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Abstract

Leishmania (Viannia) panamensis (L. (V.) panamensis) is a species of protozoan parasites that 

causes New World leishmaniasis, which is characterized by a hyper-inflammatory response. 

Current treatment strategies, mainly chemotherapeutic, are suboptimal due to adverse effects, long 

treatment regimens, and increasing drug resistance. Recently, immunotherapeutic approaches have 

shown promise in preclinical studies of leishmaniasis. As NPs may enable broad cellular 

immunomodulation through internalization in phagocytic and antigen-presenting cells, we tested 

the therapeutic efficacy of biodegradable NPs encapsulating a pathogen-associated molecular 

pattern (PAMP), CpG-rich oligonucleotide (CpG; NP-CpG), in mice infected with L. (V.) 
panamensis. NP-CpG treatment reduced lesion size and parasite burden, while neither free CpG 

nor empty NP showed therapeutic effects. NP-encapsulation led to CpG persistence at the site of 

infection along with an unexpected preferential cellular uptake by myeloid derived suppressor 

cells (MDSCs; CD11b+Ly6G+Ly6C−) as well as CD19+ dendritic cells. This corresponded with 

the suppression of the ongoing immune response measured by the reduction of pathogenic 

cytokines IL-10 and IL-13, as well as IL-17 and IFNγ, in comparison to other treatment groups. 

As chronic inflammation is generally associated with the accumulation of MDSCs, this study may 

enable the rational design of cost-effective, safe, and scalable delivery systems for the treatment of 

inflammation-mediated diseases.
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Introduction

An estimated 310 million people are at risk for leishmaniasis [1], an infection caused by 

obligate intracellular protozoan parasites of the Leishmania genus. Transmitted to mammals 

by sandfly bite, flagellated Leishmania promastigotes are phagocytosed by macrophages and 

neutrophils, after which the organisms transform into amastigotes and replicate. Parasites 

have evolved to manipulate and evade the host immune response, leading to established 

infection and consequent pathology [2].

In Central and South America, infection with parasites of the Leishmania (Viannia) complex 

(L. V. panamensis, L. V. braziliensis, L. V. guyanensis) cause cutaneous and mucocutaneous 

lesions. Current treatments for leishmaniasis, including antimonial drugs such as meglumine 

antimoniate (Glucantime®) and sodium stibogluconate (Pentostam®), are inadequate 

because of high systemic toxicity, expense, and requirements of parenteral administration 

[3]. Miltefosine (hexadecylphosphocholine; Impavido®) is the only approved oral drug, and 

despite leishmanicidal activity, teratocarcinogenic adverse effects impede its widespread use. 

Complicating treatment, resistance to many of these drugs has been reported [4, 5].

Infection with L. (Viannia) organisms results in hyper-inflammatory responses [6, 7], and 

ancillary treatments have been directed towards controlling the associated inflammation in 

combination with leishmanicidal drugs. Preliminary clinical studies in patients infected with 

L. (Viannia) organisms have indicated that the use of pentoxifylline, known to inhibit TNF-

α (as well as IFNγ and other cytokines), together with additional drug treatment, can 

facilitate healing [8, 9]. Alternate approaches have leveraged the innate immune system and 

pathogen associated molecular patterns (PAMPs), such as the Toll-Like Receptor 9 (TLR9) 

agonist CpG, to facilitate the resolution of established Leishmania (L. major, L. donovani) 
infection [10–12].

More recently, Leishmania treatment strategies have focused on new drug delivery systems 

along with immune modulation to reduce toxicity and enhance treatment efficacy [13]. 

Delivery systems that localize and/or amplify the effects of immunomodulators have great 

potential for the treatment of leishmaniasis. Nanoparticles (NPs), usually solid polymeric or 

liposomal spheres, have been extensively demonstrated as effective in drug delivery and 

vaccine applications [14], and these particles possess uniquely beneficial features for anti-

parasitic therapy [15, 16]. Phagocytic cells, including macrophages and dendritic cells 

(DCs), express TLRs and efficiently endo-, phago-, and pinocytose NPs in the size range of 

50–500 nanometers (nm), enabling high intracellular concentrations of NP encapsulants that 

are protected from degradation and shielded to limit non-specific immune activation [17]. 

Additionally, NPs may enhance the efficacy of encapsulated drug through two potential 

mechanisms; first, prolonged polymer degradation enables sustained release and persistence 

of encapsulated therapeutics, and second, NPs create increased localized drug concentration. 

Previous work [18, 19] showed that as drug-loaded NPs enter ligand-receptor interaction 
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distances or penetrate a cell, the local drug concentration is significantly elevated, up to 

1000-fold compared to the same concentration of free drug. As such, either mechanism (or 

both) may improve efficacy of a small concentration of CpG [20, 21]. NPs have been 

explored in Leishmania models, including chitosan NP for delivery of the drug amphotericin 

B (AmpB) [22], as vaccine systems [23, 24], and treatment of visceral disease with 

liposomes [25].

Given the efficacy of soluble CpG treatment in leishmaniasis models, we hypothesized that 

poly(lactic-co-glycolic) acid (PLGA) NPs loaded with CpG (NP-CpG) could promote 

healing in the L. (V.) panamensis chronic infection mouse model. We report that CpG 

encapsulated into PLGA altered Antigen-Presenting Cell (APC) targeting of CpG and 

increased CpG retention at lesion sites. NP-CpG effectively suppressed the development/

growth of established lesions and reduced parasite burdens in treated mice. Successful 

treatment was accompanied by enhanced CpG uptake and expansion of CD19+ dendritic and 

myeloid-derived suppressor cell (MDSC)-like cells, leading to a reduction in cytokine 

responses. Notably, MDSCs accumulate in other chronic inflammatory diseases (such as 

arthritis, diabetes, and multiple sclerosis), but may be sub-optimally active [26], making 

them potential targets for treatment [27]. Interestingly, treatment of L. panamensis infected 

mice with NP-CpG did not lead to preferential development of a T helper type 1 (Th1)-like 

response. Instead, the observed comprehensive reduction in cytokines is consistent with the 

demonstrated ability of CpG to control inflammatory responses in a dose-dependent manner 

[28–31], as well as the ameliorative down-regulation of inflammation by regulatory T cells 

during L. (V.) panamensis infection [32]. Collectively, these studies demonstrate the utility 

of PLGA NPs as a local delivery platform for L. (V.) panamensis immunotherapy and may 

prove useful for the treatment of other inflammation-mediated diseases.

Results

Nanoparticle fabrication and characterization

Solid, polymeric NP were formulated and loaded with CpG (1.2 – 1.45 μg/mg NP). 

Scanning electron microscopy images confirmed that NPs were spherical and monodisperse, 

with an average hydrodynamic diameter of 265 nm and negative surface charge (−18.0 mV 

zeta potential in water; Figure 1A). NP released CpG in a sustained manner depending on 

pH; after 18 days, ~15% of CpG was released at a physiologic pH of 7.4. In contrast, 41% of 

encapsulated CpG was released at endosomal pH 5 (Figure 1B). PLGA NPs are 

phagocytosed and transported to the endosomal and lysosomal cellular compartments [33, 

34]. Although the precise mechanisms of acid and alkaline-induced polyester hydrolysis 

depend on numerous factors related to particles and environment [35], it is likely that 

exposure to acidic conditions accelerates polymer erosion, exposing carboxylic acid groups 

to create pockets of high acidity [36, 37]. This increased acidity not only accelerates further 

hydrolysis of polymer, but also protonates polymer and CpG, ultimately creating repulsive 

interactions to expel CpG [20]. Although extracellular release of CpG would occur with the 

CpG-NP formulations, the pH profile suggests that maximal release of CpG would occur 

upon intracellular uptake by phagocytes.
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NP-CpG controls disease

The therapeutic efficacy of NP-CpG was evaluated in the L. (V.) panamensis mouse model. 

Initial studies indicated that treatment of L. (V.) panamensis-infected mice (at the time of 

infection or following lesion establishment) with CpG could ameliorate disease 

(Supplemental Figure 1), consistent with studies of other Leishmania species ([11, 12, 38–

40]). In the present study, following lesion development (4–5 weeks post-infection), mice 

were injected perilesionally 4 times over a period of 2 weeks with either PBS (control), 

empty NP, NP-CpG, or soluble CpG dose-matched with NP-CpG (93 ng). The dose of CpG 

was based on limitations in injection volume (10 μL) and the level of CpG encapsulation 

within the PLGA NPs. However, given the established synergistic effects of NP 

incorporation [20, 21] with immunomodulatory compounds, it was of interest to determine 

whether this low dose of CpG might lead to disease amelioration compared to treatment with 

soluble CpG.

Mice treated with NP-CpG exhibited significantly reduced lesion sizes compared to control 

mice (Figure 2A); neither the equivalent concentration of free CpG nor empty NP alone was 

effective at disease remediation. Further, NP-CpG significantly reduced parasite burden in 

comparison to PBS, free CpG or NP alone (Figure 2B). Thus, both the particle and CpG 

appeared to be required for healing of established lesions.

NP- CpG modulates cytokine profiles in draining lymph nodes (dLN)

As the immune response impacts pathogenesis/healing of leishmaniasis, we next 

investigated how NP encapsulation affected CpG-induced cytokine profiles. In initial in vitro 
experiments, NP alone did not contribute to the immunomodulation of the antigen-specific 

response by CpG (Supplemental Figure 2). Consequently, experiments focused on effects in 
vivo as a result of treatment with either NP-CpG, free-CpG or NP alone.

Chronically-infected BALB/c mice were injected perilesionally with NP-CpG (containing 

93 ng CpG), 93 ng free CpG, empty NP, or PBS control, and the recall cytokine responses of 

draining lymph nodes (dLN) cells were examined at 2 days post-treatment. Cells from mice 

treated with either free CpG or PBS control (Figure 3A) showed comparable levels of IFNγ; 

in contrast, the level of IFNγ was significantly reduced in mice treated with NP-CpG. 

Similarly, there was a trend toward reduced IL-17 production in CpG-NP treated mice 

(Figure 3B). Treatment with free CpG or NP-CpG led to significant downregulation of the 

anti-inflammatory cytokine IL-10 (approximately 2-fold in comparison to the PBS control; 

Figure 3C). Critically, NP-CpG, but not free CpG nor empty NP, significantly lowered IL-13 

production (Figure 3D). In previous studies, it has been shown that both IL-10 and IL-13 are 

important in the development of chronic infection caused by L. (V.) panamensis [6], as well 

as infection with other Leishmania species [41]. Hence the reduction of these cytokines by 

NP-CpG treatment is likely important for NP-CpG-mediated control of disease.

It should be noted, however, that in a previous study, a reduction in IFNγ, IL-17, IL-10, and 

IL-13 that correlated with a significant reduction parasite burden for L. (V.) panamensis 
were observed in response to increasing regulatory T cells using IL-2 complex treatment 

[32]; these results suggest that lowering both inflammatory and anti-inflammatory cytokines 

Siefert et al. Page 4

Biomaterials. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



can lead to disease resolution in the L. (V.) panamensis model. Further, a hyper-

inflammatory response has been shown to be important in the establishment of infection and 

development of disease in leishmaniasis [42], particularly in the case of the Leishmania 
(Viannia) subgenus [43]. The fact that NP-CpG is generally more effective in decreasing 

these cytokines than either NP alone or low dose CpG suggests that NP encapsulation of 

CpG enhances its potency, either by synergistic effects with polymer and degradation 

products, and/or persistent dosage of CpG and changes in cellular biodistribution. To further 

investigate these possibilities, we examined the localization of free versus NP-encapsulated 

CpG in vivo.

These results differ from previous studies employing CpG delivered in liposomes [25], 

where a Th1 response was induced; however, multiple differences between this previous 

work, including the delivery system of dipalmitoylphosphatidylcholine and cholesterol, 

route of delivery (intraperitoneal versus cutaneous), and level of CpG (10 μg versus 93 ng) 

administered could account for the differential impact on the immune response.

NP-incorporated CpG is retained in the vicinity of parasite lesions

To determine if the differences in immune responses between free CpG and NP-CpG treated 

mice were due to altered biodistribution, we formulated NPs with CpG conjugated to Alexa 

Fluor 647 (CpG-AF647) and examined the timecourse of CpG persistence at the lesion site. 

Mice with established lesions were injected perilesionally with dose-matched CpG-AF647 

in NP or soluble form and live-imaged until fluorescence was no longer detected (Figure 4). 

Mice were scanned immediately before (Figures 4A, D) and directly after injection (Figures 

4B, E) and monitored over 10 days. As the fluorescence intensity for commensurate doses of 

CpG was greater in soluble groups due to quenching from encapsulation in NPs 

(Supplemental Figure 3A), footpad clearance was calculated as a percentage of the initially 

detected fluorescence. Three days after injection, significant differences in CpG clearance 

between soluble and encapsulated groups were observed (Figure 4G). Imaging data showed 

the persistence of perilesional CpG for the NP-CpG group for at least 10 days post-injection, 

at which time no detectable CpG was noted in the group receiving free CpG (Figure 4G).

Ten days post-injection, animals were sacrificed and organs were scanned; commensurate 

levels of dosed CpG were recovered for both treatment groups (Supplemental Figures 3B 

and 3C). It is notable that the overall organ distribution of CpG did not significantly differ 

between the 2 groups within the various tissues examined (including spleen, liver, and 

lungs), with the exception of the lesion site. In mice dosed with soluble CpG, when signal 

was no longer detected at the injection site by live imaging, most recovered fluorescence 

was located in the dLN (but not significantly greater than NP-treated mice), whereas NP-

treated mice displayed significantly more CpG retained in the feet (Supplemental Figure 

3B). Overall, these results indicate that NP encapsulation of CpG creates a depot that may 

enable prolonged TLR9 signaling at the site of infection. These results are consistent with 

the established propensity of NPs to provide a depot for sustained release of encapsulants, a 

strategy that has been exploited for both drug and vaccine delivery systems [44] and could 

provide an underlying mechanism for the observed immunomodulatory efficacy.
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Encapsulating CpG in NP alters cellular biodistribution

To further evaluate the biodistribution of free versus NP-encapsulated CpG, cells 

internalizing CpG with the 2 delivery approaches were investigated. Free CpG-AF647 or 

NP-encapsulated CpG-AF647 was injected perilesionally to mice at 4 weeks post-infection. 

Mice were sacrificed 72 hours later, the time point at which significant clearance differences 

were first observed between free CpG and NP-CpG (Figure 4G). Lesion and dLN cells were 

analyzed by flow cytometry (Figure 5) to determine the total cell populations present and the 

degree of CpG uptake. Phenotypic markers were used to identify TLR9-expressing cells, 

including B cells, polymorphonuclear leukocytes (PMN), macrophages, DCs, and myeloid-

derived suppressor cells (MDSCs) (broadly defined as CD11b+Gr1+ immune regulatory 

cells [45, 46]). As the definition of MDSCs is somewhat controversial, for the purposes of 

this study, we will refer to monocytic CD11b+Ly6C+Ly6G− cells as Mo-MDSC-like and 

granulocytic CD11c−CD11b+Ly6G+Ly6C− cells as gMDSC-like cells.

Because mice had established infections before treatment with either free CpG or NP-CpG, 

commensurate cell populations were expected between groups. Indeed, when gating on cells 

positive for CD11c, no differences were found in the portion of DCs (CD11c+CD19− cells) 

present within the lesions (Figure 5A) for either treatment group. In contrast, the distribution 

of cell subpopulations differed for the CD11b+ (macrophage, granulocytic) cells. NP-CpG-

treated mice displayed a higher proportion of certain populations of CD11c−CD11b+ cells, 

including those positive for Ly6G, which have been classified as neutrophils/granulocytes 

and gMDSC [46] (Figure 5A).

Further analysis of the lesion cells that were positive for CpG yielded interesting results. 

Consistent with the significant increases in granulocytic cell populations, a higher proportion 

of CpG positive CD11b+ cells were Ly6G+ in NP-CpG treated mice, indicating that NP-CpG 

treatment likely expands and/or recruits Ly6G+ granulocytic cell populations and that these 

cells phagocytose the NP (Figures 5A and 5B). In comparison, the greatest amount of 

soluble CpG was detected within the expanded populations of CD11b+Ly6G− cells, which 

include Mo-MDSC-like or activated monocytes/macrophages (Figure 5B). CpG uptake in 

classic CD11c+ DCs and classic macrophages (CD11c−CD11b+Ly6G−Ly6C−) were 

comparable for both groups of mice. Although there was a trend for a higher proportional 

level of CpG uptake in CD19+ DCs at the site of infection in the NP-CpG group in 

comparison to mice receiving free CpG, this was not statistically significant.

In contrast to treatment-induced variations in cell populations within lesions, no significant 

differences in dLN cell populations were observed between treatment groups (Figure 5C). 

However, there were significant differences in CpG accumulation in dLN cell populations. 

NP-CpG preferentially entered granulocytic subpopulations (Ly6G+Ly6C+ and 

Ly6G+Ly6C−; Figure 5D) as well as a subset of plasmacytoid DCs that were CD11c+CD19+ 

[28, 47] (Figure 5D). The ratio of CpG-containing CD19+CD11c+/CD19-CD11c+ cells was 

2.6 for the NP-CpG treatment group compared to a ratio of 1.1 for free CpG-treated mice 

(Figure 5D).

Collectively, there was enhanced delivery of NP-CpG to both CD19+ DCs and MSDC-like 

cells at both the lesion site and dLN. High doses of free CpG have been reported to increase 
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IDO expression in CD19+ DCs, leading to the induction of suppressive immune responses 

[48, 49]. Additionally, gMDSCs can suppress ongoing immune responses. MDSCs have also 

been shown to be involved in the induction of T regulatory cells [50]; however, we failed to 

find an increase in T regulatory levels in the dLN of the NP-CpG treated mice in comparison 

to controls (Supplemental Figure 4). As treatment with NP-CpG leads to the suppression of 

IFNγ, IL-10, and IL-13 (Figure 3), it is likely that NP-CpG targeting and expansion of 

suppressive CD19+ DCs and MDSC-like cells contribute to the modulation of the immune 

response.

Discussion

Rationally engineered NPs provide a promising vaccine and immunotherapy strategy [23] 

that can be applied to parasitic infections. As soluble CpG treatment has been shown to 

ameliorate established disease in the case of L. major [11], L. donovani [12], and L. (V.) 
panamensis [40], we formulated CpG-loaded NPs to provide long-term immunomodulatory 

therapy. Limited by CpG loading restrictions and injection volume, a maximum of 93 ng of 

CpG (encapsulated in NP) could be delivered intralesionally per mouse. This dose is 

approximately 100 to 500-fold less than that which is historically used for CpG 

immunotherapy and, unsurprisingly, this 93 ng dose of soluble CpG alone did not exhibit 

therapeutic efficacy. However, encapsulation into PLGA NPs bestowed 93 ng of CpG with 

therapeutic efficacy in L. (V.) panamensis-infected BALB/c mice. Overall, NP-CpG 

treatment resulted in downregulation of IL-10 and IL-13, which previous immunogenic 

studies have revealed to be key promoters of L. (V.) panamensis infection [6]. Additionally, 

reductions in the IFNγ (and to a lesser extent, IL-17) response were observed in this group, 

suggesting a general suppression or downregulation of the ongoing immune response. This 

aligns with recent studies in patients [51] and in the mouse model [32] demonstrating that an 

overall anti-inflammatory response can be associated with healing. Additionally, the 

chronicity of L. (V.) panamensis infection has been associated with induction of chemokines 

[52], IFNγ is known to lead to increases in vascular permeability, chemokine levels, and 

cellular infiltration [53–55] associated with inflammation. Consequently, the reduction of 

these cytokines and the ongoing immune response by NP-CpG treatment is likely important 

for the disease control observed.

The ability of NP-CpG to more effectively decrease these cytokines than either NP alone or 

free CpG suggests that NP encapsulation enhances the potency of CpG through persistent 

dosage of CpG and/or changes in cellular biodistribution. Indeed, when encapsulated in NPs, 

more CpG remained at the site of infection after injection. The sustained release of CpG by 

NP hydrolysis enabled continuous delivery of CpG, potentially optimizing TLR9 

engagement to contribute to the enhanced efficacy observed.

Further, the CpG delivery platform employed (saline versus NP) led to changes in cell 

populations present in the lesion site as well as in the cellular distribution of CpG. Notably, 

in the NP-CpG group, the distribution within the CD11b+ population (macrophages and 

granulocytes) was associated with an increased proportion of Ly6G+ cells, which includes 

neutrophils/granulocytes and granulocytic MDSCs [46]. The increase in MDSC-like cells is 

consistent with studies indicating that activation via CpG [56] and/or through NLRP3 [57] 
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can drive the expansion of MDSCs [58–60] via the induction of IL-1β. Interestingly, IL-1β 
has been shown to have variable roles in leishmaniasis, dependent upon the infective species 

[61–63]; notably, IL-1β was found to ameliorate L. (V.) braziliensis infection [63] but have 

an opposing effect for L. major, where MDSCs have been shown to exacerbate disease [62]. 

Further, the roles of PMNs in cutaneous leishmaniasis also appear to be variable and 

dependent on infecting species [61, 64, 65]; PMNs have been shown to enhance L. major 
infection and suppress L. (V.) braziliensis infection. It should be noted, however, that in 

these studies MDSCs and PMNs were not distinguished.

Consistent with the significant increases in total granulocytic cell populations, a higher 

proportion of CpG-positive cells were CD11b+Ly6G+ in mice treated with NP-CpG. 

Although the response of MDSCs to NLRP3 and TLR9 stimulation is complex [58], the 

decrease in cytokine responses observed here is consistent with enhanced MDSC activity. 

Interestingly, the distribution of CpG within lesion macrophages was comparable for both 

the free CpG and NP-CpG treatment groups; therefore, the therapeutic differences found do 

not appear to involve direct targeting and modulation of the primary host cell of the parasite.

In contrast to findings in the dLN, no differences in the distribution of various cell 

populations were found at the lesion site between the mice receiving free CpG or NP-CpG. 

However, there remained a similar pattern of platform-selected targeting for the CD11b+ 

Ly6G+ cell populations in the NP-CpG group. Further, NP-CpG preferentially entered a 

subset of plasmacytoid DCs (pDCs), which were CD11c+CD19+ [28, 47]. While soluble 

CpG was also found in this subpopulation of DCs, the ratio of CpG+ cells (CD19+CD11c+ to 

CD19-CD11c+) was approximately 2.5 times greater for the NP-CpG treatment group than 

the free CpG treatment group, indicating selective targeting and uptake of NP-CpG. The role 

of DCs in the regulation of leishmaniasis is complex, and is determined in part by the DC 

population [66–68]. CpG has been reported to increase IDO expression in CD19+ pDCs, 

leading to the induction of T regulatory cells and suppressive immune responses [48, 49], 

which partially act through the induction of type I interferons. While these studies involved 

high doses of free CpG, given the increased CpG uptake by these cells due to NP 

encapsulation and their known role in suppression, tolerogenic pDCs are of mechanistic 

interest. The overall ameliorative effects of NP-CpG on both pDCs and MDSCs is likely 

impacted by concurrent NLRP3 activation and the pre-existing inflammatory 

microenviroment caused by established L. (V.) panamensis infection.

Conclusion

This work demonstrated the efficacy of CpG-loaded PLGA NPs to ameliorate established 

Leishmania (V.) panamensis infection. The sustained release of CpG created a beneficial 

kinetic profile of receptor engagement at tissue, cellular, and intracellular levels, with 

preferential targeting of MDSCs and plasmacytoid DCs, corresponding to the down-

regulation of the inflammatory response. NP encapsulation bestowed a sub-therapeutic dose 

of CpG, 93 ng, with observable efficacy. Future generations of therapeutic NP could contain 

CpG combined with other adjuvants and anti-leishmanial drugs to lower chemotherapeutic 

doses, increase parasite killing, and reduce toxicity. Critically, NP-CpG was therapeutic as a 

local rather than systemic treatment, which could further limit adverse effects. As MDSCs 
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have been shown to accumulate during other chronic inflammation, NP-CpG may have 

utility as a safe and effective treatment strategy for a variety of immune-mediated diseases.

Materials and Methods

Materials

Fully phosphorothioated 3′ Type B CpG 1826 ODN was purchased from Invivogen 

(sequence: 5′ TCC ATG ACG TTC CTG ACG TT 3′). Poly(vinyl alcohol) (PVA) and 

chloroform were purchased from Sigma-Aldrich (St. Louis, MO). Research-grade PLGA 

(50:50, iv .55–.75 dL/g) was purchased from Durect (Pelham, AL). The following 

fluorochrome-conjugated antibodies were employed: CD11c-PE-Cy7 (BD Biosciences; 

clone HL3), Ly6C-PerCP-Cyanine5.5 (eBioscience; clone HK1.4), Ly6G-PE (BioLegend; 

clone 1A8), CD11b-eFluor450 (eBioscience; clone M1/70), CD19-FITC (eBioscience; clone 

1D3).

Nanoparticle Fabrication and Characterization

PLGA NPs were synthesized using a water/oil/water (w/o/w) double emulsion technique 

previously described [57]. The CpG utilized was CpG 1826, a type B CpG with a 

phosphorylthiolate backbone, which has been shown to have superior stability [69] and 

documented ability to stimulate macrophages and dendritic cells in addition to B cells [70, 

71]. Briefly, polymer was dissolved in chloroform at 50 mg/mL. CpG 1826 (8 mg/mL in 

PBS) or PBS was added dropwise to the polymer solution under vortex, followed by 30 

seconds of sonication using a Tekmar Sonic Distributor fitted with a CV26 sonicator at 38% 

amplitude. The dissolved polymer/encapsulant was added dropwise to an aqueous 5% PVA 

solution under vortex before a second round of sonication. Residual chloroform evaporated 

as NPs hardened in 0.2% stirring PVA in a fume hood. NP were collected and rinsed by 

centrifugation at 12,000 rpm for 20 minutes, flash frozen, lyophilized in pre-weighed vials, 

and stored at −20°C. NPs were characterized by Scanning Electron Microscopy and with a 

Malvern Zetasizer, which measures hydrodynamic diameter by dynamic light scattering and 

zeta potential by Laser Doppler Micro-Electrophoresis. To determine CpG loading, NP were 

dissolved with a mixture of 0.1N NaOH and 1% Triton-X and oligonucleotide content 

quantified by PicoGreen DNA Detection Assay. Blank NPs were used as negative controls. 

Similarly, for controlled release experiments, NP-CpG or blank NPs were suspended in PBS 

at pH 7.4 or pH 5 at 2 mg/mL and tumbled in a 37°C incubator. At each timepoint, NP 

suspensions were pelleted at 13,200 rpm, supernatant collected and frozen for future CpG 

quantification by PicoGreen, and then particles were resuspended in pH 5 or pH 7.4 PBS 

buffer and replaced into the incubator. Percent release was calculated by dividing the 

quantified CpG in supernatant timepoints by total CpG loading in NP.

Animals

Female BALB/c mice were obtained from the National Cancer Institute (Frederick, MD, 

USA) and housed at the Yale University School of Medicine facilities, approved by the 

American Association for Accreditation of Laboratory Animal Care. All animal procedures 

were performed in compliance with the U.S. Department of Health and Human Services 
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Guide for the Care and Use of Laboratory Animals and were reviewed and approved by the 

Yale University Committee for the Use and Care of Animals.

Parasite culture, infection, and parasite burden analyses

L. (V.) panamensis (strain MHOM/CO/1995/1989) were grown in Schneider’s Drosophila 

medium supplemented with 20% heat-inactivated FCS and 17.5 μg/ml gentamycin. The 

infection protocol has been described previously [6]. Briefly, infective parasites were 

isolated from late stationary phase promastigotes from the 45/60% Percoll gradient 

interface. Parasites (5×104) were injected intradermally into the top of a hind foot. Lesion 

development was monitored by measuring the foot thickness using a dial gauge caliper 

(Starrett Thickness Gauge) and calculating the ratio between the infected and the 

contralateral non-infected foot. At the termination of the experiment, parasites were 

quantified in infected tissue by limiting dilution. Draining lymph node cells were isolated 

and stimulated with soluble Leishmania antigen (SLA), and cytokines analyzed by ELISA as 

previously described [6, 32].

NP-CpG Treatment

Following lesion development (between 3–5 weeks post-infection) mice were treated twice 

per week for 2 weeks with NP-CpG (93 ng CpG in 64 μg NP), free CpG (93 ng), empty NP 

(64 μg), or PBS. Due to limitations in injection volume and NP concentration (64 μg in 10 

μL), a dose of 93 ng of CpG was the maximum allowed dose for perilesional injections. Two 

days following the final treatment, a subset of mice in each group (3–4) were sacrificed, and 

cells were harvested from draining lymph nodes (dLN) and stimulated with soluble 

Leishmania antigen (SLA; equivalent to 2.5×106 parasites/ml) for 3 days. Cytokines were 

measured in the culture supernatant by ELISA (Ready Set Go kits, eBioscience). In the 

remaining mice (5–6 mice/group), lesion size was measured weekly for 3 weeks following 

the end of treatment, and parasite burden was determined at the time of sacrifice, as 

described above.

CpG Biodistribution

To determine CpG distribution in vivo, NP were formulated as previously described 

encapsulating CpG conjugated to Alexa Fluor 647 (CpG-AF647, TriLink Biotechnologies). 

After lesions were established, mice were injected perilesionally with therapeutic doses of 

reagents (93 ng CpG-AF647 in soluble or NP form) in 10 μL. Live imaging experiments 

were performed using a Bruker In-Vivo MS FX Pro small animal optical imaging system, in 

which animals were anesthetized with vaporized isofluorane. When signal diminished from 

footpads 10 days post-injection, mice were sacrificed and organs harvested for scans by the 

Bruker system. Fluorescence was quantified by percent of initial dose, as soluble and NP-

CpG provided different initial signal intensities (despite commensurate CpG concentration).

CpG-cellular distribution experiments were performed by flow cytometry. Mice with 

established lesions were perilesionally injected with fluorescently labeled CpG, free or NP 

encapsulated, and euthanized 3 days later. Draining lymph node cells were isolated by 

mechanical disruption of dLN through a cell strainer, followed by ACK lysis. Cells were 

stained by incubating with a solution of fluorescently-tagged antibodies (CD11c-PE-Cy7, 
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Ly6C-PE-Cy5.5, Ly6G-PE, CD11b-eFluor450, CD19-FITC), and samples run on LSR II 

Flow Cytometer. Data was analyzed using FlowJo Software (Tree Star, Inc.), and gating 

strategies are outlined in Supplemental Figure 5.

Statistical Analyses

Statistical analyses were conducted using the Students t-test. For parasite burden analysis, 

data was log transformed prior to the t-test. P values ≤0.05 were considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Characteristics of NP-CpG
(A) Schematic representation PLGA NP encapsulating 1.45 μg CpG per mg NP. The size of 

CpG-NP was measured by scanning electron microscopy, and the charge in water was 

determined as described in Materials and Methods Section. Data presented are from 4 

experimental replicates (averages of all particles used) and triplicate determinations per 

experiment. (B) CpG release from NP was measured by tumbling NP in acidic or 

physiologic pH at 37°C. Results are representative of 3 independent experiments. *p<.05; 

**p<.01; ***p<.001.

Siefert et al. Page 16

Biomaterials. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. NP-CpG control established leishmaniasis
BALB/c mice were infected with 5×104 late stationary phase L. (V.) panamensis 
promastigotes. After lesions developed, mice were injected perilesionally twice a week for 2 

weeks with PBS, 64 μg NP-CpG, dose-matched free CpG (93 ng), or 64 μg empty NP. (A) 

Lesion progression was monitored by weekly measurements of feet. (B) Three weeks post-

treatment, mice were euthanized, and parasites were quantified in lesions by limiting 

dilution. Data are representative of 3 independent experiments. n=5–6; *p<.05; **p<.01.
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Figure 3. NP-CpG regulates cytokine responses in L. (V.) panamensis-infected mice
Mice with established lesions were injected perilesionally twice a week for 2 weeks with 

PBS, 64 μg CpG-NP, dose-matched free CpG (93 ng) or 64 μg empty NP. Two days after the 

end of treatment, dLN cells were harvested and stimulated with Soluble Leishmania Antigen 

(SLA) and (A) IFNγ, (B) IL-17, (C) IL-10 and (D) IL-13 levels were determined by ELISA. 

Data are representative of 3 independent experiments. Bars display group mean with 

standard error. n=3–5;*p<.05; ***p<.001.
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Figure 4. NP-CpG persists in the lesions of L. (V.) panamensis-infected mice
Fluorescently-labeled CpG, free or encapsulated in NP, was injected perilesionally into mice 

with established disease and animals were live imaged. (A, D) Before injection, infected 

mice exhibited similar background fluorescence. Immediately after injection, a greater 

intensity of soluble CpG was detected (C) than NP-CpG (D), owing to fluorescence 

quenching by NP encapsulation. Thus, clearance of fluorescence was normalized to the 

original detected dose for daily imaging (G), with representative images of fluorescence at 

day 7 (C, F). Data are representative of 3 independent experiments. n=3; *p<.05; **p<.01.
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Figure 5. NP encapsulation alters the cellular distribution of CpG
The cellular distribution of labeled CpG (free or NP) was determined 72 hours following 

treatment of mice with established lesions. The overall distribution of cells in the foot (A) 

and dLN (C) of the same mice was also assessed. Cell populations in the foot (B) and dLN 

(D) were gated on CpG+ cells, and the cellular distribution of CpG+ cells was determined by 

flow cytometry, as described in Materials and Methods Section. Data are representative of 3 

independent experiments. n=3; *p<.05; **p<.01.
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