liposomes

Targeting ligand:
DC targeting
antibody
DMS5000

IFN-γ Melanoma NCT01052142
(Ph 1,
completed)

i.v. [163]

DDA: dimethyldioctadecylammonium; TDB: α,α‘-trehalose 6,6’-dibehenate; CCS: ceramide carbamoyl-spermine; DMPC: dipalmitoylphosphatidylcholine; DMPG: dimyristoyl
phosphatidylglycerol; DOPC: dioleoylglycero phosphocholine; DOTMA: 1,2-di-O-octadecenyl-3-trimethylammonium propane; DOPE: dioleoylphosphatidylethanolamine; DPPC:
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associatedmacrophage (TAM) are a population of immune cells present
in themicroenvironment of solid tumors and play a key role in inducing
immunosuppressive microenvironment [115]. Mannose modified NPs
have been extensively employed as carrier systems for immunomodula-
tory compound delivery to polarize TAM from M2 pro-tumor pheno-
type to M1 anti-tumor phenotype for cancer immunotherapy
[116–118]. However, one issue of these NP systems is that the uptake
by normal macrophages may cause toxicity. To address this issue, Zhu
et al. designed and synthesized PEG-sheddable and mannose-modified
PLGA NPs [119]. These NPs had low uptake by the normal macrophages
in the mononuclear phagocyte system (MPS) organs due to the pres-
ence of PEG at neutral pH during blood circulation, while specifically
target TAM by mannose receptor recognition after pH-sensitive PEG
cleavage in the acidic tumor microenvironment [119]. Delivery of DOX
using this NP system showed higher tumor accumulation, TAM deple-
tion and tumor inhibition with no toxicity to macrophages in the MPS
compared to free DOX in both murine melanoma B16-F10 xenograft
tumor model and orthotopic M-Wnt triple-negative mammary tumor
model [120,121].MannosemodifiedNPs have also been used for the de-
livery of immunomodulatory compound to DCs for DC stimulation
[104]. In addition, these NP systems can be employed for specifically de-
livery of antigen to DCs for cancer immunotherapy. For example, Shi
et al. prepared mannose-modified chitosan NPs to deliver B16 mela-
noma cancer cell lysates for specific DC targeting, which showed strong
protective and therapeutic effects inmelanoma tumormodel [123]. The
same group also generated pH-sensitive mannose-functionalized algi-
nate NPs for a model antigen OVA delivery [124]. These NPs showed
strong targeting and activation effect in BMDCs in vitro (Fig. 8A). DC
targeting, T cell activation and the therapeutic effect of this platform
was further confirmed in an in vivo E.G7 lymphoma tumor model
(Fig. 8B and C) [124]. The targeting effect of the surface ligand-
modified NPs may be affected by the protein corona after administra-
tion. However, in a study performed by Kang et al., they demonstrated
that mannose-modified PEGylated hydroxyethyl starch NPs showed
lower overall protein adsorption and higher affinity to mature DCs gen-
erated from human peripheral blood mononuclear cells when com-
pared with hydroxyethyl starch NPs and PEGylated hydroxyethyl
starch NPs in the presence of human plasma [125].

The HA receptor CD44 is known to be overexpressed on the mem-
brane of macrophages. The Amiji group synthesized HA- modified PEI
to deliver genetic payloads tomacrophages formodulatingmacrophage
functional polarity. They successfully applied this system to deliver IL-4
and IL-10 plasmid DNA, microRNA-223 and TNF-α siRNA to macro-
phages [126–128]. More recently, they used this system to deliver
microRNA-125b to repolarize TAM in a genetically-engineered non-
small cell lung cancermodel (Fig. 8) [129]. In another example, Beldman
et al. prepared HA NPs by reacting amine-functionalized oligomeric HA
with cholinic ester to target plaque-associated macrophages for athero-
sclerosis treatment. These NPs showed higher accumulation in aortic
macrophages than normal tissue macrophages, and also had atheropr-
otective effects by decreasing the population of plaque-associated mac-
rophages in atherosclerotic mice [130]. NPs modified with F4/80
antibody fragments can also target macrophages. Laroui et al. conju-
gated F4/80 antibody Fab fragment onto the surface of PLA-PEG NPs
for TNF-α siRNA delivery [131]. These NPs demonstrated enhanced
targeting effect in RAW264.7 cells in vitro. In mice with colitis induced
by 3% dextran sodium sulfate, oral treatmentwith targetedNPs in chito-
san/alginate hydrogel had a better therapeutic effect than untargeted
NPs in the same hydrogel [131].

DEC-205 (CD205) is an C-type lectin receptor exclusively expressed
on lymphoid tissueDCs, and not on other peripheral bloodmononuclear
cells [114]. Shen et al. generated NP surface-conjugated with CpG-
oligonucleotides (CpG-ODNs), OVA and anti-DEC-205 antibody for
CD8α+DC targeting [132]. These trifunctional NPs showed strong an-
titumor effect and prolonged the survival rate in mice bearing B16-OVA
tumor [132]. Dendritic Cell-Specific Intercellular adhesion molecule-3-
Grabbing Non-integrin (DC-SIGN or CD209) is another lectin receptor
expressed specifically by immature DCs in peripheral tissue andmature
DCs in lymphoid tissues [114]. Fytianos et al. investigated the aerosol
delivery efficiency of DC-SIGN antibody-modified gold NPs in a 3D
lung cellular model [133]. The DC-SIGN antibody-modified NPs showed
higher DC targeting and significantly upregulated MHC-II expression
level in DCs when compared with unmodified NPs [133]. The DC
targeting effect of three antibodies binding CD40, DEC-205 or CD11c
was compared by coupling them on the surface of PLGA NPs [134].
CD40 is a TNF-α family receptor that induces DC activation after binding
with its specific ligand, while CD11c, an integrin receptor, and DEC-205,
do not induce DC activation after binding with their respective ligands.
OVA was co-loaded with Toll like receptor 3 and 7/8 agonists
(polyinosinic:polycytidylic acid and resiquimod, respectively) into the
NPs. BMDCs showed stronger binding to and internalization of all
three of the targeted NPs in vitro compared to untargeted NPs. Interest-
ingly, the CD40-targeted NPs were more efficiently internalized by
BMDCs than DEC-205- or CD11c-targeted NPs. However, DC activation
and T cell stimulation by the three targeted NPs were comparable,
which were significant higher than the untargeted NPs both in vitro
and in vivo [134].

7.2. Effect of NP surface-conjugated ligand on T-cell targeting

T lymphocytes play a critical role in the adaptive immune response,
and they are involved in clearing various infectious diseases, cancers
and autoimmune diseases [135,136]. NPs modified with surface
targeting ligands have shown great promise for T lymphocytes targeting
for both drug/gene delivery and in vivo imaging [135,137,138].

One of the most extensively used T cell targets is the CD3 receptor
expressed on the surface of T cells [138–142]. Anti-CD3 single chain an-
tibody (scAbCD3) has been used for superparamagnetic iron oxide
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nanoparticles (SPIONs) surface modification as DNA carriers for T cell
imaging and immunosuppression [139]. Chen et al. conjugated mono-
clonal anti-CD3 antibody on the surface of the carboxylated-PEG-
SPION (IOPC) for in vivo T cells labelling and trafficking [141]. These
NPs showed strong T cells labelling ability both in vitro and in vivo.
The T cells labeled by these NPs were effectively imaged byMRI in a ro-
dent collagen-induced arthritis (CIA) model.

The CD4+ T helper cells and their expressed cytokines are vital to
modulating the immune system [136]. To influence the activity of CD4
+ T cells and subsequent polarization of the systemic immune re-
sponse, various CD4+ targeting NPs have been developed. Endsley
et al. first identified two peptides which could provide specific targeting
to HIV-infected CD4+ host cell when conjugated on the surface of lipid
NPs [143]. In a subsequent study, they demonstrated that NPs modified
with the two peptides could effectively deliver an HIV anti-retrovirial
protease inhibitor, indinavir, into HIV-infected CD4+host cellswith en-
hanced anti-viral activities when compared with unmodified NPs and
free indinavir [144]. In another example, CD4+ T cell-targeting lipid
nanoparticles (tLNPs) with surface conjugated anti-CD4 antibody
were prepared to deliver siRNA to CD4+ T cells for immunomodulation
[145]. CD45 siRNA was used in this study as a model gene since CD45 is
a pan leukocyte marker which can be used for testing specific silencing
in different leukocyte subsets. CD4+ T cells located in the blood circula-
tion, bone marrow, spleen and inguinal LNs were selectively targeted
and silenced by these NPs after i.v. injection in mice (Fig. 9).

Another specific T-lymphocyte target are leukocyte-specific
integrins [146]. It has been shown that antibody-protamine fusion pro-
teins targeting the human integrin lymphocyte function-associated
antigen-1 (LFA-1) can specifically deliver siRNA to leukocytes and in-
duce gene silencing both in vitro and in vivo [146]. In a subsequent
study, antibodies to β7 integrin were conjugated to the surface of
targeted stabilized NPs for the delivery of cyclin D1 siRNA to leukocytes
[147]. These NPs induced strong cyclin D1 silencing effect in leukocytes
and significantly reduced the intestinal inflammation in colitis-induced
mice after systemic injection. The same tsNPs system was used for HIV
infection treatment by replacing the β7 integrin antibody with the li-
gand of LFA-1 [148]. Humanized mice treated with anti-CCR5 siRNA-
loaded targeted NPs showed long-term leukocyte-specific gene silenc-
ing (10 days) and enhanced resistance to HIV challenges.

The NPs systems with targeting ligands on the surface for macro-
phage, DC and T cell active targeting discussed in this section are sum-
marized in Table 6.

8. Conclusion and future perspectives

NPs provide a versatile platform for antigen and adjuvant delivery
for disease prevention and treatment. Various physicochemical proper-
ties of the NPs including particle size, shape, surface charge, hydropho-
bicity, rigidity and surface targeting ligand significantly influence the
biodistribution, LN targeting, antigen release, APC interaction and im-
mune response in vivo. Through fine-tuning these parameters, en-
hanced immune response and decreased toxicity can be achieved. It is
important to point out that aside from the chemical nature of the NP
forming materials, the relationship between these design parameters
and immune responses is also likely dependent on the route of admin-
istration. There are several general rules in NP design for specific lym-
phatic targeting. For example, to achieve effective dLN targeting, NPs
with small size and negative charge through s.c. or i.d. injection are pre-
ferred. Spherical NPs with high hydrophobicity and high rigidity tend to
have higher APC uptake and stronger APC activation effect than worm
NPs with low hydrophobicity and low rigidity. In addition, NPs with
small size induce stronger Th1 immune response than NPs with large
size. Various targeting ligands can be used for NP surface modification
for specific immune cell targeting. Several NP formulations are currently
under clinical trials for infection disease prevention and cancer treat-
ment (Table 7). Most of these formulations are liposomes formed by
cationic lipids and loaded with antigens and adjuvants, with positive
surface charge. In one exception, Lipo-MERIT are lipopolexes complexed
by cationic liposomes and four mRNA sequences encoding melanoma
antigens at charge ratio 1.3 to 2 with overall negative charge.
Lipovaxin-MM are active targeted NPs with DMS5000 antibody on the
surface for DC targeting. CAF01 and AS01 are two NP systems served
as adjuvants and combinedwith other vaccine systems for infection dis-
ease protections.

To further probing the detailed structure-property-function rela-
tionship of the nanovaccines and to advance their clinical translation,
generating NP vaccines with well-defined physicochemical properties
using a scalable and reproducible process is critical. Yet, encapsulating
protein antigens or antigen-encoding nucleic acids into size and
shape-controlled NPs represents a great challenge. Recently our group
has developed a scalable NP preparation platform (FNC) for DNA, pro-
tein and peptide therapeutics delivery [37–42]. By tuning the formula-
tion conditions, the physicochemical properties of the NPs can be fine-
tuned. With this platform, we have generated NPs for the co-delivery
of the subunit VP1 protein antigen of the enterovirus 71 (EV71),
which is the primary cause for hand-foot-mouth disease, with TNF-α
or CpG-ODN as an adjuvant [41]. These NPs have smaller particle size,
narrower size distribution, higher loading level and stronger LN accu-
mulation. Most importantly, these NPs provided effective protection
against lethal viral challenge inmousemodelswith both passive and ac-
tive immunization, a finding comparable to the effect elicited by a cur-
rently approved inactivated viral vaccine [41]. This platform has great
potential for manufacturing NPs with specific properties for antigen
and adjuvant delivery, with the ability of rapid clinical translation in
the future. Platform with high reproducibility and manufacturability
and the ability for NP composition control will serve as an important
toolset for studying NP physicochemical parameters and increase the
likelihood of bench to bedside translation of these NP vaccines and
immunotherapeutics.

Tailored NP designwith optimized physicochemical parameters will
have the potential to improve the treatment outcomes of many immu-
notherapies. Understanding the mechanism of action by which NPs
with different properties influence lymphatic targeting will be critical
to rational design of NP systems for the delivery of vaccines and immu-
notherapeutic agents. In addition, demonstrating whether a specific
lymphatic targeting mechanism for NPs observed in rodents translates
into higher species including non-human primates and humans will
be paramount to realize the potential of NP carriers in immunotherapy.
In this regard, the effect of protein corona formed on the surface of NPs
after administration in different species also needs to be considered in
NP design for immunotherapy [94,95]. Besides those physicochemical
properties discussed above, the release profile of the immunomodula-
tory agents from theNPs and the stability of NPsmaymodulate the lym-
phatic system targeting of NPs. Combination therapy using multiple
immunomodulation agents will continue to be explored in immuno-
therapy [150]. Although many NPs have the capacity for co-delivery of
multiple reagents, using a set of NPs designed for different functionali-
ties may be preferred for targeting different organs or cells or achieving
different release profiles. In addition, stimuli-responsive NPs that can
release payloads upon triggers specific at the target immune tissue,
cells, or subcellular compartment will further improve the targeted de-
livery efficiency, decrease the side effects, and enhance immunothera-
peutic outcomes.
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