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Antigen and Epitope Delivering Nanoparticles Targeting Liver 
Induce Comparable Immunotolerance in Allergic Airway Disease 
and Anaphylaxis as Nanoparticles Delivering Pharmaceuticals

Qi Liu1,2, Xiang Wang1,2, Xiangsheng Liu1,2, Yu-Pei Liao1,2, Chong Hyun Chang1,2, Kuo-
Ching Mei1,2, Jinhong Jiang1,2, Shannon Tseng1,2, Grant Gochman1,2, Marissa Huang1,2, 
Zoe Thatcher1,2, Jiulong Li1,2, Sean D. Allen1,2, Luke Lucido1,2, Tian Xia1,2,3,*, Andre E. 
Nel1,2,3,*

1Center of Environmental Implications of Nanotechnology (UC CEIN), University of California, Los 
Angeles, CA 90095, USA

2California NanoSystems Institute, University of California, Los Angeles, CA 90095, USA

3Division of NanoMedicine, Department of Medicine, University of California, Los Angeles, CA 
90095, USA

Abstract

The targeting of natural tolerogenic liver sinusoidal endothelial cells (LSEC) by nanoparticles 

(NPs), decorated with a stabilin receptor ligand, is capable of generating regulatory T-cells 

(Tregs), which can suppress antigen-specific immune responses, including to ovalbumin (OVA), a 

possible food allergen. In this regard, we have previously demonstrated that OVA-encapsulating 

PLGA nanoparticles eliminate allergic airway inflammation in OVA-sensitized mice, 

prophylactically and therapeutically. A competing approach is a nanocarrier platform that 

incorporates pharmaceutical agents interfering in mTOR (rapamycin) or NF-κB (curcumin) 

pathways, with the ability to induce a tolerogenic state in non-targeted antigen-presenting cells 

(APC) system-wide. First, we compared OVA-encapsulating, LSEC-targeting tolerogenic 

nanoparticles (TNPs) with non-targeted NPs incorporating curcumin and rapamycin (Rapa) in a 

murine eosinophilic airway inflammation model, which is Treg sensitive. This demonstrated 

roughly similar tolerogenic effects on allergic airway inflammation by stabilin-targeting NPOVA 

vs. non-targeted NPs delivering OVA plus Rapa. Reduction in eosinophilic inflammation and TH2-

mediated immune responses in the lung were accompanied by increased Foxp3+ Treg recruitment 

and TGF-β production in both platforms. Since OVA incorporates IgE-binding as well as non-IgE 

binding epitopes, the next experiment explored the possibility of obtaining immune tolerance by 

non-anaphylactic T-cell epitopes. This was accomplished by incorporating OVA323-339 and 

OVA257-264 epitopes in liver-targeting NP to assess the prophylactic and therapeutic impact on 

allergic inflammation in transgenic OT-II mice. Importantly, we demonstrated that the MHC-II 
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binding (former) but not the MHC-I binding (latter) epitope interfered in allergic airway 

inflammation, improving TNPOVA efficacy. The epitope-specific effect was transduced by TGF-β 
producing Tregs. In the final phase of experimentation, we used an OVA-induced anaphylaxis 

model to demonstrate that targeted delivery of OVA and its MHC-II epitope could significantly 

suppress the anaphylaxis symptom score, mast cell release, and the late-phase inflammatory 

response. In summary, these results demonstrate comparable efficacy of LSEC-targeting vs. 

pharmaceutical PLGA nanoparticles, as well as the ability of T-cell epitopes to achieve similar 

response outcomes as the intact allergens.

Graphical Abstract
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The induction of effective and durable antigen-specific immune tolerance has become a 

major objective for the long-term treatment of allergy and autoimmune diseases.1-3 This 

strategy avoids the immune suppressive effects of anti-inflammatory drugs, 

immunomodulatory agents, and monoclonal antibodies, which could enhance susceptibility 

to opportunistic infections or interfere in immune surveillance for cancer.4-6 A number of 

important recent advances have demonstrated the promise of using antigen-specific immune 

tolerance to alleviate or eliminate overactive immunity in the setting of autoimmune disease 

(e.g., rheumatoid arthritis, type I diabetes, experimental autoimmune encephalomyelitis) or 

life-threatening allergic disorders (e.g., food allergy, anaphylaxis, asthma).6-9 With this 

illumination comes the recognition of the powerful role of regulatory T-cells (Treg) in 

controlling antigen-specific tolerance.1,1, 10, 11 Against this backdrop, the introduction of 

multifunctional nanoparticles offers the advantage to improve engagement of the pathways 

leading to Treg generation based on the ability to target antigen-presenting cells (APC), 

which play a key role in engaging complementary and competing arms of the immune 

system in responding to foreign and self-antigens.2, 5, 12, 13 This awareness has sparked the 

development of a number of tolerogenic nanoparticle (TNP) platforms that leverage the 

unique properties of nanomaterials to modify the outcome of the immune response to 

allergens and autoimmune antigens, including to immunogenic epitopes displayed by these 

proteins.13-22
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Among the emerging nanoparticle platforms, there are currently two major approaches for 

achieving antigen-specific immune modulation by an impact on cognate immunity and APC 

function (Fig. 1A). The first approach is to directly interfere in the function or elimination of 

antigen-specific, autoreactive T-cells by perturbing tolerogenic pathways intrinsic to T- and 

B-lymphocytes.18, 19, 23-25 This includes nanocarriers that use antigens or specific epitopes 

to induce anergy and/or apoptosis of cognate autoreactive T- and/or B-cells. One example 

includes SIGLEC-engaging tolerance-inducing antigenic liposomes (STALs), which use the 

display of an antigen plus a CD22 glycan ligand to induce apoptosis in mouse and human B-

cells.26, 27 This allows targeting of a selective repertoire of antigens among the diversity of 

immunogens that are responsible for allergic and autoimmune disorders.13 The second 

approach seeks to induce dominant T- and B-cell tolerance by targeting APC that expand or 

reprogram T-cell and/or B-cell effectors into disease-suppressing regulatory cells (Fig. 1A).
2, 5 The fundamental advantage of this approach is the sustained activation and expansion of 

regulatory cells, capable of comprehensive interference in the recruitment and activation 

pathways that allow adaptive and innate immune cells to participate in disease promotion.
28, 29 This approach includes delivering antigens to harness natural tolerogenic APCs or to 

employ pharmaceutical agents for inducing a tolerogenic state in APCs.5, 17, 20, 30-34 Our 

preference is to target TNPs to the liver, which specializes in immune tolerance and 

prevention of inflammatory responses to a high load of microbial and foreign antigens being 

released into the portal circulation from the gastrointestinal tract.1, 35, 36 In particular, our 

approach has been to target liver sinusoidal endothelial cells (LSECs), which capture and 

present foreign antigens via the MHC-II complex, as well as releasing transforming growth 

factor-β (TGF-β) and IL-10 to direct the differentiation of naïve T-cells into Tregs (Fig. 1C).
17, 37-39

Another approach is to use nanoparticles loaded with pharmacological agents such as 

rapamycin, curcumin, and quercetin to promote the development of tolerogenic APC.
16, 21, 22, 40 Noteworthy, these particles do not make use of targeting ligands, operating on 

the presumed basis that systemic dissemination will reach the relevant APC that are engaged 

in the immune response of interest.16 Rapamycin (Rapa), a natural product from 

Streptomyces hygroscopicus, binds to the FK506-binding protein to form a complex that 

allosterically inhibits the mTOR pathway.41, 42 This drug has potent immunosuppressive 

activity and is capable of interfering in allograft rejection as well as the ability to increase 

the generation of Foxp3-expressing Tregs as well as expanding inducible Treg populations.
43-45 Kishimoto et al. have shown that Rapa-encapsulating PLGA nanoparticles are capable 

of inducing antigen-specific immune tolerance that can be achieved through the co-

administration or co-encapsulation of a variety of antigenic proteins or representative 

peptides, without the need for liver targeting.16 Similarly, it has been demonstrated that the 

polyphenol, curcumin, can be used to induce immune tolerance by acting as an inhibitor of 

the NF-κB pathway, which is critical to APC function.46, 47 In this regard, it has been shown 

that liposomal co-delivery of antigens with various NF-κB inhibitors, including curcumin, is 

capable of suppressing inflammatory arthritis in an antigen-specific manner.21 However, 

despite the proven effectiveness of nanoparticles incorporating pharmaceutical agents, the 

nature of the non-targeted interaction with APCs is uncertain and no formal comparison has 

been made to the liver-targeting platform. Such a comparison would be helpful to assess the 
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robustness of the platforms, as well as the possibility that Treg generated in the liver may 

differ in terms of their immune suppressive effects from the suppressor cells generated by 

pharmaceutical agents in other locations.

With regards to the treatment of life-threatening allergic disorders, an important 

consideration in developing tolerogenic platforms to achieve Treg-induced immune 

tolerance is the use of immunomodulatory T-cell epitopes instead of encapsulating the whole 

allergen.48, 49 This is advantageous from a manufacturing perspective as well as the ability 

to avoid peptide sequences that can trigger IgE-dependent hypersensitivity responses by 

crosslinking FcεR1 receptors on mast cells and basophils.48, 49 T-cell epitopes are discreet, 

linear peptides of short lengths (~10-20 amino acids) that can be presented to the T-cell 

antigen receptors (TCR) on CD4+ T-cells by MHC-II molecules, as a prelude to Treg 

development.49-51 It has been demonstrated in clinical trials that T-cell epitopes can be used 

for safe immunotherapy that avoids the induction of life-threatening or anaphylactic 

responses.52, 53 However, despite the utility of epitopes, there are downsides, including 

shorter half-lives, poor solubility, rapid in Vivo dilution, and poor bioavailability of the 

peptides.54 These pitfalls provide good justification for encapsulated delivery of T-cell 

epitopes to LSECs, which after endocytosis of the particles, are transported to the MHC II 

complex and the APC surface. There is no guarantee, however, that peptide sequences 

identified by epitope mapping are as effective for generating Treg immune responses as in 

the setting of using epitopes to generate helper T-cell responses.

In this communication, we compared the tolerogenic efficacy of LSEC-targeting TNPOVA 

nanoparticles to PLGA particles that deliver pharmaceutical agents (rapamycin and 

curcumin), with and without OVA co-encapsulation. We demonstrate that while targeting of 

TNPOVA to LSEC stabilin receptors is slightly less efficient in suppressing allergic airway 

inflammation compared to Rapa-encapsulating nanoparticles, that curcumin delivery is 

ineffective. In addition to TNPs delivering OVA, we also compared the prophylactic and 

therapeutic effects of encapsulated T-cell epitopes, which are presented by MHC-I and 

MHC-II complexes on LSECs in allergic inflammation in an OT-II mouse model as well as 

OVA-induced anaphylaxis model in C57Bl/6 mice. Our data demonstrate the success of the 

liver targeting nanoparticles in alleviating allergic inflammation with comparable success as 

rapamycin-delivering nanoparticles, as well as the effectiveness of T-cell epitopes on allergic 

inflammation and anaphylaxis. These results extend the use of the liver targeting platform 

for applications that can also be performed with T-cell epitopes, including for effective 

prevention of anaphylaxis.

Results and Discussion

Fabrication and characterization of PLGA NPs

Since the first goal of our study is to compare liver-targeting problem NPOVA with particles 

incorporating pharmaceutical agents, our synthesis procedure aimed to generate particles 

with comparable physicochemical characteristics (Fig. 1B). LSEC-targeting PLGA 

nanoparticles were constructed using a double emulsion technique (Fig. 1B, upper panel), 

previously described by us.39 OVA was passively encapsulated in the polymer matrix to 

achieve a loading capacity of 59 μg protein per mg PLGA. These carriers were constructed, 
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either as bare particles (NPOVA) or particles in which the ApoB-100 peptide sequence 

(RLYRKRGLK, containing a GGC tag) was covalently attached to the particle surface 

(NPOVA/ApoBP) with a NAEM spacer (Figure 1B, lower panel).39 The coupling density of 

the peptide was 5 molar % compared to PLGA weight (Table 1). While Apo-B100, the 

major protein constituent of low-density lipoprotein (LDL), plays a role in LDL binding to 

LDL receptors.55, 56 LDL is also cleared from the blood by LSECs, which rely on the use of 

stabilin receptors (particularly stabilin-2) to mediate LDL uptake and degradation.57, 58 We 

have previously described the efficacy of ApoBP for LSEC targeting to the liver by binding 

to stabilin receptors, which are expressed on the LSEC surface and cellular interior, but not 

on Kupffer cells.59 The schematic in Fig. 1 C explains the mechanism of ApoBP targeting to 

clathrin-coated pits on LSECs, where peptide-mediated receptor binding leads to 

endocytosis, intracellular transport, and antigen presentation to naïve T-cells.39 Fig. 1 C also 

shows in Vivo IVIS imaging and confocal microscopy data to substantiate LSEC targeting 

effects in the liver; this will be discussed below.1

In contrast to the synthesis of targeted particles, the TNPs incorporating the pharmaceutical 

agents, curcumin and rapamycin, were constructed by passive encapsulation to achieve 

loading capacities of ~65 μg and ~22 μg per mg particle, respectively (Table 1). These 

particles were constructed to deliver the pharmaceutical ingredients independently 

(NPcurcumin or NP Rapa) of the antigen, as well as in combination with OVA (50 μg/mg) by 

particles, designated NPOVA-curcumin or NPOVA-Rapa. All the fabrication processes were 

optimized to allow the creation of particles with uniform sizes ~230-250 nm and a PDI ≤ 

0.1. SEM images reveal that all the particles were roughly of similar size, spherical shape, 

and smooth surfaces (Fig. 2). The assessment of zeta potential showed that most particles 

displayed a negative surface charge (around −40 mV), except for ApoBP-conjugated 

particles, where the peptide attachment decreased the zeta potential to −4.56 mV (Table 1). 

Table 1 also shows the encapsulation efficacy of curcumin and or Rapa were ~38 wt% and 

~32 wt%, respectively. An additional important characteristic is the release efficiency of 

antigens by TNPs, which was assessed by suspending TNPOVA in 2 mL PBS (10 mM, pH 

7.4) for different time durations at 37 °C, using gentle shaking. This demonstrated a slow 

release of 40% of the antigen over two weeks (Fig. S3). In addition, the size of NPs stored in 

deionized water at 4 °C was assayed periodically, demonstrating good long-term stability 

(Fig. S3). The NPs also exhibited slow release of curcumin and rapamycin (Fig. S3).

LSECs represent a major tolerogenic APC subset, which occupies a large collective surface 

area in the liver and are capable of generating antigen-specific Tregs in Vivo.37 To assess the 

impact of TNPs on cytokine production by tissue culture LSECs, TGF-β, and IL-10 levels in 

the supernatant were measured after cellular exposure to 100 μg/mL particles for 24 h. All 

particles triggered TGF-β production, with NPOVA/ApoBP and NPOVA-Rapa showing the most 

significant increases (Fig. S1). TGF-β plays an important role in Treg generation as well as 

execution of their tolerogenic effects at the site of pathology.60, 61 Similarly, all 

nanoparticles except NPOVA, induced a significant increase in IL-10 production. IL-10 is an 

important anti-inflammatory cytokine that also potentiates Treg differentiation.62, 63 In this 

assay, the effect of NPOVA-Rapa was more robust than NPOVA/ApoBP.
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Assessment of the biodistribution of ApoBP-decorated versus non-decorated particles

The tolerogenic particles were injected IV to deliver 25 μg OVA in 500 μg NPs per animal 

(n=4), before sacrifice after 24 h. Major organs such as the liver, spleen, heart, lung, and 

kidney were harvested and mounted in a Petri dish for IVIS imaging.39 The particle-

encapsulated OVA accumulated in the liver, with lower retention in the lung and spleen (Fig. 

1C, middle panel). Little or no distribution was observed in the kidney and heart. The 

ApoBP-decorated particles were sequestered in the liver with higher abundance than non-

decorated NPOVA (Fig. 1C, middle panel).39 To visualize the intrahepatic distribution of the 

labeled NPs, isolectin B4 immunostaining was used to locate LSECs in liver tissue sections. 

Confocal microscopy showed that, compared to DyLight-labeled NPOVA, the co-localization 

of ApoBP-coated particles with isolectin-stained endothelial cells could be seen to increase 

(Fig. 1C, right panel).39 This was expressed as a co-localization index between the labeled 

particles and the isolectin B4-stained LSECs, demonstrating that the index values increased 

from 0.22±0.087 to 0.61±0. 131. These data corroborate our previous findings with 

NPOVA/ApoBP.39

Differential tolerogenic effects of TNPs on allergic airway inflammation in an OVA-
sensitization model

We have previously demonstrated that NPOVA/ApoBP can be used to target LSECs in Vivo, 
with the ability to generate Tregs, capable of suppressing allergic inflammation in the lung.
39 In order to determine how the effect of this delivery system compare with the effects of 

Rapa (NPRapa) and curcumin (NPcurcumin) delivering nanoparticles without or including 

OVA (i.e., NPOVA-curcumin or NPOVA-Rapa), a prophylactic TNP administration protocol was 

established before performing animal sensitization and challenge (Fig. 3A). C57BL/6 mice 

received intravenous particle injection via the tail vein, using a dose of 500 μg of NPs 

containing 25 μg OVA. Particles to deliver curcumin and Rapa were injected at doses of 32 

and 10 μg, respectively, in each animal. Pretreatment was performed on days 0 and 7, 

followed by intraperitoneal (IP) sensitization with 10 μg OVA on days 14 and 21, before 

inhalation challenge with 10 mg/mL aerosolized OVA (for 20 min) on days 35 to 37. 

Animals were sacrificed on day 40 to allow blood withdrawal and harvesting of organs and 

BAL fluid for the analyses described below.

The serum was used to assess OVA-specific IgE, IgG1, and IgG2a antibody titers. 

Measurement of IgE titers, as a reflection of IL-4/CD40-mediated Ig kappa B-cell class 

switching,64 demonstrated that while all NPs decreased IgE production, the effect of 

ApoBP-decorated particles or particles incorporating Rapa and curcumin were more potent 

than NPOVA (Fig. 3B). IgG1 levels, another hallmark of IL-4 induced TH2 immunity, were 

also suppressed by all nanoparticles, with the most robust effect being assigned to 

NPOVA/ApoBP, NPOVA-Rapa, and NP Rapa + free OVA (Fig. 3B). In contrast, IgG2a levels, a 

marker of TH1-promoted Ig class switching, did not show any increase in response to OVA 

sensitization and challenge.

The TNP impact on antibody responses to OVA was also compared to the treatment impact 

on TH2 cytokines (IL-4, IL-5), IFN-γ (TH1 cytokine), and tolerogenic cytokines (IL-10 and 

TGF-β) in the lung (Fig. 4). This was accomplished by measuring cytokine levels in the 
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bronchoalveolar lavage fluid (BALF) by ELISA. In addition to a role in Ig class switching, 

IL-4 is responsible for TH2 differentiation, expression of vascular cell adhesion molecules, 

eosinophil recruitment, and mucus secretion in inflamed airways.65, 66 Prophylactic 

treatment with nanoparticles demonstrated a reduction of IL-4 levels by all therapies, with 

the best effect attributable to NPOVA/ApoBP and NPOVA-Rapa administration, i.e., a reduction 

from 243 to 76 and 33 pg/mL, respectively (p<0.001) (Fig. 4A). The same trend was seen 

for IL-5, which plays a key role in generating eosinophilic airway inflammation (Fig. 4A).
67, 68 IL-5 levels demonstrated a decrease from 47 pg/mL in untreated animals to 15, 14, and 

11 pg/mL for animals treated with NPOVA/ApoBP, NPRapa plus free OVA, and NPOVA-Rapa, 

respectively. As expected, there was no change in IFN-γ production (Fig. 4A), which agrees 

with the IgG2a results. In contrast to decreased production of TH2 cytokines, there was a 

steep increase in TGF-β production in the BALF in response to TNP injection, with the 

highest levels being obtained in animals treated with NPOVA-Rapa, NPOVA-Rapa, NPRapa plus 

free OVA and NPOVA/ApoBP (Fig. 4B). In this regard, the response to the Rapa-delivering 

particles was higher (p<0.05) than the response to NPOVA/ApoBP. Despite obtaining an in 
Vitro IL-10 response for TNP-exposed LSECs, prophylactic treatment with the particles had 

minimal effects on IL-10 release in the BALF (Fig. 4B).

Differential cell counting of the BALF demonstrated robust eosinophil recruitment to the 

lung in response to OVA sensitization and challenge. This amounted to a total of 7,450,000 

eosinophils appearing in the BALF from each animal Fig. 4C). While pretreatment with 

most NPs could be seen to reduce the eosinophil counts, NPOVA/ApoBP, NPOVA-Rapa, and 

NPRapa plus free OVA exhibited the strongest inhibitory effects (Fig. 4B). Again, the already 

significant response to NPOVA-Rapa was superseded by the response to NPOVA/ApoBP 

(p<0.05). Roughly similar trends were seen for the impact on neutrophil and macrophage 

recruitment, with a tendency for NPOVA-Rapa to be slightly more effective than 

NPOVA/ApoBP, although not statistically significant.

Histological examination of the lung tissue confirmed that OVA sensitization and challenge 

were accompanied by significant eosinophilic inflammation, particularly concerning smaller 

airways, alveolar ducts, alveoli, and small blood vessels in the lung (Fig. 5A). While some 

reduction in pulmonary inflammation was seen in response to all particles, treatment with 

NPOVA/ApoBP and NPOVA-Rapa to a large extent eliminated evidence of inflammation.

In order to determine whether Foxp3+ cells are involved in the immune tolerizing effects of 

the particles, immunohistochemistry (IHC) staining was performed to discern Foxp3 

expression in the harvested lung tissues. This demonstrated a significant increase in the 

number of Foxp3+ cells in the lungs of animals treated with NPOVA/ApoBP, NPOVA-Rapa, and 

NPRapa plus free OVA, compared to untreated animals (p<0.001) (Fig. 5B-C). Noteworthy, 

these cells were predominantly localized at pulmonary inflammation sites (Fig. 5B). NPs 

loaded with curcumin also increased the number of Foxp3+ Tregs, although not as prominent 

as the aforementioned groups. Quantification of Treg numbers showed that the response to 

NpOVA-Rapa was significantly higher than NPOVA/ApoBP (Fig. 5C).
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The encapsulation of an MHC-II binding T-cell OVA epitope interferes in allergic airway 
inflammation in an OT-II mouse model

While treatment with nanoparticles encapsulating intact OVA was successful in alleviating 

allergic inflammation, an important consideration for TNP treatment in the clinic would be 

avoidance of IgE binding epitopes that could trigger an anaphylactic response before 

tolerization to whole allergen. An important development in allergen tolerance has been the 

substitution of whole allergens with immune-modulatory T-cell epitopes, capable of 

inducing tolerogenic effects without the danger of triggering mast cell by included IgE 

epitopes.49, 69 With regards to OVA, two epitope sequences, OVA257-264 (a.k.a. OT-I 

peptide) and OVA323-339 (OT-II peptide), have been described that are recognized by the 

Vα2/Vβ5.1-TCR of transgenic animals in the context of MHC-I and MHC-II molecules in 

OT-I and OT-II mouse models, respectively.70-74 To date these animal models have mostly 

been used to assess immune activation in the context of these MHC gene products, but not 

tolerization. Thus, to determine if the transgenic TCR expressed on CD4+ T-cells in OT-II 

mice can engage OVA323-339 in the context of the I-Ab gene product for generating Tregs 

that interfere with allergic airway inflammation, we used the protocol shown in Fig. S4 to 

perform the experimentation (Fig. 6 and 7). The effect of NPs on OT-I mice could not be 

assessed since this model does not allow the generation of allergic immune responses (Fig. 

S7). For the OT-II experiment, we compared the effect of NPOVA/ApoBP with NPOT-II/ApoBP 

and NPOT-I/ApoBP. These nanoparticles were synthesized as described in Fig. 1, except that 

OT-I and OT-II peptides were used for encapsulation in particles decorated with ApoB 

peptide (Fig. 6A). This yielded particles of ~270 nm, with uniform size, PDI ~0.1, epitope 

content of ~8 μg peptide per mg particle, and ApoBP coupling density of 5.3 mol% (Table 2 

and Fig. S1).

Prophylactic particle treatment was performed by IV injection on days 0 and 7, followed by 

IP OVA sensitization and inhalation challenge, before animal sacrifice on day 40 (Fig. S4). 

Assessment of OVA-specific IgE titers demonstrated that NPOVA/ApoBP and NPOT-II/ApoBP 

pretreatment could significantly decrease antibody titers, with the OT-II peptide significantly 

more effective (p-value) than the whole protein (Fig. 6A). In contrast, NPOT-I/ApoBP had no 

effect. The same trend was also seen during the assessment of OVA-specific IgG1 levels 

(Fig. 6A) as well as measuring TH2 cytokine levels (IL-4, IL-5, and IL-13) in the BALF 

(Fig. 6B). Performance of differential cell counts also confirmed that NPOT-II/ApoBP could 

significantly suppress the eosinophil, neutrophil, and macrophage numbers in the BALF. 

NPOVA/ApoBP was as effective as the OT-II peptide for impacting eosinophils, but with lesser 

effects on neutrophils and macrophages. Assessment of TGF-β levels in the BALF 

demonstrated that while NPOT-II/ApoBP treatment was associated with a significant increase 

of this tolerogenic cytokine, the response was much less robust during encapsulation OVA 

and comparatively weak for NPOT-I/ApoBP (Fig. 6C), H&E staining showed severe 

inflammation in the untreated control and the NPOT-I/ApoBP group, while the lungs of 

animals treated with NPOVA/ApoBP and NPOT-II/ApoBP were essentially devoid of eosinophilic 

inflammation (Fig. 7A). Moreover, IHC staining for Foxp3+ showed significant increases for 

all the particles, with NPOT-II/ApoBP inducing a robust effect compared to lesser (but still 

highly significant) response to NPOVA/ApoBP. The response to the encapsulated OT-I peptide 

was weak (Fig. 7B).
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We also assessed the therapeutic impact of the particles on already-sensitized OT-II mice. 

Following IP sensitization on days 0 and 7, the mice were treated with IV particle injection 

on days 14 and 21 followed by inhalation challenge on three consecutive days (Fig. S5A). 

The OVA-specific IgE titer was significantly reduced by NPOT-II/ApoBP treatment (Fig. 8A) 

while NPOT-I/ApoBP exerted little effect. Histological analysis of lung tissue showed that, 

very similar to NPOT-II/ApoBP pretreatment, post-sensitization treatment could effectively 

reduce the eosinophilic inflammation, with modest reduction by NPOVA/ApoBP (Fig. 8B). 

Mice receiving NPOT-I/ApoBP did not show a significant effect. Differential accounting of 

eosinophils, neutrophils, and macrophages, as well as quantification of IL-5, confirmed the 

suppression of allergic inflammation by NPOT-II/ApoBP, which was slightly more effective 

than NPOVA/ApoBP (Fig. S5B-C). However, NPOT-II/ApoBP was more effective than 

NPOVA/ApoBP in elevating TGF-β levels in the BALF (Fig. S5C).

TNP encapsulation of OVA and the OT-II epitope confers protective effects in a murine 
anaphylaxis model

In order to study a disease model that is more relevant to a systemic allergic event in 

humans, we also investigated the tolerogenic effects of the NPs on an adjuvant-free OVA 

sensitization model, where OVA challenge triggers mast cell release with the potential to 

induce anaphylaxis.75 This protocol involves intraperitoneal OVA sensitization once a week 

for 6 weeks, followed by intraperitoneal OVA challenge two weeks after the last 

sensitization. The ApoBP-conjugated TNPs containing encapsulated OVA or T-cell epitopes 

were IV injected before sensitization on two occasions, one week apart (Fig. 9A). 

Challenged mice, without pretreatment, developed robust anaphylactic manifestations within 

30 min, maintaining an anaphylaxis score of 3 for 60 min, before a return to baseline by 120 

min (Fig. 9B). This response was also accompanied by hypothermia. However, animals 

receiving NPOT-II/ApoBP and NPOVA/ApoBP showed little or no manifestations such as 

scratching or rubbing the nose and head, facial puffiness, pilar erecti, increased respiratory 

rate, labored respiration, and cyanosis (Fig. 9B). We also assessed the levels of mouse mast 

cell protease-1 (mMCPT-1) release to the serum as determined by a commercially available 

ELISA kit (Fig. 9C). This showed a significant increase in sensitized and exposed animals, 

with significant response reduction in animals treated with NPOT-II/ApoBP and NPOVA/ApoBP. 

Although there was some response reduction in mice receiving NPOT-I/ApoBP, the magnitude 

of the effect was significantly less than OVA or OT-II delivery. Consistent with Dr. Galli’s 

adjuvant-free model, we did not observe a significant increase in OVA-specific IgE levels 

(Fig. 9D). Instead, OVA-specific IgG, IgG1, and IgG2b levels were elevated by the allergen 

sensitization and challenge (Fig.9D). NPOT-II/ApoBP and NPOVA/ApoBP significantly reduced 

IgG (p<0.05) and IgG1 (p<0.01) levels, while NPOT-I/ApoBP reduced the IgG2b titer, similar 

to NPOT-II/ApoBP (p<0.05) (Fig.9D). In humans, an immediate hypersensitivity response can 

also be followed by a delayed inflammatory phase, which was assessed in mice by obtaining 

peritoneal lavage fluid that was analyzed for IL-4, IL-5, and TGF-β levels. This 

demonstrated a reduction of IL-4 and IL-5 production in response to NPOT-II/ApoBP and 

NPOVA/ApoBP pretreatment, which differed significantly from a lesser response by 

NPOT-I/ApoBP (Fig.9E). In addition, we also observed significant increases in TGF-β levels in 

animals treated with NPOT-II/ApoBP and NPOVA/ApoBP compared to treatment with other 

groups (Fig. 9E). The lesser responses to the OT-I peptide may reflect an unexplained 
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contribution of an MHC-I mediated immune response to peritoneal sensitization. All 

considered, these data also show a robust tolerogenic effect of OVA and OT-II delivery by 

the conjugated TNP platform.

Discussion

In this paper, two main strategies to induce antigen-specific immune tolerance were 

compared by constructing LSEC-targeting TNPs and TNPs loaded with immunomodulators. 

For LSEC-targeting TNPs, ApoB peptide was conjugated to the OVA-loaded PLGA 

nanoparticles. In contrast, we also constructed curcumin and rapamycin nanoparticles 

without a surface ligand for comparing the effect to the liver-targeting platform, with and 

without OVA co-encapsulation. Tissue culture studies showed that both particle types could 

enhance the production of regulatory cytokines from LSECs, with NPOVA/ApoBP and NP 
Rapa-OVA performing the best. Animal experimentation in an OVA-induced allergic airway 

inflammation model also confirmed that NPOVA/ApoBP and NPRapa-OVA were the most 

effective TNPs for reducing TH2 cytokine responses (IL-4 and IL-13), eosinophil 

recruitment, and airway inflammation. The response was more robust with Rapa-OVA. 

Another assessment compared the efficacy of MHC-I and MHC-II binding OVA epitopes to 

the intact protein in a transgenic OT-II animal model, in which the use of OVA sensitization 

and inhalation challenge demonstrated that NPOT-II/ApoBP was even more effective than the 

whole protein in reducing the allergic airway inflammation through TGF-β production and 

Foxp3+ recruitment. This response reduction could be achieved by prophylactic as well as 

therapeutic interventions. We also demonstrate that delivery of OVA and the OT-II peptide is 

effective in reducing anaphylactic responses and mast cell release in a peritoneal 

sensitization and challenge anaphylaxis model. These results significantly extend the use of 

our liver-targeting TNP platform for additional design and applications to intervene in 

systemic allergic disorders.

The liver is considered as a natural tolerogenic organ based on its physiological function of 

filtering food and microbial antigens from the portal circulation, with a predilection for 

staging an anti-inflammatory innate immune response.76 LSECs represent the major 

tolerogenic APC type in the liver, which represents 15-20% of all hepatic cells with a 

combined surface area of ~200m2.37 Our liver-targeting PLGA platform was constructed to 

deliver OVA and OVA peptides to LSECs through surface attachment of ApoBP, which 

interacts with stabilin 1 and 2 scavenger receptors on the endothelial cell surface.59. This 

peptide sequence has also been used by other investigators to decorate nanoparticles and 

liposomes,77, 78 in addition to the use of poly(maleic anhydride-alt-1-octadecene to coat 

superparamagnetic iron oxide nanoparticles for LSEC targeting.17 The surface ligand 

conjugation promotes particle uptake via clathrin-coated pits, which allow antigen 

processing and presentation by MHC-II gene translation products.59 This leads to the 

activation of CD4+ T-cells that are required for the development of peripheral Tregs, with the 

involvement of TGF-β. In contrast, Rapa-loaded particles are capable of exerting tolerogenic 

effects, without the need for liver targeting. This effect is ascribed to therapeutic 

nanoparticles inducing antigen-specific immune tolerance without targeting a specific APC 

subset or even the necessity to incorporate the antigen in the tolerogenic particle.5, 16 For 

instance, Kishimoto et al. have shown that Rapa-encapsulating PLGA particles are capable 
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of inducing durable antigen-specific immune tolerance when co-administered with 

encapsulated or free proteins or peptide antigens.16 The general assumption is that the 

systemic biodistribution of the Rapa particles, capable of inducing a tolerogenic state in 

unspecified APCs, can achieve a therapeutically beneficial effect. It is important to clarify, 

however, that our own NPRapa and NPRapa-OVA nanoparticles were constructed to achieve 

sizes of 230-250 nm, which generally favors biodistribution to the liver. We have previously 

demonstrated that the liver biodistribution of non-decorated NPOVA is capable of exerting a 

tolerogenic effect through sequestration by Kupffer or phagocytosing APCs, which also 

exhibit significant immune suppressive effects, although not as robust as LSECs.39 This 

notion is corroborated by the finding that non-decorated NPOVA could exert significant 

tolerogenic effects in our current experimentation, e.g., as demonstrated in Figures 3A, 4A, 

4C, and 5. Thus, it is possible that Rapa particles in the 200 nm size range, may also 

distribute to liver APCs, where Rapa could act to reprogram APC activity as well as to 

contribute to Treg expansion.79, 80 In this regard, Rapa has been shown to promote Foxp3 

expression, as well as being able to expand peripheral Treg proliferation 79, 81 Future studies 

will address the possibility that LSEC-targeting of pharmaceutical nanoparticles could 

enhance their tolerogenic potential.

Our study compared the effect of Rapa- versus curcumin-encapsulating NPs, demonstrating 

that the tolerogenic effects of NPRapa was considerably more efficacious than this 

NPCurcumin. These differences can be explained as follows: (i) Rapa inhibits the mTOR 

pathway that controls many different aspects of innate and cognate immunity to foreign and 

self-antigens;41, 43 (ii) Rapa directly promotes Treg expansion and differentiation in diseases 

such as rheumatic diseases;42 (iii) Rapa interferes in the immunostimulatory effects of 

APCs, allowing naïve CD4+ T-cells to differentiate into antigen-specific Foxp3+ Tregs;43 

(iv) Rapa-encapsulating particles are capable of disrupting B-cell activation and 

differentiation, germinal center formation, antibody production and anaphylaxis.40, 82, 83 

Although curcumin is also capable of inducing immune tolerance as a result of broad 

antioxidant effects and ability to interfere in the NF-κB pathway,84, 85 it lacks the antigen 

specificity and efficacy of Rapa, as demonstrated by our experimentation.

A potential shortcoming of the TNP platform for the delivery of whole protein allergens is 

the presence of linear and conformational IgE-binding epitopes that harbor the potential to 

induce mast cell degranulation.86, 87 This leads to the safety concern that systemic release of 

the allergen may trigger an anaphylactic response during the early phase of tolerization. 

Thus, it is necessary to consider developing NPs incorporating allergen sequences that 

promote Treg development by MHC-II presentation to naïve T cells. For example, T-cell 

peptide vaccines developed by Circassia Pharmaceuticals, have entered a phase 3 clinical 

trial for cat allergy and a phase 2b trial for house dust mite allergy.88 Another company, 

Aravax has shown the safety and efficacy of an intradermal vaccine for peanut allergy, 

comprised of a mixture of synthetic peanut protein epitopes.89 In a similar fashion, we 

demonstrate that the use of an MHC-II interactive, non-IgE binding OVA epitope is capable 

of tolerogenic effects that are comparable or even more effective than the whole protein 

(Figures 6-9 and Figures S4-S5). In contrast, an epitope sequence presented by an MHC-I 

gene product (OT-I peptide) exhibited lesser or no tolerogenic effects and was not 

accompanied by robust Treg generation or TGF-β production in the lung. Another type of 
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epitope is regulatory T-cell epitopes, identified and characterized by De Groot et al.14, 15 

These workers have demonstrated how “Tregitopes” can be used in different murine 

autoimmune models to suppress antigen-specific immune responses by Tregs.14, 15 These 

epitopes could be tested in future studies.

Our study was extended to examine the effect of liver-targeting TNPs on an animal 

anaphylaxis model, which is more directly related to a clinical response outcome premised 

on mast cell triggering.75 Anaphylaxis, as an acute life-threatening systemic disorder, 

exhibits a lifetime prevalence of 0.05% to 2.0% in developed countries.90, 91 Our results 

show that the prophylactic administration of TNPs incorporating OVA and the OT-II peptide 

could significantly suppress the anaphylactic score, mMCPT-1 levels and late-phase 

inflammatory response. This result is of potential relevance to the development of TNP 

platforms for the treatment of food allergies, including peanut-induced anaphylaxis. Thus, 

TNPs could reduce the need for daily maintenance therapy, therefore minimizing the risk of 

an adverse reaction to the oral peanut allergen intake. The ability to develop a TNP therapy 

with immunomodulatory T-cell epitopes also holds advantages for technology scale-up, 

which could also be applied to epitope delivery for the treatment of autoimmune diseases.

Finally, it is also worth mentioning the use of combination therapy with TNPs, including the 

possibility that liver-targeting TNPs may be combined with the NPs delivering 

pharmaceutical agents to achieve synergistic tolerogenic effects. This is exemplified by the 

use of nanoparticles to encapsulate an immunodominant epitope of the autoantigen, MOG 

(amino acid residues 35-55) plus IL-10 for prophylactic and therapeutic intervention in a 

chronic progressive experimental allergic encephalitis model.92 A recent study described the 

use of hybrid particles encapsulating TGF-β surface protein constructs such as: (i) MHC-I 

and -II multimers, presenting myelin basic protein peptides to autoreactive T-cells; (ii) anti-

Fas mAb plus a recombinant PD-L1-Fc construct for apoptosis induction in autoreactive T-

cells; or (iii) CD47-Fc for inhibiting NP sequestration, prolonging in Vivo half-life.93 We 

envisage the construction of a number of hybrid platforms that combine LSEC targeting, 

pharmaceutical enhancers of APC tolerogenic activity, enhancement of Treg generation and 

stability of Foxp3 expression, as well as T-cell epitopes for the custom design of TNPs that 

can be used for a range of antigen-specific immune disorders characterized by overactive 

immune function.

Conclusion

In summary, we compared the effectiveness of two major types of TNPs, liver-targeting 

PLGA nanoparticles and nanoparticles loaded with pharmaceutical agents. Cellular studies 

demonstrated the effective induction of regulatory and tolerogenic cytokines by LSEC-

targeting and rapamycin-loaded nanoparticles, with roughly equivalent potencies. In animal 

studies, prophylactic treatment by LSEC-targeting and Rapa-encapsulating particles 

suppressed allergic airway inflammation by increasing Treg presence and TGF-β production 

in the lung. In addition, we compared the effectiveness of the LSEC-targeting particles 

containing T-cell epitopes and whole protein. NPs loaded with OT-II T-cell epitopes showed 

higher tolerogenic efficacy than NPs loaded with whole OVA, either prophylactically or 

during therapeutic administration to a transgenic OT-II mice model. The tolerogenic effects 
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were also confirmed in the murine anaphylaxis model, where the whole protein and OT-II 

peptide suppressed the anaphylaxis score, mast cells release, and the late-phase 

inflammatory response. All considered, strategies to combine LSEC-targeting, 

pharmaceutical agents (e.g., rapamycin), and T-cell epitopes may enhance tolerogenic 

effects for treatment of systemic allergic as well as autoimmune disorders.

Materials and Methods

Reagents

A poly(D,L-lactide-co-glycolide) formulation, comprised of a 50:50 mix of lactide to 

glycolide co-polymers in molecular weight range of 38,000-54000, inclusive of ~5kDa PEG, 

was purchased from Sigma (St Louis, MO). The model antigen, ovalbumin (OVA), was 

bought from Sigma. OT-II peptide, i.e. OVA323-339, with the sequence of 

ISQAVHAAHAEINEAGR, and OT-I peptide, i.e. OVA257-264, with the sequence 

SIINFEKL, were purchased from InvivoGen (San Diego, CA). Analytical grade curcumin, 

dichloromethane, sodium cholate, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), 

N-hydroxysuccinimide (NHS), and N-(2-Aminoethyl) maleimide (NAEM spacer) were 

obtained from Sigma. Rapamycin was purchased from LC Laboratories (Woburn, MA). The 

ApoB peptide RLYRKRGLK (ApoBP), along with GCC tag, was synthesized by Biomatik 

(Cambridge, Ontario, Canada). SV40-immortalized murine liver sinusoidal endothelial cells 

(LSECs), cell growth medium, and flasks were purchased from Applied Biological Materials 

(Vancouver, Canada). The ELISA kits for the measurement of cytokines, including TGF- β, 

IL-10, IL-4, IL-5, and IL-13, were purchased from R&D (Minneapolis, MN). The 

horseradish peroxidase (HRP)-conjugated goat anti-mouse secondary antibodies for 

serological titration of IgG2a (A-10685) and IgE (PA1-84764) were purchased from 

Invitrogen (Waltham, MA). An antibody to assess IgG1 levels (ab97240) was from Abcam 

(Cambridge, MA). The 3,3',5,5'-tetramethylbenzidine (TMB) substrate kit was purchased 

from BD Biosciences (San Jose, CA).

Fabrication and characterization of LSEC-targeting NPs incorporating pharmaceutical 
agents and antigen epitopes

Pristine PLGA NPs without a surface ligand were synthesized using a double-emulsion 

method (w/o/w), combined with solvent evaporation, as previously described by us.39 

Another particle was synthesized by conjugating the ApoB peptide (RLYRKRGLK, 

containing a GGC tag) to the particle surface, using a two-step reaction, that makes use of an 

N-(2-aminoethyl) maleimide (NAEM) spacer. Particles incorporating pharmaceutical agents 

were also fabricated as above, with the inclusion of synthesis parameters to optimize drug 

encapsulation. Briefly, 220 mg PLGA and pharmaceutical agents (2.2 mg of curcumin or 

rapamycin) were co-dissolved in 10 mL of DCM. 30 mg of an OVA solution (1 mL) was 

incrementally added into the organic solution, and then emulsified using ultrasonication for 

1 min with a 4s on/4s off pulse at an intensity of 30% (Branson 450). The water/oil (w/o) 

mixture was poured into 45 mL of 1% sodium cholate solution and sonicated for 2 min, 

using the same parameters, and then added into 45 mL of 0.5% sodium cholate solution. The 

double emulsion (w/o/w) was stirred overnight for DCM evaporation. The mixture was 

centrifuged and washed in DI water (10,000 g, 10 min) to remove the non-encapsulated 
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payloads, before suspension in DI water. For the epitope encapsulation, the fabrication 

method was adjusted slightly. Briefly, 1 mg of epitope solution (1 mL) was added into the 

PLGA solution (200 mg in 12 mL of DCM) and then sonicated for 40 s with a pulse of 4/4s 

on/off under 30 w. The primary emulsion was poured into 30 mL of 1% cholate solution and 

sonicated for 2 min, using the same parameters. The sonicate was poured into 35 mL of 

0.5% cholate solution and stirred overnight for DCM removal. The purification process was 

the same as mentioned above.

The size and surface charge of the purified NPs were characterized using dynamic light 

scattering. The surface morphology was visualized by scanning electron microscopy. The 

microBCA assay and the nanodrop method were used to detect the loading capacity of OVA 

and its T-cell epitopes and the conjugation efficiency of the peptide ligand. Before use, the 

endotoxin level was measured and clarified by a chromogenic LAL assay.

Determination of NP-induced cytokine production by LSECs

LSECs were exposed to nanoparticles incorporating pharmacological inhibitors for 24 h. 

Supernatants were collected to determine the production of tolerogenic cytokines, including 

TGF-β, IL-4, IL-10, through the use of ELISA (R&D).

Use of LSEC-targeting NPs incorporating pharmaceutical agents and antigenic peptides to 
induce epitope-specific tolerance in a murine allergic airway disease model

OVA sensitization and inhalation challenge were used to test the efficacy of the 

nanoparticles in a well-established allergic airway disease model in C57BL/6 mice. The 

sensitization involved intraperitoneal injection of 0.5 mg/kg OVA on days 14 and 21, 

followed by inhalation challenge using aerosolized OVA (10 mg/mL) for 20 min. OVA 

nebulization was performed using a Schuco 2000 nebulizer (Allied Health Care Products, St. 

Louis, MO) for allergen delivery at a flow rate of 6 L/min in a nebulizer cup. The effect of 

the NPs encapsulating OVA and pharmacological inhibitors was assessed in 6 to 8-week-old 

female C57/BL6 mice, while the effect of the particles loaded with T-cell epitopes was 

assessed in transgenic OT-II animals (Jackson Laboratory, Bar Harbor, ME). OT-II mice 

express a transgenic T-cell antigen receptor that, with the assistance of CD4, recognizes 

OVA323-339 peptide, presented by the murine MHC-II molecule, I-Ab. For the pretreatment 

protocol, the particles were IV administered on days 0 and 7, before animal sensitization and 

allergen challenge, as described above (Fig. S4). For the post-treatment protocol, OT-II mice 

were sensitized by IP injection using the same OVA dose on days 0 and 7, before IV 

injection of the particles on days 14 and 21, using the same dose as before. The animal 

subsequently received aerosolized OVA inhalation from days 35- 37 (Fig. S5A). Animals 

were sacrificed on day 40, followed by the collection of BALF (1 mM EDTA in PBS) and 

lung tissues for histological and immunohistochemistry analysis. Animal care was based on 

principles established by the National Society for Medical Research (USA), with animal 

protocol approved by the Division of Laboratory Animals Medicine at UCLA.

Use of LSEC-targeting NPs for antigen-specific tolerance in a murine anaphylaxis model

We made use of an adjuvant-free OVA anaphylaxis model as described by Galli et al.75 Six 

to eight week old C57BL/6 mice received IV particle injections to deliver 25 μg OVA or 4 
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μg of either the OT-II or OT-I epitopes, delivered at a particle dose of 500 μg to each animal 

on weeks 0 and 1. The animals were subsequently sensitized by six doses of OVA (10 μg/

mouse) IP on weeks 2, 3, 4, 5, 6, and 7, before exposure to OVA challenge by IP injection 

(500 μg/mouse) on week 9 (Galli paper). Animals were subsequently monitored to assess the 

anaphylaxis score (Fig.9A). Two days after the challenge, mice were sacrificed for tissue 

harvesting and collection of peritoneal lavage fluid. The treatment groups (n=6) in the 

experiment included: (i) a control group without NP pretreatment, sensitization or challenge; 

(ii) no pretreatment before sensitization and challenge; pretreatment with (iii) NPOVA/ApoBP, 

(iv) NPOT-II/ApoBP, (v) NPOT-I/ApoBP before sensitization and challenge. After the challenge, 

anaphylaxis scores and body temperatures were monitored by three independent people. The 

scoring criteria were: 0 = no symptoms; 1 = scratching and rubbing of the nose and head; 2 

= puffiness around the eyes and mouth, diarrhea, pilar erecti, reduced activity, and/or 

decreased activity with increased respiratory rate; 3= wheezing, labored respiration, and 

cyanosis around the mouth and the tail; 4 = no activity after prodding or tremor and 

convulsion; 5 = death. The peritoneal inflammation and serum collection were performed 

two days after the challenge.

Assessment of differential cell counts and assessment of cytokines

Following animal sacrifice, bronchoalveolar lavage fluid (BALF) was cytospun onto glass 

slides for fixing and staining with Hema3 solutions I and II (Fisher Healthcare, Waltham, 

MA). Differential cell counts were performed under a Fisherbrand microscope. The cell-free 

BAL supernatants from allergic airway animal studies as well as the cell-free peritoneal 

lavage supernatants from the anaphylaxis model studies were used for the quantification of 

IL-4, IL-5, TGF-β, IL-10, and IFN-γ by ELISA (R&D), as per the manufacturers’ 

instructions.

Determination of antigen-specific antibody titers and mouse mast cell protease-1 
(mMCPT-1) levels in serum

Blood was collected at sacrifice and the mouse serum separated at 4500g, 5min. Antigen-

specific antibody titers were determined by ELISA, as previously described. Briefly, the 

plates were coated with OVA (2 μg per well) in citrate-buffered saline buffer (0.05 M CBS, 

pH 9.6) overnight at 4 °C. After washing using PBST (0.01 M PBS containing 0.05% [m/v] 

Tween 20, pH 7.4), PBS containing 10% FBS was used to block the plates for 2 hours. 100 

μL of serum, serially diluted in PBS plus 1% FBS, was added into plates for 2-hour at 37 °C. 

100 μL of a diluted suspension of HRP-conjugated goat anti-mouse secondary antibodies, 

recognizing IgE, IgG1, or IgG2a was added to the plates for 2 hours at 37 °C, before the 

addition of 50 μL TMB substrate for 30 min. The reaction was stopped by the addition of 50 

μL sulfuric acid (2 M). The plates were read using a SpectraMax M5 microplate reader to 

record the optical density at a wavelength of 450 nm (OD450). Antibody titers were 

expressed as the highest dilution (titer) resulting in a doubling of OD values, compared to 

sera from non-treated animals. Levels of mMCPT-1 in serum were measured with an 

mMCPT-1enzyme-linked immunosorbent assay kit, following the manufacturer’s 

instructions.
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Hematoxylin-eosin (H&E) staining and immunohistochemistry (IHC) analysis

Lung tissues were collected from sacrificed animals, before fixing in formalin and 

dehydration in 50% ethanol. Tissue sectioning was performed to generate 4 μm thick 

sections, placed on glass slides, before H&E and immunohistochemistry staining in the 

Translational Pathology Core Laboratory (TPCL) at UCLA, as previously described. Slides 

were scanned in an Aperio AT Turbo digital pathology scanner (Leica Biosystems) at 10× 

magnification

Statistical Analysis

Statistical analysis was performed on GraphPad Prism 7 software (GraphPad Software, La 

Jolla, CA), using one-way ANOVA or the Student t test to determine the level of 

significance. The results were expressed as mean ± SEM of at least three independent 

experiments. Statistical significance thresholds were set at *p < 0.05; **p < 0.01; ***p < 

0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure1. 
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(A) Schematic showing two main potential strategies for inducing immune tolerance. (A) 

Strategy 1 depicts a liver-targeting nanoparticle for allergen delivery to LSEC in the liver, 

where allergen processing and presentation to naïve T-cells induce antigen-specific Foxp3+ 

Tregs, which are recruited to the site of allergic inflammation in the lung. Strategy 2 shows 

nanoparticles with/without allergen encapsulation to be co-loaded with pharmaceutical 

agents that are capable of locking non-targeted APCs, which are distributed system-wide 

into a tolerogenic state. (B) Schematic showing the PLGA nanoparticle synthesis process, 

including carrier cargo loading (allergen, epitopes, pharmaceutical agents), using a w/o/w 

double emulsion method combined with solvent removal. The lower panel describes the 

ApoBP peptide surface attachment onto the particle surface by a NAEM spacer, using a two-

step conjugation process to link the ApoBP cysteine group to the NAEM maleimide group.39 

(C) The schematic in the left panel shows a working model for liver-targeting tolerogenic 

nanoparticles. Particles in the ~200 nm size range and attached ApoBP ligand deliver the 

antigens are epitopes to LSECs in the liver through endocytic uptake. Antigen processing 

and presentation to naïve T-cells are capable of generating Foxp3+ Tregs, which are 

recruited to the site of pathology, where they exert their immunosuppressive effects.39 The 

middle panel shows representative ex vivo IVIS images of the explanted hearts, livers, 

spleens, lungs, and kidneys collected from animals (24 h after injecting with 500 μg 

decorated or non-decorated NPs, containing 25 μg Dylight680-labeled OVA (n=4) in an 

independent experiment to confirm our previous findings.39 The detailed methodology was 

included in the supporting information. The right panel shows the use of confocal 

microscopy that reflects the intrahepatic distribution of free and encapsulated OVA. The red 

and green fluorescence colors represent Dylight680-labeled OVA and isolectin B4 stained 

LSECs, respectively.39 Quantification of the colocalization between OVA and LSECs was 

carried out using the calculation of Pearson’s correlation coefficient. Data are expressed as 

the mean ± SEM.
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Figure 2. 
SEM pictures to show the morphology of PLGA nanoparticles prepared by encapsulation of 

pharmacological regulators, with or without the co-delivery of OVA. The morphology of 

liver-targeting particles is shown in Fig. S1.

Liu et al. Page 24

ACS Nano. Author manuscript; available in PMC 2022 January 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
TNP pretreatment interferes in OVA-induced antibody responses in a murine sensitization 

model. (A) Outline of the experimental animal protocol. Six to eight week old C57/BL6 

mice received IV injection of NPOVA to deliver 25 μg OVA in 500 μg particles per animal on 

days 0 and 7. The animals were subsequently sensitized with two doses of OVA (10 μg/

mouse) IP on days 14 and 21, before being exposed to aerosolized OVA inhalation (10 

mg/mL) for 20 min on days 35-37. Animals were sacrificed for tissue harvesting and 

collection of BALF on day 40. The treatment groups (n=6) in the experiment included: (i) a 

control group without NP pretreatment, sensitization or challenge; (ii) no pretreatment 

before sensitization and challenge, or pretreatment with :(iii) NPOVA, (iv) NPOVA/ApoBP, 

(v)NPCurcumin+free OVA, (vi) NPOVA-Curcumin, (vii) NPRapa+free OVA, (viii) NPOVA-Rapa 

before sensitization and challenge. (B) Serum anti-OVA IgE, IgG1, and IgG2a antibody 
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titers, as determined by ELISA. Data are expressed as the mean ± SEM. *p < 0.05; **p < 

0.01; ***p < 0.001 (one-way ANOVA followed by a Tukey’s test).
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Figure 4. 
Impact of TNP pretreatment on cytokine levels. Lung tissue and BALF from the experiment 

in Fig. 3A were used for the following analysis: (A) TH2 cytokine (IL-4 and IL-5) levels in 

the BALF, determined by ELISA. (B) TGF-β, INF-γ, and IL-10 levels in the BALF, 

determined by ELISA. (C) Differential eosinophil, neutrophil, and macrophage cell counts 

on BALF. BAL was performed using 1 mL of PBS lavage from each animal, for 

cytospinning and counting on slides. Data are expressed as the mean ± SEM. *p < 0.05; **p 

< 0.01; ***p < 0.001 (one-way ANOVA followed by a Tukey’s test).
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Figure 5. 
Histological results showing that TNP pretreatment reduces allergic airway inflammation in 

the experiment described in Fig. 4A. (A) Representative lung tissue sections for formalin 

fixing and H&E staining. The scale bars represent 200 μm. (B) Foxp3+ T-cell recruitment to 

the lung during IHC analysis of tissues from the experiment. The scale bar represents 100 

μm. Image-Pro Plus 6.0 software was used to detect cell nuclei and to calculate % cells, 

under 10x magnification. (C) A total of 12 independent fields were counted for each 

experimental group. The histogram on the right shows the Foxp3+ cell count for each group. 

Data are expressed as the mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001 (one-way 

ANOVA followed by a Tukey’s test).
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Figure 6. 
Pretreatment using epitope-encapsulating nanoparticles to assess the impact on OVA-

induced serological responses and cytokine production in a transgenic OT-II murine model. 

Figure S4 outlines the experimental animal protocol. (A) Serum anti-OVA IgE and IgG1 

antibody titers were determined by ELISA. (B) TH2 cytokine (IL-4, IL-5, and IL-13) levels 

in the BALF, determined by ELISA. (C) Differential eosinophil, neutrophil, and macrophage 

cell counts on BALF. (D) TGF-β, IL-10 and INF-γ levels in the BALF, determined by 

ELISA. Data are expressed as the mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001 (one-

way ANOVA followed by a Tukey’s test).
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Figure 7. 
Impact of with epitope-encapsulating nanoparticles loaded with T-cell epitopes on allergic 

airway inflammation and Treg generation. This is from the same experiment as in Fig. 6. (A) 

Representative lung histology, as determined by H&E staining, scale bars represent 200 μm. 

(B) IHC for Foxp3+ T-cell recruitment to the lung. Data are expressed as the mean ± SEM. 

*p < 0.05; **p < 0.01; ***p < 0.001 (one-way ANOVA followed by a Tukey’s test).
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Figure 8. 
Post-treatment effect of epitope-encapsulating nanoparticles on OVA-induced serological 

responses and allergic airway inflammation. Figure S5A outlines the experimental protocol. 

(A) Serum anti-OVA IgE level antibody titer was determined by ELISA. (B) Representative 

lung histology, as determined by H&E staining, scale bars represent 200 μm. Data are 

expressed as the mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001 (one-way ANOVA 

followed by a Tukey’s test).
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Figure 9. 
Pretreatment using epitope-encapsulated tolerogenic nanoparticles to assess the impact on 

OVA-induced anaphylaxis responses, serological responses, and late phase cytokine 

production in an OVA anaphylaxis murine model. (A) Outline of the experimental animal 

protocol. Six to eight weeks old C57BL/6 mice received IV particle injections to deliver 25 

μg OVA or 4 μg of OT-II or OT-I epitopes in 500 μg particles per mouse on weeks 0 and 1. 

The animals were subsequently sensitized by six doses of OVA (10 μg/mouse) IP over 7 

weeks, before exposure to OVA challenge by IP injection (500 μg/mouse) on week 9. 

Animals were monitored for anaphylaxis scoring, as shown at the bottom of panel B. The 

treatment groups (n=6) in the experiment included: (i) a control group without NP 

pretreatment, sensitization or challenge; (ii) no pretreatment before sensitization and 

challenge; pretreatment with (iii) NPOVA/ApoBP, (iv) NPOT-II/ApoBP (v) NPOT-I/ ApoBP 

before sensitization and challenge. (B) Anaphylaxis scoring. (C) Serum mMCPT-1 level 

determined by ELISA. (D) Serum anti-OVA IgG, IgG1, and IgG2b antibody titers were 

determined by ELISA. (E) TH2 cytokine (IL-4 and IL-5) and TGF-β levels in the peritoneal 

lavage fluid, determined by ELISA. Data are expressed as the mean ± SEM. *p < 0.05; **p 

< 0.01; ***p < 0.001 (one-way ANOVA followed by a Tukey’s test).
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