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ABSTRACT 

Background: Despite considerable knowledge of allergy and its physiopathology, the only treatment with long-

lasting effects for bee venom (BV) allergic patients is venom immunotherapy (VIT). Its efficiency has been 

recognized worldwide for many years. However, some limitations still result in patient rejection and prevent its 

use, such as the long treatment period with a total of 30-80 injections administered over three to five years, the 

high cost of treatment, and the risk of anaphylaxis as a side effect. Objective: In order to overcome these 

inconveniences, a new formulation for VIT is proposed, consisting of BV encapsulated within microspheres 

composed of poly-lactide-co-glycolide (MS-PLGA) as a controlled delivery system. Methods: BV-MS-PLGA was 

prepared by a double emulsion/solvent evaporation method and its biological efficiency was tested by ex vivo 

macrophage uptake stimuli and in vivo antibody production in mice. Results: BV-MS-PLGA formulations 

prevented inflammatory reactions by impeding direct contact between BV and the organism/tissue. The 

increased phagocytosis rate of BV-MS-PLGAs by macrophages allowed for the delivery of antigens directly to 

the intracellular environment. Furthermore, with the use of BV-MS-PLGAs, antibody production was 

comparable to traditional VIT (free BV delivered in PBS) with the advantages of protecting the organism 

against the deleterious effects of BV toxins and reducing the number of injections needed to produce the same 

protective effect. Conclusion: MS-PLGA is a promising controlled delivery system to deliver BV for VIT. 

 

Keywords: Allergy; Biodegradable microspheres; Protein delivery; PLGA microspheres. 

_____________________________________________________________________________ 

INTRODUCTION 

Allergies are common diseases that affect 20% to 30% of the global population, especially in developed 

countries, but also in undeveloped and developing ones. However, considering the broad distribution of different 

types of allergic conditions, the prevalence may reach 30% to 40% [1,2]. Among the different causes of 

allergies, those caused by insect venoms are potentially the most dangerous and deleterious to an allergic 

individual. There are many reasons for this, such as the difficulty of predicting its occurrence and the possibility 

that a single bee sting may induce a severe anaphylactic reaction, which may lead to death [3-5]. Therefore, 

honeybee stings represent an important potential allergen source in the group of insect venoms. Life-threatening 

anaphylactic reactions are generally triggered by intense mast cell degranulation, which releases a number of 
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inflammatory mediators. Mast cell degranulation occurs since these cells are sensitized by specific IgE 

antibodies on the cell surface, which then cross-react with allergen molecules [9]. There are palliative and 

transient treatments involving the use of corticosteroids and antihistamines, which ameliorate and control the 

severity of such reactions, but they are not preventive against future accidents involving insect stings [6]. As a 

preventive therapeutic strategy for patients suffering from an allergy caused by bee venom (BV), allergen or 

venom immunotherapy (VIT) is the only treatment that has shown long-lasting effects. The efficiency of VIT 

has been recognized worldwide, and its application is approved by the World Allergy Organization (WAO), 

although the exact mechanism of action is not fully understood [7,8]. It is believed that a modulation of the 

immunological response from Th2 towards a Th1 profile is a key aspect of this treatment [8].  

VIT is a well-established therapy consisting of subcutaneous injections of gradually increasing doses of 

allergen. This therapeutic strategy induces immunological tolerance in the organism by shifting the 

immunological response against the allergen from predominantly IgE towards IgG antibody production, which 

means a change from a Th2 to a Th1 response [8-10]. Despite its efficacy, VIT presents some inconveniences 

that have limited and prevented its wide application. For example, it is frequently rejected by patients because it 

entails a prolonged treatment period, commonly over three to five years, with a total of 30 to 80 injections. 

Additionally, it is a high-cost therapy not paid for or funded by public health programs [11,12]. Moreover, there 

is no safe dose for administering free BV (in aqueous solution) during treatment. Hence, each patient may 

respond in different ways, depending on their own reactivity threshold and sensitivity level. Therefore, the risk 

of side effects, however small, represents one of the greatest drawbacks preventing general and widespread 

application. In this context, the development of safer and more effective strategies for VIT is of great 

importance to improve the treatment of allergic diseases [13,14]. Taking into account all these described 

limitations, were propose in the current study that microspheres (MS) prepared using biodegradable polymers, 

such as poly-lactide-co-glycolide acid (PLGA), may represent an alternative controlled delivery system to 

encapsulate BV allergens for use in VIT.  

MS-PLGA has been shown to be an efficient controlled delivery system capable of delivering antigens either 

continuously or by pulsatile release over prolonged periods of time for different therapeutic purposes [15-17]. 

MS-PLGA encapsulated antigens have been shown to be an alternative strategy to induce protective immunity 

even after a single subcutaneous injection, as the antigens can be released slowly over time, thus simulating the 

sequential injections of traditional VIT [18-20]. Moreover, the pharmaceutical strategy of encapsulating 

allergens within MS-PLGA helps to protect allergens from degradation by natural proteases present in the 

organism. This increases their bioavailability, which allows for prolonged stimulation of the immune system, 

and thereby represents the most promising approach in allergy treatment [3]. Furthermore, there is bi-directional 

protection, since microspheres also protect the organism from possible deleterious effects caused by direct 

contact with BV toxins. Finally, it is possible to direct these allergenic molecules to antigen-presenting cells 

such as macrophages and/or dendritic cells [21], where they can be adequately processed and provide a non-

anaphylactic immunological stimulus upon the next contact with the same antigen, resulting in, for example, a 

Th1-polarized response.  

Previous studies by our group have demonstrated the capacity of MS-PLGA to encapsulate BV proteins without 

losing their integrity, even after they have been submitted to the microencapsulation process [22]. Furthermore, 

characterization showed that they are adequate for VIT, by presenting a controlled-release profile of BV and by 

maintaining BV antigenicity for prolonged periods of time [23]. Therefore, the present study describes, to the 

best of our knowledge for the first time, the in vivo administration of whole BV encapsulated within MS-PLGA, 

which was prepared with six different polymers. Assessments were performed regarding tissue toxicity and 

inflammatory reactions, the ability to induce phagocytosis, and the ability to stimulate the production of specific 

neutralizing antibodies against BV proteins. 

MATERIALS AND METHODS 

Materials 
Lyophilized BV was purchased from Sigma Chemical Co., St. Louis, MO, USA. PLGA polymers with different 

molecular weights with free terminal-carboxyl (12 kDa-H, 34 kDa-H and 63 kDa-H) and methylated terminal-

carboxyl (12 kDa-Me, 34 kDa-Me and 63 kDa-Me) were purchase from Boehringer Ingelhein (Germany). 

Dichloromethane was obtained from Aldrich Chemical® - Milwaukee – USA. Griess reagent mixtures were 

purchased from Sigma Chemical Co. (St. Louis, MO, USA). Polyvinyl alcohol (PVA Mw 49000 - Mowiol® 40-

88) were obtained from Sigma-Aldrich®. 3,3',5,5'-tetramethylbenzidine (TMB) was from Polysciences® and 

Dimethylsulfoxide (DMSO) was from Merck®. Anti-mouse IgG1, IgG2a and IgE peroxidase conjugates were 

from SoutherBiotech®. Xilazin was from Coopazine® (Schering-Plough). Panoptic staining was from Laborclin 

(Paraná, Brazil). RPMI-1640 medium, FBS and antibiotics (penicillin and gentamicin) were from Gibco® 

(Grand Island, NY, USA). All other chemicals used were of analytical reagent grade. 
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Preparation of BV-loaded microspheres 

A water-in oil-in water (W1/O/W2) double-emulsion solvent evaporation [24] adapted method [25] was 

employed to prepare microspheres containing bee venom proteins. 250 µl of BV (50 mg/mL) was mixed with 4 

mL of dichloromethane containing PLGA, and emulsified (T 25 Basic IKA Labortechnik – Ultra Turrax®) at 

24000 rpm for 2 min. The resultant first emulsion was added to 20 mL of PVA (2%), under agitation, and 

emulsification continued at 13500 rpm for 2 min. The emulsion was stirred continuously for 3 h at room 

temperature and atmospheric pressure till complete solvent evaporation. After the microspheres had formed, 

they were collected by centrifugation for 10 minutes at 2000 g, rinsed with water three times and then 

resuspended with 2 mL of 1 % PVA, freeze-dried for 24 hours and stored at -20 °C. 

 

Encapsulation efficiency (EE) 

EE was determined after MS alkaline digestion with some modifications from Sharif and O’Hagan’s method 

(1995). Briefly, 20 mg of the freeze-dried MS was added to 5 ml of 0.1% SDS - 0.1 M NaOH solution [26]. The 

mixture was incubated under gentle stirring for 24 hours at 37 ± 1.0 °C. After centrifugation and filtration in 

0.22 µm membranes, the clear supernatant liquid was assayed by the Lowry method. The amount of BV was 

determined using the standard curve equation (y = 1.00208X r=0.99931). The encapsulation efficiency (EE) can 

be calculated as follows: 

EE = (Protein found in microspheres / Initial protein added) x 100% 

 

Uptake of microspheres by J774 macrophages 

Murine macrophages of the cell line J774 were used to study the phagocytic uptake of MS-PLGA. The cells 

were maintained in RPMI-1640 complete medium containing 20% FBS, antibiotics (10 µL/mL penicillin and 1 

µL/mL gentamicin), and incubated at 37 °C under 5% CO2. The macrophages were washed, collected by 

centrifugation and counted by Trypan blue exclusion; then, 1×10
6
cells/24-well were incubated for 4 h with 

1mg/ml of non-loaded MS or BV-loaded MS [27]. After the incubation period, the medium was aspirated and 

non-ingested MS were washed off with additional medium. Cell suspensions were collected, cytocentrifuged 

and identified by panoptic staining [28]. MS uptake was assessed microscopically by counting the number of 

cells that had ingested at least one MS. The phagocytic index (PI) was calculated as:  

PI = number of cells containing at least one MS / total number of cells X number of engulfed MS. 

 

NO production by J774 macrophages 

NO production by J774 cells were determined by the Griess reaction. Cell culture supernatants (0.1 ml) were 

incubated with an equal volume of Griess reagent (1% sulfanilamine, 0.1% N-(1-naphtyl)-ethylendiamine 

dihydrochloride, 2.5% H3PO4) at room temperature for 10 min. The absorbance was measured in a microplate 

reader at 540 nm and NO concentrations calculated from a sodium nitrite standard curve (y = 0.00525X 

r=0.997). The data are presented as micromoles of NO2
-
 (nitrite) (mean ± the SEM). 

 

Intravital microscopy 

Mice were injected with a muscle relaxant drug (0.4% Xilazin) and then anaesthetized with 2.5% chloral 

hydrate and the cremaster muscle was exposed for microscopic examination in situ [29-30]. Animals were 

maintained on a board thermostatically controlled at 37 °C, which included a transparent platform on which the 

tissue to be transilluminated was placed. After stabilization of the microcirculatory network, the number of 

rolling leukocytes was counted in post-capillary venules for a total period of 30 min (divided in periods of 5 

minutes) before and after topical application of 0.3 µg BV (30 µL of total volume) of free BV, BV-loaded MS 

or non-loaded MS in PBS. Values are the average of three independent experiments. The analysis of the 

microvascular system was performed with an optical microscope (Image.A1 Carl-Zeiss) coupled to a 

photographic camera (AxioCam ICc1) using an objective 40x/03. 

 

VIT protocols 

The VIT was performed with adult female Balb/C inbred mice, weighing 15-20 g, between 30-40 days old, all 

from the Central Animal Laboratory of the Institute Butantan. The animals were maintained at the Animal Care 

Service in the Biotechnology Center, kept in isolators with free access to water and food, with a cycle of light 

and temperature control according to the local guidelines. All experiments were conducted within ethical 

standards and the project was approved by the Ethics Committee on Animal Use of Institute Butantan (protocol 

n°. 336/06). 

 

First protocol: adjuvant effects of MS-PLGA in VIT: 

The mice were divided into seven groups of five animals.  
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Sensitizations: all animals of each group were subcutaneously (SC) two times sensitized (30-day intervals) with 

5 µg of BV adsorbed on Al(OH)3. Eight days after the sensitization, blood samples were collected from the 

retro-orbital venous plexus.  

 

Desensitizations (immunotherapy): 45 days after the first sensitization 0.3 µg of BV was applied (free in PBS 

or encapsulated within the six different PLGAs) via SC. Injections were repeated every week during six weeks. 

Once immunotherapy has been finalized, other sera aliquots were collected from each group.  

 

BV challenge: Ten days after this last bleeding the animals were SC challenged with 15 µg of native BV in 

PBS. 24 hours after the challenge, a last bleeding was performed to analyze the production of antibody. All sera 

samples were stored at - 20 °C until analysis by ELISA. 

 

Second protocol: effects of reduced injections through of BV within MS-PLGA: 

Balb/C mice were divided only into four groups of six animals. Based on the results of the first protocol, in this 

second assay, polymers of 12 kDa-COOH or 63 kDa-COOCH3 were studied.  

 

Sensitizations: all animals of each group were two times sensitized, SC, (10-day intervals) with 5 µg of BV 

adsorbed on Al(OH)3. Eight days after the sensitization, blood samples were collected from the retro-orbital 

venous plexus.  

 

Desensitizations (immunotherapy): were initiated 15 days after sensitizations. A control group (only 

sensitized) received injections of PBS only. The group that represented the traditional VIT received six doses of 

0.3 µg of native BV in PBS via SC at weekly intervals. The groups treated with reduced number of injections 

received only two doses of 1.0 µg of encapsulated BV within MS (12 kDa-COOH or 63 kDa-COOCH3) with the 

first injection in parallel with the first dose of BV-PBS and second injection in parallel with the fourth BV-PBS 

injections. Other blood collections were performed between the third and fourth doses, after seven and thirty 

days of desensitization.  

 

BV challenge: was performed 40 days after the desensitizing treatment ended. 50 µg of native BV in PBS was 

administered via SC. Two more bleedings were performed: two days before challenge and 24 hours just after 

challenge to assess changes in immunoglobulin production. 

 

Quantification of antibody in serum 

For detection of BV specific antibodies, microtiter 96-well plates were coated with 100 µL of 10 µg/mL BV in 

buffered carbonate (pH 9.5) and incubated at 4 
o
C overnight. Plates were washed with PBS–0.05% Tween 80 

(PBST) and blocked with 200 µL of 1.0% PBST containing dry milk (PBSTM) for 1 h. After washing, serial 

dilutions of individual sera in 100 µL PBST were incubated in the plates for 2 h. Subsequently, the plates were 

washed and incubated with anti-mouse IgG1 and IgG2a peroxidase conjugate in 100 µl PBSTM for 2 h. After 

this incubation, the plates were washed and the reaction was developed with 100 µL TMB used as substrate. 

After 15 minutes at room temperature (protected from light) the reaction was stopped by adding 50 µL of 1 M 

H2SO4. The absorbances were read at 450 nm in a Multiskan reader Titerteck MCC/340. 

For detection of specific IgE antibodies slight modifications were performed as follows: plates were coated with 

100 µL of 20 µg/ml of BV in buffered carbonate (pH 9.5), and incubated overnight with serial dilutions of 

individual sera for better interactions between anti-BV IgE and BV on the plate. After washing, the plates were 

incubated with anti-mouse IgE peroxidase conjugate in 100 µl PBSTM for 4 h. All incubations were done at 

37°C. 

 

Assessment of hypersensitivity responses 

The body temperature changes associated with anaphylaxy were monitored by measuring the rectal temperature 

before and 30 minutes after the challenge [31]. Symptoms of systemic anaphylaxis appeared within 15 to 30 

minutes and reached a peak at 40 to 50 minutes after the first symptoms appeared. Symptoms were evaluated by 

using a scoring system from previous reports [32-34] and scored as follows: 0 = no symptoms; 1 = scratching 

and rubbing around the nose and head; 2 = puffiness around the eyes and mouth, 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; and 5 = death. 

 

Statistical analysis 

The means and standard deviations (SD) from, at least, three measurements were obtained from all analytical 

experiments, except for biological assays, where five or six animals per group were used. Results from the 

experiments were used as variables and analyzed by using a one-way analysis of variance (ANOVA). When 



RA da Trindade et al   J. Chem. Pharm. Res., 2017, 9(3):197-208  
__________________________________________________________________________________________ 

201 

 

statistically significant differences were found, Tukey tests were performed. Statistical significance was set at p 

≤ 0.05. 

RESULTS 

Efficiency of encapsulation (EE) 

As previously reported [23] the efficiencies of BV encapsulations were 71.87 %; 74.76 %; 75.73 %; 55.14 %; 

49.19 % and 70.10 % within the following MS-PLGAs 12 kDa-COOH; 34 kDa-COOH; 63 kDa-COOH; 12 

kDa-COOCH3; 34 kDa-COOCH3; and 63 kDa-COOCH3 respectively. These values of EE were reproduced here 

because they were used to calculate BV-MS-PLGA doses administrated in mice and other experiments. 

 

Uptake of microspheres by J774 macrophages 

Figure 1 (B and C) shows, respectively, the unloaded and BV-loaded MS uptake by macrophages at 37 ◦C, after 

4 h of incubation.  

 
Figure 1: Microscopy of macrophages in the presence of MS-PLGA. The cells were incubated for 4 hours in the presence of: A. 

RPMI medium; B. Non-loaded MS-PLGA; C. BV-Loaded MS-PLGA. Cells were identified after panoptic staining. Magnification: 

1000x in oil immersion. The black arrows show the engulfed MS-PLGA 

The assay revealed a greater number of cells that ingested at least one MS containing BV (54±4 %) when 

compared with those incubated with unloaded MS (26±7 %) (Figure 2A). J774 cells presented a greater 

phagocytic index when incubated with BV-loaded MS (63±12) than unloaded MS (11±6) (Figure 2 B).  

 
Figure 2: Percentage of cells containing MS-PLGA in function of different formulations. The cells were incubated with different 

formulations: (A) Uptake of unloaded and BV-loaded MS-PLGA by J774 macrophages after 4 h of incubation. Data are expressed 

in percentage of cells that engulfed at least one MS. (B) Phagocytic index. Results are presented as mean ± S.E.M. from three 

experiments (n = 3); (*) p<0.05, relative to values in the control group (unloaded MS-PLGA) 

NO production by J774 macrophages 

The nitrites levels produced by J774 macrophages were used as a prediction of NO generation meaning directly 

intracellular activations. There was low production of NO by J774 cells in the presence of non-loaded MS-

PLGA (2.39 ± 0.4 µM/5x10
5
 cells) or BV-loaded MS-PLGA (2.56 ± 0.3 µM/5x10

5
 cells) when compared to 

medium (1.9 ± 0.2 µM/5x10
5
 cells), indicating no stimuli to intracellular activation of these cells (p-

value=0.092).  
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Intravital microscopy 

It was observed that the administration of free BV-PBS increased markedly the leukocyte rolling flux in the 

microcirculatory tissue, about three times more circulating cells than normal (Figure 3 A). The empty PLGA 

MS (34 kDa-COOH) were nontoxic to mice (Figure 3 B) because maintained the leukocyte rolling flux close to 

the basal. When BV was administered encapsulated in MS-PLGA on the cremaster tissue, no change was 

observed in the number of circulating leukocytes (Figure 3 C), not even the initial increase in the number of 

circulating leukocytes, as observed with the empty MS. BV-MS-PLGA formulation was able to protect the 

organism from the myotoxic action of BV and inflammatory reaction (Figure 3 C). It was concluded that the MS 

protected the body against effects of direct contact with BV. 

 
Figure 3: Rolling leukocytes in function of time. The (A): free BV; (B): MS-PLGA or (C): BV-loaded MS were added to mice 

cremaster muscle postcapillary venules (to observe leukocyte rolling as inflammatory marker). Results were mean ± S.E.M. from 

three experiments (n = 3); (*) p<0.05, relative to values in the zero time (basal condition) 

Adjuvant effects of BV loaded MS-PLGA in immunoglobulin productions 

It is interesting to remind that the MS-PLGA VIT consisted of six injections with the different formulations. In 

all treated mice with free BV or encapsulated within MS-PLGAs a higher production of IgG1 was observed, 

showing that BV encapsulated retained their integrity and subsequently ability to trigger antibody production. 

However, the production rate was higher in the group that received BV within MS carboxy-terminal free 

(angular coefficient: θ = 10) than the group treated BV within MS carboxy-terminal methylated (θ = 8) (Figure 

4). This difference found in the velocity of antibody production was also observed for IgG2a. In this case, the 

group treated BV within MS carboxy-terminal free (θ = 2) was much lower than the group immunized with BV 

within MS carboxy-terminal methylated (θ = 6). The most interesting was the total absence of IgE, even after 

challenge (Figure 4). 
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Figure 4: Isotypes profiles of anti-BV serum antibodies in function of time and different formulations. The mice were injected with 

(A) BV-PBS; (B) BV-MS-12 kDa-COOH; (C) BV-MS-34 kDa-COOH; (D) BV-MS-63 kDa-COOH; (E) BV-MS-12 kDa-COOCH3; 

(F) BV-MS-34 kDa-COOCH3 or (G) BV-MS-63 kDa-COOCH3. Frequently the blood was collected and (o) IgG1; (∆) IgG2a; (□) IgE 

measured. Results are presented as mean ± S.E.M. from five animals (n = 5); Arrows (from left to right) means sensitization, 

treatment starting, treatment ending, and BV challenge, consecutively 

Effect of reduced number of injections of BV loaded MS-PLGA in VIT 

To study the influence of diminishing the number of injections in the VIT MS-PLGA mice were injected with 

two times (except the control with BV-PBS that received 6 injections) with the different formulations. All 

groups produced a homogeneous response of antibodies 20 days after sensitization. Along the treatment, the 

magnitude of IgG1 and IgG2a production was quite similar in the groups receiving BV within the MS (Figure 5 

C-D) and in the group which received BV-PBS (representing the control or the traditional VIT) (Figure 4 B). 

After immunotherapy treatment with BV-MS, they achieved an antibody titer (log2) of 12 and 8 for IgG1 and 

IgG2a, respectively, with the great advantage of smaller number of injections (2 in contrast with 6 for free BV-

PBS). This was reached without necessarily reducing the dose of antigen administered (Figure 5). Although, the 

control group, after sensitization, also produced antibody against BV, its titers were quite lower when compared 

with the BV-MS-PLGA (Figure 5). Another advantage of the treatment with BV-MS-PLGA was a reduced 

stimulus for IgE production (highly anaphylactic), when compared with BV-free, holding IgE production below 

titer 2 (log2) (Figure 5).  

 
Figure 5: Isotypes profiles of anti-BV serum antibodies in function of time. Mice were injected with (A) PBS; (B) BV-PBS; (C) BV-

MS-12 kDa-COOH; (D) BV-MS-63 kDa-COOCH3 where (o) IgG1; (∆) IgG2a; (□) IgE. Results are presented as mean ± S.E.M. from 

six animals (n = 6); Arrows (from left to right) means sensitization, treatment starting, treatment ending, and challenge, 

consecutively. AUC means area under curve and it is useful to compare antibody production among different treatments. 

 

Hypersensitive reactions after BV challenge 

In mice subjected to the second protocol of VIT, the changes in body temperature were observed after 

subcutaneous challenge with 50 µg BV / animal. The groups that received treatment with BV encapsulated 
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within MS prepared with polymers of 12-kDa-COOH or 63 kDa-COOCH3, were more resistant to the challenge. 

This was verified by lower differences in the body temperature of these mice forty minutes after BV challenge 

(Figure 6 A). Systemic reactions after BV challenge were analyzed by clinical score of anaphylaxis (Li et al., 

1999), which were less visible in the groups treated with BV-MS-PLGA as compared to control groups (only 

PBS) or free-BV in PBS (Figure 6 B). 

 

Figure 6: Systemic reactions after BV challenge analysis through clinical score of anaphylaxis (A): Effect of BV challenge on body 

temperature of mice treated with different formulations: (black) PBS; (white) BV-PBS; (gray) BV-MS-12 kDa-COOH; (dense) BV-

MS-63 kDa-COOCH3; (B) Anaphylaxis symptoms after 40 minutes of challenge: 0 = no symptoms; 1 = scratching and rubbing 

around the nose and head; 2 = puffiness around the eyes and mouth, 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; and 5 = death. 

DISCUSSION 

Microspheres or microparticles prepared with PLGA polymers (MS-PLGA) have been widely used in many 

pharmaceutical studies for a broad spectrum of applications in order to improve the efficacy of long-term 

treatments using drugs and other molecules, such as therapeutic proteins. Proteins are used for therapeutic 

purposes in many diseases, including hormonal and metabolic disturbances, for instance, for the treatment of 

growth hormone deficiency and diabetes with recombinant GH and insulin, respectively [37-38]. Additionally, 

the use of MS-PLGA for antigen delivery for immunological purposes has also been extensively studied. In this 

field, one of its main applications is as a carrier in vaccine development [39]. Regardless of the application, 

particulate systems are a promising tool for pharmaceutical uses because they can protect molecules from 

degradation in the body and promote their controlled delivery inside the organism. Based on these properties, 

we have investigated the use of MS-PLGA as a pharmaceutical system in order to replace the multiple injections 

that comprise traditional allergy or venom immunotherapy (VIT), also preventing direct contact between the 

allergen and the body.  

Pharmacotechnical parameters, such as the efficiency of encapsulation, size, morphology and release profile, 

among others, are important factors contributing to the development of better systems for medical applications. 

The physicochemical properties of the BV-MS-PLGA formulations used in this study were described and fully 

discussed in a previous report by our group [23]. Therefore, these properties are not explored here again, since 

the focus of this study was on the biological application of BV-MS-PLGA formulations.  

In the field of allergen vaccines, i.e. VIT, the strategy of encapsulating molecules can improve the safety and 

efficacy of such treatments because they release the antigen over prolonged periods of time [3, 17, 31, 35-36] 

and thereby reduce the need for frequent booster injections, as observed in the results of this study; this may also 

improve patient compliance. However, besides these beneficial effects of PLGA microspheres, it is also 

important to note the pharmacological rationale underlying therapeutic efficiency of VIT. It is known that 

allergy is a biological process that polarizes the immunological response towards Th2, frequently initiated by 

the sensitization of an organism to an allergen, and consequently inducing high production of IgE-class 

antibodies [9, 54-55]. IgE antibodies are specific molecules produced by B-lymphocytes when these cells are 

stimulated by mediators released by T-lymphocytes in the course of a Th2 immunological response, following 

contact with a protein-based allergen [9; 40, 55]. Once produced, IgE antibodies have the ability to bind to their 

receptor on mast cell surfaces, rendering them ready to respond specifically to allergen contact via cell 

degranulation and the rapid stimulation of inflammatory reactions [40]. The production of IgE antibodies as well 

as their receptor (FcƐR) on mast cells is regulated by positive feedback; as new allergen molecules specifically 

bind to their corresponding IgE on mast cells, more IgE and FcƐR are produced, which in turn exacerbate the 

inflammatory response [41].  

After this brief description of the mechanisms underlying allergies, it is possible to identify some therapeutic 

targets that can be used as strategies to overcome allergic conditions and to attempt to polarize the immune 
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response toward Th1. One of these principal strategies is to prevent the binding of allergens to IgE on the mast 

cell surface, which in turn leads to the downregulation of IgE by negative feedback [41]. Another strategy is to 

allow allergens to be rapidly phagocytosed by tissue macrophages, which theoretically could direct the 

immunological response toward Th1 [40, 42]. This therapeutic rationale is the basis of VIT, i.e. repeated 

administration of very small quantities of allergen, aiming at rapid engulfment by phagocytic cells in order to 

prevent subsequent triggering of allergic reactions.  

In the present study, it was demonstrated that BV proteins encapsulated within MS-PLGA can be delivered 

intracellularly due to rapid phagocytosis of these particles by J774 macrophages. It has been demonstrated by 

Bitencourt and colleagues [43] that even empty particles of PLGA are rapidly recognized by macrophages, 

which in turn stimulates their rapid phagocytosis. Nevertheless, in the present work, also reported by other 

authors, it was found that when particles or microspheres contain proteins, antigens or even other inflammatory 

molecules inside or bound to their surfaces, the stimulation of phagocytosis is stronger [42]. Similar results have 

been previously reported in the literature; for example, Nicolete and colleagues [28] have described that 

microspheres of PLGA containing LTB4, an inflammatory lipid mediator, more robustly stimulate phagocytosis 

compared to empty PLGA, with a phagocytic index of 13.3% and 3.3%, respectively. Dos Santos and colleagues 

[27] have also reported that the phagocytic index was much higher (208.37%) when macrophages were placed 

in contact with PLGA containing cell-free antigens from Histoplasma capsulatum (CFAgs) plus LTB4 

(LTB4/CFAgs-loaded MS) compared to unloaded PLGA (27.43%). The precise mechanisms by which 

microspheres or microparticles interact with macrophage membranes and stimulate rapid phagocytosis are not 

fully explained yet. It is likely that the presence of molecules on the surface of microspheres stimulates the 

phagocytic process by binding to an unspecific membrane receptor. This is an important factor favoring the use 

of PLGA particles to delivery allergens in immunotherapy, since these systems can be rapid and efficiently 

engulfed by macrophages, removed from the local environment, and consequently directly presented to T-

lymphocytes. Furthermore, the entrapped allergen would be less accessible for binding IgE on the surface of 

mast cells and basophils, which in turn may also protect the allergic patient from their effects [31]. 

In this work, the inflammatory stimulus was evaluated by assessing the release of NO from macrophages after 

they engulfed MS-PLGA or BV-MS-PLGA. Although a slight increase in NO production was observed 

following phagocytosis of MS-PLGA or BV-MS-PLGA compared to baseline levels produced by macrophages 

in RPMI medium, such differences were not significant, which shows that this delivery system would be 

innocuous to the organism. Here, it is worth emphasizing that some authors have stated that low levels of NO 

production by macrophages may promote Th1 differentiation [44], thus supporting the use of MS-PLGA in 

allergen immunotherapy. Still, regarding the levels of NO production observed in this study, Dos Santos and 

colleagues [45] have also reported that unloaded MS-PLGA can slightly stimulate NO production, but to a lesser 

extent production in response to loaded MS-PLGA. In terms of macrophage activation, some authors have 

reported that even unloaded MS-PLGA can stimulate the production of inflammatory cytokines, such as TNF-α. 

However, such stimuli are less intense compared to activation triggered by lipopolysaccharide (LPS), which is a 

potent inflammatory molecule derived from bacterial cell walls [43].  

The phagocytic index, which represents the ability to stimulate phagocytosis, and consequently deliver 

molecules to the intracellular environment, is correlated with leukocyte influx to the site of injection; this is one 

of the initial cellular steps of inflammatory reaction [46, 47]. Our results show that when BV proteins are 

injected directly into the tissue and the microcirculation is exposed, this provided a strong stimulus to promote 

the influx of leukocytes to the site of injection (cell migration), whereas BV proteins encapsulated in MS-PLGA 

did not induce changes in the number of cells arriving at the site of injection. Although it was also observed that 

MS-PLGA produced slight changes in leukocyte influx when following contact with the microcirculation, these 

changes were transient rather than sustained. In fact, any substance that comes into contact with the tissues can 

initially trigger a slight perturbation in tissue homeostasis. Importantly, this phenomenon is not sustained and is 

rapidly resolved; thus, it does not induce a strong systemic reaction. Similar results have been found by Choe 

and colleagues [48], who demonstrated that empty MS-PLGA does not increase macrophage trafficking, but 

MS-PLGA loaded with LPS triggered robust and rapid influx of macrophages. However, it must be mentioned 

that LPS is a substance derived from bacterial cell walls and is a well-known inflammatory stimulus. A transient 

increase in the number of rolling leukocytes was also observed by Rücker and colleagues [49], who observed 

the same phenomenon after dorsal implantation of PLGA followed by studies on microhemodynamics. 

Summarizing this series of experiments, the tissue was protected from side effects, particularly from an 

exacerbated inflammatory stimulus caused by direct contact with an allergen (in this case BV proteins) since the 

allergen was encapsulated within MS-PLGA. 

In general, our results in terms of phagocytosis and/or inflammatory activation of cells engulfing PLGA-MS are 

in agreement with a study by Luzardo-Alvarez and colleagues [50] which analyzed the specific abilities of 

different PLGA particles to stimulate the activation of different types of macrophages. These authors showed 

that, although macrophages rapidly take up different PLGA particles by very efficient phagocytosis, they do not 

produce a subsequent inflammatory reaction in terms of releasing NO or other inflammatory mediators.  
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Here, we hypothesized that BV proteins encapsulated within MS-PLGA would provide the same stimulus in 

terms of antibody production and immunological response as free BV, but with no overreactions, which can be 

ultimately characterized by anaphylaxis. In mouse models, some classes of antibodies are more important in the 

allergic response. For instance, high levels of IgG1a or IgE have been associated with the development of 

allergic symptoms, and it is believed that they drive the immunological response with a Th2 profile; on the other 

hand, IgG2a antibodies have been associated with the stimulation of an immunological response with a Th1 

profile [51-52].  

Although it was not possible to fully characterize or associate antibody production specifically to BV allergy in 

this study, we have shown that free BV or BV encapsulated within MS-PLGA (with different PLGAs) achieved 

sustained responses in terms of antibody production. In some cases, antibody production was not quantified in 

the first few days after sensitization, but in general, within thirty days of sensitization, all mice produced 

moderate levels of specific antibodies. Except for BV-MS-PLGA 63 kDa-COOCH3, which produced only high 

levels of IgG1, all other experimental groups had high levels of IgG1 and IgG2a. It is important to emphasize that 

stimulation to IgG2a production indicates immunological maturity towards a Th1 response, probably via the 

action of interferon-γ, whereas high levels of IgG1, although it plays a key role in the rapid neutralization of 

antigens, still indicates a response polarized toward Th2. These results are in agreement with those of Schöll and 

colleagues [53] showing that antibody production after the immunization of mice with the major birch pollen 

allergen Bet v1 encapsulated in particles of PLGA led to high levels of IgG1 and IgG2a production. Batanero and 

colleagues [13] showed a complete shift from IgG1 to IgG2a production after the immunization of mice with 

olive allergen encapsulated within PLG microparticles or adsorbed onto Al(OH)3. The adjuvant Al(OH)3 is a 

well-known immunogenic substance that acts as a potent stimulus driving the development of a Th2 immune 

response with IgE production [53, 56].  

Circulating antibodies, especially IgG1, are excellent antigen neutralizers and can rapidly protect the organism 

from the deleterious effects triggered by direct contact with allergen proteins. This was confirmed by the fact 

that no anaphylactic reactions were observed when mice were challenged with a high dose of BV proteins. 

Therefore, we believe that the absence of BV toxicity was a direct consequence of BV neutralizing antibody 

production, along with the absence of IgE. These results demonstrate that BV encapsulated within MS-PLGA 

can provide the same stimulus to antibody production as free BV. Furthermore, the presence of high levels of 

specific antibodies reveals that BV proteins retain their integrity when they are released from MS-PLGA. 

Similar results were found when the number of injections was reduced for BV-MS-PLGA in the second VIT 

protocol compared to free BV. This strategy was employed to verify the sustained release of BV proteins from 

MS-PLGA compared to sequential injections of free BV. Briefly, we observed excellent performance of the 

treatment with fewer injections, which provided the same results as traditional VIT.  

Since, in our VIT protocol, BV allergy was not well characterized or associated with IgE production, but only 

led to specific IgG1 production (associated with allergic symptoms), we have also followed the development of 

clinical reactions that resemble allergic symptoms. The most important clinical signs that can be used for that 

characterization of allergic reactions in mice are body temperature and clinical signs such as pilar erecti, reduced 

activity and prostration [32]. These events were monitored in mice challenged with a high dose of BV proteins; 

no signs related to allergic anaphylaxis were detected, indicating the benefits obtained from the encapsulation of 

BV within microspheres. 

Another crucial aspect of this study is that the benefits obtained by the use of the BV-MS-PLGA formulations 

did not require the use of co-immunostimulatory molecules or any other adjuvant. Some authors have described 

allergic reactions using co-immunostimulatory molecules such as oligodeoxynucleotide (CpG) [31], which may 

lead the organism to be more prepared to respond against a specific antigen. In experimental studies using 

animals, this strategy represents a good alternative to fully characterize allergic reactions, but it is also well-

known that the concomitant injection of different types of molecules can stimulate variable responses; 

obviously, in terms of clinical trials, this is not desirable.  

To the best of our knowledge, the results presented in this study represent the first report using MS-PLGA as 

strategy to achieve sustained delivery of immunogenic BV proteins to the organism without the development of 

a strong inflammatory reaction. This formulation is especially intended to treat bee venom allergy. However, it 

is worth noting that, to better characterize the humoral immunological response, the kinetics of antibody 

production should be monitored after MS-PLGA injection to better describe this phenomenon. Furthermore, 

cytokines that promote a Th1 or Th2 profile should also be monitored during treatment. Additionally, detailed 

studies to clarify the specific interaction between MS-PLGA and phagocytes is of considerable interest, since 

there is conflicting information in the literature regarding the ability of MS-PLGA to trigger the activation of 

these cells and present engulfed antigens [43, 50].  

CONCLUSION 
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Under our experimental conditions, it was possible to conclude that the encapsulation of BV proteins within 

MS-PLGA prevented systemic inflammatory reactions and promoted allergen delivery directly into the 

intracellular environment. Additionally, the injection of BV-MS-PLGA also prevented signs of anaphylaxis in 

vivo. Furthermore, these BV-MS-PLGA formulations can reduce the number of injections needed for venom 

immunotherapy with no concomitant reduction in antibody production, which also indicates the maintenance of 

BV protein integrity inside the particles. Therefore, a therapeutic strategy using MS-PLGA formulations may 

provide a promising and safe controlled delivery system to encapsulate BV for use in VIT. 

 

Highlights 

MS-PLGA represents an alternative allergen carrier for venom immunotherapy. 

BV-MS-PLGA is rapidly phagocytized by macrophages. 

BV-MS-PLGA retains its integrity and ability to induce BV-specific antibody production. 
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