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Background: Bacillus Calmette–Guérin, the attenuated strain of Mycobacterium bovis, remains 

the only available vaccine against tuberculosis (TB). However, its ineffectiveness in adults 

against pulmonary TB and varied protective efficacy (0–80%) speak to an urgent need for the 

development of an improved and efficient TB vaccine. In this milieu, poly(lactic-co-glycolic 

acid) (PLGA), is a preferential candidate, due to such properties as biocompatibility, targeted 

delivery, sustained antigen release, and atoxic by-products. 

Methods: In this study, we formulated PLGA nanoparticles (NPs) encapsulating the bivalent 

H1 antigen, a fusion of Mycobacterium tuberculosis (Mtb) Ag85B and ESAT6 proteins, and 

investigated its role in immunomodulation and protection against Mtb challenge. Using the 

classical water–oil–water solvent-evaporation method, H1-NPs were prepared, with encapsula-

tion efficiency of 86.1%±3.2%. These spherical NPs were ~244.4±32.6 nm in diameter, with a 

negatively charged surface (ζ-potential -4±0.6 mV). 

Results: Under physiological conditions, NPs degraded slowly and the encapsulated H1 antigen 

was released over a period of weeks. As a proof-of-concept vaccine candidate, H1 NPs were 

efficiently internalized by the THP-1 human macrophages. Six weeks after a single-dose vac-

cination, H1 NP–immunized C57BL/6J mice showed significant increase in the production of 

total serum IgG (P,0.0001) and its isotypes compared to H1 alone, IgG
2a

 being the predominant 

one, followed by IgG
1
. Further, the cytokine-release profile of antigen-stimulated splenocyte-

culture supernatant indicated a strong T
H
1-biased immunoresponse in H1 NP–vaccinated mice, 

with ~6.03- and ~2.8-fold increase in IFNγ and TNFα cytokine levels, and ~twofold and 1.6 

fold increase in IL4 and IL10 cytokines, respectively, compared to H1 alone–immunized mice. 

In protection studies, H1 NP–vaccinated mice displayed significant reductions in lung and spleen 

bacillary load (P,0.05) at 5-week post–Mtb H37Rv challenge and prolonged survival, with a mean 

survival time of 177 days, compared to H1 alone–vaccinated mice (mean survival time 80 days). 

Conclusion: Altogether, our findings highlight the significance of the H1-PLGA nano-

formulation in terms of providing long-term protection in mice with a single dose.

Keywords: PLGA, nanoparticles, Ag85B, ESAT6, Mycobacterium tuberculosis, vaccine

Introduction
The increasing morbidity and mortality caused by tuberculosis (TB) continues to be 

a global health problem. According to the 2017 World Health Organization report,1 

TB has surpassed HIV as the most lethal infectious disease in the world. In 2016, 

10.4 million new cases of active TB were reported, eventually resulting in 1.8 million 

deaths worldwide.1 Hitherto, bacillus Calmette–Guérin (BCG), the attenuated strain 

of Mycobacterium bovis, remains the only currently available vaccine against TB.1 
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To date, with more than 4 billion BCG doses administered 

worldwide, this vaccine has efficiently provided protection in 

infants against TB infection.2 However, the global decline in 

the rate of TB occurrence was only 1.5% from 2014 to 2015, 

as BCG is ineffective in adults against pulmonary TB.1 More-

over, globally the protective efficacy of BCG varies from 0 

to 85% in different models, prompting an urgent need for 

the development of an improved and efficient TB vaccine.3,4

Currently, 12 different vaccine candidates based upon 

recombinant BCG, attenuated Mycobacterium tuberculosis 

(Mtb), or M. vaccae strains and inactivated whole-cell or 

adjuvant subunit vaccines are in human clinical trials.5 The 

demand for an efficient immunocorrelate to provide protec-

tion against TB in both human and animal models gained 

momentum following the disappointing outcomes of the 

MVA85A vaccine’s phase IIB clinical trials in humans.6 

Among these approaches, subunit vaccination using Mtb 

proteins as immunogens provides many advantages, such as 

increased safety and stability, less toxicity, and fewer booster 

immunizations.7 However, mycobacteria have evolved vari-

ous defensive strategies to interfere with antigen presentation 

and associated protective immunoresponses.8 Therefore, for 

appropriate processing of antigens, efficient delivery mecha-

nisms to antigen-presenting cells (APCs) like macrophages 

and dendritic cells is of utmost importance. 

It is only from the last decade that protein- or peptide-

loaded nanoparticles (NPs) or microparticles (MPs) have 

been employed as efficient and stable vaccine-delivery 

vehicles.9 These antigen-conjugated or -encapsulated 

polymeric NPs or MPs are far more effective than their 

antigen-alone counterparts, as they serve as depots for slow 

and sustained release of the antigen, leading to prolonged 

immunoexposure with reduced systemic side effects.10 In 

this context, the US Food and Drug Administration (FDA)-

approved polymer poly(lactic-co-glycolic acid) (PLGA), 

which belongs to the aliphatic polyester family, has long 

been a popular choice for therapeutics and vaccine-delivery 

applications.9 Once injected into the bloodstream, the release 

of any encapsulated antigen relies on the PLGA-polymer 

degradation time, which varies from a few months to a few 

years, depending upon its molecular weight and copoly-

mer ratio.11 The major advantages of using PLGA as an 

ideal delivery carrier are properties like biocompatibility,  

nonimmunogenicity, antigen stabilization, controlled and 

sustained antigen release, atoxic by-products (lactic acid and 

glycolic acid) and targeted delivery. 

Besides cell targeting and antigen uptake, the nature of 

immunoresponse induced by a polymeric NP vaccine is gov-

erned by various physical parameters, such as size, shape, and 

surface properties.12–14 Dendritic cells preferentially engulf 

NPs of 20–200 nm in size through pinocytosis, whereas 0.2–5 

µm particles are phagocytosed primarily by APCs (like mac-

rophages), eventually to CD4+ or CD8+ T-cell proliferation.15 

Interestingly, PLGA NPs (size 200–600 nm) are known to 

trigger higher levels of T
H
1-specific IFNγ cytokines, whereas 

2–8 μm PLGA MPs display a T
H
2-biased immunoresponse, 

marked by increased IL4 secretion.16 In 2016, Lawlor et al 

showed PLGA MPs triggered heightened NFκB activity and 

autophagy-dependent killing of tubercle bacilli in infected 

macrophages.17 

Encapsulation of Ag85B, TB10.4, and TB10.4-Ag85B 

antigens of Mtb, hemagglutinin of Haemophilus influenzae, 

and surface antigens (SAG1 and SAG2) of Toxoplasma 

gondii in PLGA MPs all elicited prominent cellular immu-

nity.18–21 On the other hand, PLGA MPs encapsulating tetanus 

toxoid, diphtheria toxin, hepatitis B surface antigen, and 

Yersinia pestis F1 antigen all induced T
H
2-biased humoral 

immunity.22–25 Likewise, numerous researchers have inves-

tigated the role of PLGA microspheres in selective delivery 

of antitubercular drugs into alveolar macrophages as part of 

postexposure therapy against TB.26 However, except for few 

instances, the role of PLGA as a nanoscale vaccine-delivery 

system has not been investigated in detail.

For protection against intracellular pathogens like Mtb 

and Salmonella typhimurium, it is essential to establish 

a T
H
1-type cellular immunoresponse.27 In this context, 

the secretory antigens of Mtb have long been considered 

potential vaccine candidates, as they are the first to encoun-

ter the host immune system. Also, there are reports of a 

strong correlation between multiplication of Mtb in the 

host and T cell–proliferation response against its secreted 

antigens, eg, ESAT6, CFP10, 16 kDa protein, Ag85A, and 

Ag85B.28,29 The Ag85B and ESAT6 antigens have been 

identified as key immunogenic targets during TB infection 

in Lefford’s mouse model, as they are strongly recognized 

T-cell antigens in the early phase of infection and induce 

cellular immunity by stimulating memory effector cells.30 

Carpenter et al showed that intranasal immunization with 

early secretory antigen ESAT6-encapsulated polylactic acid 

MPs induced ESAT6-specific IFNγ- and IL4-secreting cells 

and strongly elicited T-cell memory and effector response 

in lungs and mediastinal lymph nodes.31 Ag85B, a mycol-

yltransferase, has been identified as one of the most potent 

immunogens of Mtb, stimulating both cellular and humoral 

immunoresponses in Mtb-infected human and animal 

models. A recombinant fusion antigen of both Ag85B and 

ESAT6 (H1) has been employed as a promising subunit 

vaccine candidate against TB and is currently in the clinical 
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phases.32–34 Immunization of mice with a live, recombinant 

S. typhimurium strain expressing the Ag85B–ESAT6 fusion 

protein by the oral route is known to trigger an antigen-spe-

cific T
H
1 response with predominantly higher IgG

2a
 and IFNγ 

titers.35 Further, immunization with the H1 antigen in com-

bination with IC31 adjuvant to BCG-vaccinated and prior 

or latently Mtb-infected individuals results in a strong, long-

lived, antigen-specific T-cell response, reiterating the poten-

tial use of H1 antigen as an ideal TB-vaccine candidate.34

Altogether, a critical approach involving a compliant 

vaccine-delivery vehicle and the right immunogen would 

provide the best protective immunity against the TB 

pandemic. In the present study, we set out to explore the 

vaccine potential of H1-encapsulated PLGA NPs in terms 

of eliminating the need for adjuvants, requirement of booster 

doses, antigen stability, and sustained release. H1 NPs were 

first characterized for their physicochemical properties, cel-

lular uptake, and internalization by macrophages, and finally 

their immunomodulatory properties were investigated in a 

C57BL/6J mice model. Our results showed that a single 

dose of H1 NPs was able successfully to mount protective 

immunity, encompassing a balanced T
H
1 and T

H
2 immune 

response, against Mtb infection. The efficacy of this nano-

formulation could be further improvised to produce a next-

generation Mtb vaccine.

Methods
Bacterial strains and culture conditions
Mtb strain was grown in Middlebrook 7H9 broth (BD 

Biosciences, San Hose, CA, USA) supplemented with 10% 

(v:v) albumin, dextrose, and catalase (ADC; BD), 0.2% 

(v:v) glycerol and 0.05% (v:v) Tween 80 or Middlebrook 

7H10 agar plates (BD) containing 10% (v:v) oleic acid and 

ADC (OADC; BD) enrichment and 0.5% (v:v) glycerol. 

Escherichia coli (E. coli) recombinant strains were grown 

under standard conditions in Luria–Bertani broth (BD). All 

cultures were grown at 37°C with shaking at 180 rpm.

Molecular cloning, expression, and 
purification of H1 antigen
Ag85B and ESAT6 coding sequences for fbpB and esxA 

were PCR-amplified using suitable primers and Mtb H37Rv 

genomic DNA as the template. For constructing the recombi-

nant H1 fusion antigen, the fbpB and esxA genes were fused at 

a unique KpnI site (offered by fbpB-R and esxA-F primers) by 

restriction digestion. The resulting H1 fusion DNA fragment 

was cloned under the isopropyl β-d-1-thiogalactopyranoside 

(IPTG)-inducible T5 promoter of the pQE30 expression 

vector (Qiagen) at BamH1 and HindIII sites and expressed 

in E. coli M15 cells (Qiagen) at 37°C for 4 hours. Expression 

of His
6X

-tagged recombinant H1 protein was confirmed by 

immunoblotting using anti-His monoclonal antibody.

The H1 fusion antigen was purified from the inclusion 

bodies using Ni–nitrilotriacetic acid (NTA) affinity chroma-

tography. Briefly, 500 mL Luria–Bertani broth was seeded 

with 1 mL overnight-grown culture of H1-expressing E. coli 

recombinants and grown at 37°C until OD
600

 reached ~0.6. H1 

expression was then induced using 1 mM IPTG for 5 hours. 

Cells were harvested and suspended in 20 mL buffer A  

(25 mM Tris-Cl [pH 8], 25% sucrose, 1 mM benzamidine, 

and 0.1% Tween 20) and lysed by sonication: four cycles 

(each at 10 seconds on at 30% amplitude, 20 seconds off, at 

4°C) on a Sonics Vibra-Cell digital processor. 

The lysate was centrifuged at 12,000 rpm for 30 minutes 

at 4°C. Inclusion bodies in the pellet were washed with 

20 mL buffer B (containing 25 mM Tris-Cl [pH 8], 2 M urea, 

200 mM NaCl, 0.1% Triton X-100, and 2 mM EDTA), fol-

lowed by centrifugation. The inclusion-body pellet obtained 

thereafter was then washed with 20 mL buffer C (25 mM 

Tris-Cl [pH 8], 200 mM NaCl, 0.01% Triton X-100, 1 mM 

EDTA), followed by centrifugation. A final wash with 20 mL 

buffer D (25 mM Tris-Cl [pH 8]) was performed to remove 

residual detergent. Purified inclusion bodies were solubilized 

in 50 mM CAPS buffer (pH 11) containing 1.5% N-lauryl 

sarcosine and 300 mM NaCl for 2 hours. The soluble pro-

tein fraction obtained upon centrifugation (11,000 rpm for 

30 minutes) was dialyzed against equilibration buffer E 

(50 mM Tris-Cl [pH 8.0] containing 300 mM NaCl) and 

further subjected to Ni-NTA affinity chromatography.

The 6x His-tagged recombinant H1 protein bound to 

the column was eluted with buffer F (buffer E containing 

250 mM imidazole). Sample fractions were analyzed with 

SDS-PAGE. Fractions containing the recombinant protein 

were pooled, concentrated to 10 mg/mL using a Microbe 

Advance centrifugal device (3 kDa cutoff), dialyzed against 

PBS (pH 7.4), and stored at 4°C for not more than 2 weeks.

Preparation of PLGA-encapsulated H1 NPs
PLGA polymer (Sigma-Aldrich) used for H1 encapsulation 

had a lactide:glycolide feed ratio of 85:15 (molecular weight 

50,000–75,000 Da), inherent viscosity of 0.55–0.75 dL/g 

at 30°C, and its end groups were deactivated with lauryl 

alcohol. The double-emulsion method, also known as water–

oil–water solvent-evaporation, was adapted for preparation 

of the H1-loaded PLGA NPs.36 Briefly, 1 mg H1 fusion 

protein in PBS (100 μL, aqueous phase) was emulsified with 

4 mL dichloromethane (DCM; Sigma-Aldrich) containing 

50 mg/mL PLGA (organic phase). Optimum emulsification 
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was obtained at 4°C by sonication at 35% amplitude for 

1 minute using a 2 mm stepped microtip in a 750 W Sonics 

Vibra-Cell processor. For preparing blank NPs, PBS was 

used as the internal aqueous phase. The water–oil emulsion 

obtained was immediately added dropwise to a second aque-

ous phase of 1% polyvinyl alcohol (PVA; 87%–89% hydro-

lyzed, average molecular weight 31,000–50,000 Da) solution 

(12 mL) to minimize particle aggregation by increasing the 

distance between emulsified droplets. The water–oil–water 

emulsion was then resonicated with a 6 mm stepped microtip 

at 30% amplitude for 110 seconds. The resulting emulsion 

was stirred for 6 hours at room temperature for DCM evapo-

ration and hardening of NPs. Finally, the H1-PLGA NPs were 

harvested by centrifugation at 12,000 g for 20 minutes and 

all remaining impurities removed, with subsequent washing 

with ice-cold distilled water four times. To prevent phase 

separation, particles were suspended in 5 mL Milli-Q water, 

frozen using liquid nitrogen, and subjected to overnight 

lyophilization at -54°C at 0.003 mbar. Lyophilized NPs were 

stored at -20°C until further use in small aliquots.

Determination of H1-encapsulation 
and -loading efficiency
To evaluate the encapsulation efficiency (EE) and loading 

efficiency (LE) of H1 NPs, a micro-BCA protein-assay kit 

(Thermo Fisher Scientific) was used according to the manu-

facturer’s instructions. Briefly, 10 mg NPs were dissolved in 1 

mL acetonitrile (Sigma-Aldrich) for polymer disruption, fol-

lowed by centrifugation at 12,000 g for 15 minutes. The step 

was repeated thrice to remove trace amounts of PLGA, and 

the protein pellet finally obtained was solubilized in 1% SDS. 

H1 EE was estimated by micro-BCA using BSA standards, 

dissolved in 1% SDS. Protein integrity was monitored with 

SDS-PAGE using purified H1 as control upon Coomassie 

brilliant blue staining. Images were acquired with a Molecular 

Imager Gel Doc XR system and analyzed using Quantity 

One software (Bio-Rad). H1-NP EE and LE were calculated:

a.  
	
EE

Weight of H1 encapsulated

Total weight of H1 used for en
=

ccapsulation
×100%

�

b.
	

LE
Weight of H1 encapsulated

Total dry weight of NPs
= ×100%

�

Determination of particle size, 
polydispersity, and ζ-potential
To measure the size range, polydispersity index, and 

ζ-potential of H1 NPs, a Zetasizer Nano ZS system (Malvern  

Instruments Ltd., Worcestershire, UK) with a 633 nm 

helium–neon laser was employed. Briefly, lyophilized H1 

NPs were weighed and suspended in PBS (pH 7.4) to a final 

concentration of 0.1 mg/mL and introduced into the instru-

ment to read the results. The ζ-potential and particle size 

were evaluated based upon electrophoretic mobility and laser 

diffraction, respectively.

Study of nanoparticle morphology by 
electron microscopy
Surface morphology of the NPs was studied using scanning 

electron microscopy (EVO40; Carl Zeiss, Jena, Germany). 

For imaging, lyophilized samples were spread on a carbon 

tape of an aluminum stub and gold coating applied with 

sputter coating (Polaron SC7640) at 2 kV for 200 seconds 

under inert argon, in order to make them conductive. Gold-

coated samples were vacuum-dried and then examined at 

electron high-tension voltage of 20 kV and 50,000× mag-

nification. For transmission electron–microscopy studies, 

lyophilized NPs were suspended in sterile deionized water 

and coated on carbon film with 200-mesh copper grids. 

Imaging was done with electron microscopy (JEM 2100F; 

Jeol, Tokyo, Japan) under high vacuum and 200 kV voltage.

In vitro release kinetics of H1 NPs
To monitor the in vitro release profile of H1 NPs under physi-

ological conditions, 50 mg H1 NPs were suspended in 1 mL 

PBS (pH 7.4) and incubated at 37°C with constant stirring at 

100 rpm. Supernatants were collected at regular intervals (till 

32 days) and the release of H1 antigen estimated by micro-BCA 

protein estimation. Experiments were done in triplicate. The 

fractional H1 antigen released in the medium was calculated:

	

H1 released

H1 encapsulated
×100%.

�

Uptake of nanoparticles by macrophages
To observe the uptake of NPs by macrophages, the H1 

protein was fluorescently labeled with fluorescein isothio-

cyanate (FITC) and used for the preparation of NPs using 

water–oil–water evaporation. The THP1 human monocytic 

cell line was obtained from the National Center for Cell 

Science Repository, Pune, India and maintained in RPMI 

1640 medium + 10% FBS up to suboptimal confluence. 

THP1 monocytes were then differentiated with 10 ng/mL 

phorbol 12-myristate 13-acetate (Sigma-Aldrich) onto a 

coverslip already placed at the bottom of a 3 mm–deep cul-

ture dish. After cells had adhered on the coverslip, H1-FITC 
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NPs were added to a final concentration of 0.5 mg/mL and 

incubated at 37°C with 5% CO
2
 for 4 hours. Cells were then 

washed thrice with sterile PBS and fixed with 2% parafor-

maldehyde. The coverslip was then mounted on a glass slide 

and macrophages stained with DAPI. Untreated cells were 

taken as negative controls. Confocal images were visualized 

through both DAPI (blue) and FITC (green) channels under a 

Nikon Eclipse 80i fluorescent microscope at 600× and 900× 

magnification, followed by analysis using NIS Elements 

software. Eventually, a final overlay of both images was 

done to observe the presence of NPs within the macrophages.

Animal studies and ethical statement
In this study, inbred female C57BL/6J mice 6–8 weeks 

old were used for immunization. Mice were purchased 

from the National Centre for Laboratory Animal Sciences, 

Hyderabad, India. They were housed within microisolator 

cages using a ventilated animal-caging system in a biosafety 

level 3 laboratory, maintained under pathogen-free condi-

tions, observed for any sign of disease or sickness, and 

fed pelleted food and water ad libitum. All studies were 

approved by the Institutional Animal Ethics Committee and 

the Institutional Biosafety Committee, Jawaharlal Nehru 

University, New Delhi, India. Regulations of the former 

were followed in all mice experiments. For all subsequent 

studies, mice were immunized by the intraperitoneal route 

and blood collected by retro-orbital bleeding. During 

experiments, vaccinated and infected mice were monitored 

every day. Mice were euthanized by cervical dislocation 

whenever required.

Mouse-immunization schedule
Figure 1 depicts the complete schedule of mouse immuniza-

tion, challenge, and protection studies. Briefly, five mouse 

groups were formed, with 18 mice in each group. All groups 

were given a single-dose vaccination intraperitoneally, and 

an adjuvant-free immunization schedule was followed. The 

first and second groups were vaccinated with antigen H1 

alone (50 µg/mouse) and H1-loaded PLGA NPs (50 µg H1 

encapsulated in PLGA NPs/mouse), respectively, in a total 

volume of 0.1 mL per mouse. The second and third groups 

were immunized with blank NPs and PBS, respectively. 

Serum was collected at specific time intervals. Six weeks 

postvaccination, three mice from each group were sacrificed 

for splenocyte culturing and cytokine profiling. Alongside 

these, a group of mice were vaccinated with a single dose of 

BCG (105/mouse, Tubervac, Serum Institute of India) at first 

immunization as a positive control for protection studies.

Figure 1 Mouse-immunization schedule.
Notes: Female C57BL/6J mice 6–8 weeks old were immunized intraperitoneally with 100 µL of blank NPs (11.6 mg), H1 protein (50 µg), 1H1-NPs (50 µg H1 in 11.6 mg 
PLGA) and BCG (105 CFUs/mice). H1-specific total IgG and subtype (IgG1 and IgG2a) titers were measured from sera of mice (n=8) by ELISA on days 14, 28, and 42 
postimmunization. On day 43, three mice from each group were sacrificed, their splenocytes cultured, and different cytokines released in the culture supernatant were 
measured upon antigen stimulation. All mice were challenged with ~5.7×104 CFUs/mouse with Mtb H37Rv after 8 weeks of immunization. Five weeks postchallenge, lung and 
spleen bacterial load was enumerated in each mouse group (n=3). For enumeration of mean survival time, the remaining mice (n=12) were observed for the next 250 days.
Abbreviations: NPs, nanoparticles; PLGA, poly(lactic-co-glycolic acid); BCG, bacillus Calmette–Guérin.
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Determination of antigen-specific IgG titers
On days 14, 28, and 42, sera was collected from eight mice, 

and antigen-specific antibody titers of IgG and its isotypes, 

IgG
1
 and IgG

2a
, were measured by indirect ELISA as previ-

ously described, with some modifications.36 ELISAs were 

performed on 96-well, flat-bottom, high-binding polystyrene 

microtiter plates (Nunc MaxiSorp). Briefly, wells were pre-

coated with H1 antigen (500 ng/well, diluted in PBS pH 7.4) 

overnight at 4°C, followed by blocking with 2% BSA and 

washing thrice with PBST (PBS pH 7.4 containing 0.05% 

Tween 20). Meanwhile, sera were serially diluted (102–106) 

and 100 µL of each dilution added to the coated wells in 

triplicate. After incubation of 2 hours at room temperature, 

wells were washed five times with PBST and subsequently 

incubated with either HRP-conjugated goat antimouse IgG 

(1:10,000 dilution) or its isotypes – IgG
1
 and IgG

2a
 (1:5,000 

dilution) – for 1 hour. Microtiter plates were then washed 

five times with PBST and finally incubated with OptEIA 

TMB substrate (BD Bioscience) for 30 minutes in the dark. 

The reaction was stopped with 1 N HCl and absorbance read 

at 450 nm using 570 nm as the reference wavelength in a 

Tecan Sunrise microplate reader. The threshold value for titer 

determination was taken as the mean absorbance plus three 

times the SD, obtained at 1:100 dilution of the PBS mouse 

group (negative control). End point–dilution titers were 

defined as the inverse of the highest dilution that resulted in 

an absorbance value (optical density at 450 nm) greater than 

that of the threshold value.

Evaluation of secreted cytokines after 
in vitro stimulation of splenocytes
To study memory response to H1-antigen recall, three mice 

from each group were killed on day 43 day postimmuniza-

tion and their spleens aseptically removed. Splenocytes were 

spilled off from the spleen-capsule slices using frosted-glass 

slides in RPMI 1640 medium supplemented with 10% FBS, 

and the suspension was passed through a 70 µm–cutoff cell 

strainer to remove contaminating tissue and to get a homo-

geneous cell suspension. Contaminating red blood cells were 

lysed using red blood–cell lysis buffer. The cells obtained 

were washed twice with complete RPMI 1640 medium 

(containing 10% FBS) and viability assessed by trypan blue 

exclusion staining. Splenocytes were then seeded in 96-well 

tissue-culture plates (BD Bioscience) at 106 cells/well and 

stimulated with either 5 µg/mL of concanavalin A (Sigma 

Aldrich) as positive control or with 10 µg/mL H1 antigen 

(test) and incubated at 37°C under a humidified condition 

of 5% CO
2
. Unstimulated cells were treated as background 

control. After 72 hours of incubation, culture supernatants 

were collected and stored at -80°C until further use.

Levels of IFNγ, TNFα, IL10, and IL4 cytokines were 

measured in splenocyte-culture supernatant using the 

OptEIA kit as per the manufacturer’s instructions. A linear 

regression equation derived by plotting the absorbance of 

known cytokine standards (provided by the manufacturer) at 

450 nm was used to extrapolate test-cytokine concentrations 

in the culture supernatant.

Mtb-challenge and -protection studies
For protection studies, at 8 weeks after vaccination the 

remaining vaccinated mouse groups (15 mice/group) were 

challenged intravenously with Mtb H37Rv through the 

lateral tail vein (for challenge dose, see Results). All infec-

tions were carried out within laminar flow safety enclosures 

in the BSL3 facility, and infected animals were housed in 

microisolator cages, as described earlier. For enumeration 

of lung and spleen bacillary load, three mice from each 

group were sacrificed at 5 weeks postinfection. Briefly, the 

lung and spleen from each vaccinated mouse were removed 

aseptically, homogenized in sterile PBS, serially diluted, and 

plated on Middlebrook 7H10 agar plates containing OADC 

supplement. Plates were incubated at 37°C for 3–4 weeks 

and colonies counted. Results are expressed as log
10

 of 

bacterial counts (obtained CFU) in the lung and spleen of 

the vaccinated mice. For protective-efficacy studies, all 

remaining challenged mice (n=12/group) were monitored 

for weight loss, behavioral changes, and survival/death due 

to infection for the next 250 days.

Statistics and data presentation
The results reported here are means ± SE of the data obtained 

from each immunized mouse group. The Mtb-challenge 

experiments were evaluated using Kaplan–Meier survival 

estimates using GraphPad Prism. For comparison of data 

obtained from H1 NP–vaccinated mice to those immunized 

with H1 alone, P-values were calculated using one-way 

ANOVA, followed by Tukey’s multiple-comparison test. 

Differences in statistical significance are given in figures and 

legends. P,0.05 was considered significant.

Results
Cloning, expression, and purification of 
H1 antigen
Coding sequences corresponding to Ag85B and ESAT6 were 

fused to create a 1,266 bp–long H1 fusion product. This 

product was cloned under the IPTG-inducible T5 promoter 
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of the pQE30 vector and expressed in E. coli M15 cells. 

Expression of H1 fusion antigen was mostly in the inclusion-

body fraction, and hence the latter was isolated and purified to 

homogeneity before solubilization. Recombinant H1 protein 

was purified by Ni-NTA affinity chromatography of the solu-

bilized fraction, followed by size-exclusion chromatography 

(as described in Methods). Our preparation yielded ~9.2 mg/L 

soluble recombinant H1 antigen and was the sole protein 

band (.99% purity) visible on SDS-PAGE after Coomassie 

brilliant blue staining (Figure 2B) and immunoblotting using 

anti-His monoclonal antibody (data not shown).

Morphological and physicochemical 
characterization of H1-PLGA NPs
H1-PLGA NPs were prepared by double-emulsion solvent 

evaporation. For primary emulsion preparation, the particle 

size–determining step – the ratio of inner aqueous phase 

(protein in PBS) to outer organic phase (DCM) – was kept at 

1:40. A ratio of 1:12 was then maintained between the organic 

phase to the outer aqueous phase (ie, 1% PVA), to ensure 

formation of unaggregated NPs with hardened PVA coating. 

We obtained H1-antigen EE and LE of 86.18%±3.2% and 

0.5%±0.03%, respectively. Scanning electron microscopy of 

H1-loaded PLGA NPs revealed a uniform, globular, smooth 

appearance, with no cavities (Figure 3A). Under transmission 

electron microscopy (Figure 3B), the particles appeared as 

intact, electron-dense spheres of ~200–300 nm diameter. 

Dynamic light scattering of an H1-NP suspension on the 

Zetasizer Nano ZS indicated narrow size distribution and 

greater colloidal stability (Figure 3C and D). Mean particle 

diameter was found to be 244.4±32.6 nm in PBS (pH 7.4), 

with a polydispersity index of ,0.2, suggesting negligible 

heterogeneity in the nanoformulation. The ζ-potential of 

these particles was found to be -4±0.6 mV, signifying a 

slight negative charge on the surface of these NPs. These 

results were reproducible in multiple batches.

In vitro release of protein from PLGA 
nanoparticles
The rate of H1 release from H1-encapsulated PLGA NPs 

was estimated with the micro-BCA kit at regular intervals 

till 32 days under in vitro conditions at physiological pH and 

temperature (as described in Methods). Figure 2A shows 

the in vitro release profile of H1 antigen from H1 NPs. Sur-

prisingly, after only 2 hours of incubation, a burst release 

of ~19.13%±3.5% of the protein was detected in the super-

natant. By 12 hours, ~42.8%±3.2% of H1 protein had been 

released in the supernatant. However, by 24–48 hours, the 

release profile had reached a plateau and thereupon displayed 

controlled and sustained release for 32 days. On day 32, 

slow and sustained release of ~91.5%±4.5% of the total H1 

protein was observed, suggesting that under in vivo condi-

tions the H1 antigen would probably have been released 

by H1 NPs for a longer duration to stimulate the immune 

system. The integrity of the antigen released after 32 days 

was further assessed by SDS-PAGE. An intact band of the 

Figure 2 In vitro release profile of H1 protein from H1 NPs.
Notes: (A) H1 NPs suspended in PBS (50 mg/mL, pH 7.4) were incubated at 37°C for indicated time periods, and the release of H1 fusion protein was estimated by micro-
BCA assay. The experiment was done in triplicate. The initial burst release caused .40% of the fusion protein to be released within 12 hours (inner graph), followed by 
slower-release kinetics that reached ~90% of fusion-protein release by 32 days (outer graph). (B) The purified recombinant H1 protein from H1 expressing Escherichia coli 
cells (Ni–nitrilotriacetic acid chromatography) that was used for or the preparation of H1 NPs by water-oil-water method (middle lane). The protein recovered from H1 
NPs after 32 days of in vitro release (right lane) and protein molecular weight ladder (left lane) were subjected to 10% SDS-PAGE followed by Coomassie blue staining.
Abbreviation: NPs, nanoparticles.
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Figure 3 Physical characterization of H1 NPs.
Notes: (A) SEM; (B) TEM; (C) dynamic light scattering; (D) ζ-potential analysis.
Abbreviations: NPs, nanoparticles; SEM, scanning electron microscopy; TEM, transmission electron microscopy; PDI, polydispersity index.

ζ

ζ

ζ

desired molecular weight was observed (~43 kDa), without 

any degradation of the protein (Figure 2B), revealing H1 to be 

a stable antigen. Based on this release profile, the dose of H1 

antigen for subsequent mouse immunization was assessed. 

Briefly, a dose of 50 µg H1 antigen/mouse was selected for 

vaccination, as nearly 50% of the antigen would be released 

in a burst within the first 24 hours. The subsequent slow 

release of the remaining antigens from the NP depot would 

then act as boosters for the mouse.

Intracellular uptake of H1 NPs by THP1 
macrophages
Phagocytosis and antigen presentation to immunoeffector 

cells is an inherent property of macrophages. Therefore, 

the ability of THP1 macrophages to phagocytose H1 NPs 

was examined under ex vivo conditions. Briefly, the human 

macrophage cell line THP1 was incubated at 37°C with 5% 

CO
2
 for 4 hours with FITC-labeled H1 antigen–encapsulated 

PLGA NPs, and NP internalization was monitored under 

confocal microscopy. The microscopy confirmed the inter-

nalization of FITC-labeled H1 antigens by the macrophages 

(Figure 4). The H1 NP–release profile suggested that after 

4 hours of incubation, ~20% of the antigen would have 

been released in the medium. However, due to experimental 

limitations at this stage, it cannot be distinguished whether 

the observed fluorescence was from FITC-H1 antigens 

phagocytosed alone or as PLGA encapsulates. H1 NPs were 

observed at both the periphery and inside the macrophages. 

These results suggest that once the H1 NPs are injected into 

an immune system, they will be efficiently taken up by APCs 

like macrophages.

Single-dose H1 NPs induced heightened 
humoral immunoresponse
Following a single-dose immunization schedule, serum-

antibody titers in different mouse groups were measured 

on days 14, 28, and 42. As expected, the blank PLGA 

NPs showed IgG levels similar to the PBS-immunized 

group (Figure 5), affirming their nonimmunogenic nature. 

Interestingly, after only 14 days of immunization, H1 

NP–immunized mice displayed a significantly higher 

total IgG titers (P,0.05) than antigen alone (Figure 5A). 

The end-point total IgG titers of H1 NP-immunized mice 

were ~6.39- and ~7.9-fold higher on days 28 and 42 postvac-

cination than the antigen alone–immunized group (P,0.0001 

for both, Figure 5B and C).
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The higher IgG titers induced by H1-NP vaccination illus-

trated an efficient humoral immunoresponse. Serum titers of 

IgG
2a

 and IgG
1
 were also examined to evaluate T

H
1/T

H
2 bias 

of the immunoresponse (Figure 5D–I). For IgG
2a

, the H1-NP 

group generated a relatively high end-point titer – ~4.1-fold 

higher than the H1 alone–treated group (P,0.0001) on day 

28 postimmunization (Figure 5H) – though by day 42, mean 

IgG
2a

 levels in the H1 NP group had decreased marginally 

over day 28: ~4.1-fold higher than the H1 alone–treated 

group (Figure 5I). Similarly, on days 28 and 42 day, IgG
1
 

levels of H1 NP–vaccinated mice were ~4.2- and ~6.2-fold 

higher than H1 alone (Figure 5E and F). Further, the ratio of 

Ig
2a

:IgG
1
 suggested that IgG

2a
 levels were higher than IgG

1
 in 

both the H1 alone (~1.9- on day 28 and ~2.2-fold on day 42) 

and H1 NP (~1.8 on 28th and ~1.5 on 42nd day)–vaccinated 

mouse groups.

Vaccination with H1 NPs induced 
TH1-biased immunoresponse
To study the effect of H1 NPs on T

H
-cell development, 

memory-recall response of cultured spleen cells from 

differently immunized mouse groups was evaluated by 

quantifying cytokines released in the medium after stimu-

lation with the antigen. Briefly, splenocytes from all mice 

were stimulated with the H1 antigen, and memory-recall 

response was assessed by quantifying T
H
1-specific (IFNγ 

and TNFα) and T
H
2-specific (IL4 and IL10) cytokine 

levels in culture supernatant after 72 hours of incubation. 

In all mouse samples, stimulation of splenocytes by con-

canavalin A, a positive control, led to secretion of multiple 

cytokines in the medium (data not shown). As expected, 

cytokine amounts produced by blank PLGA NP–immu-

nized mice were quite low and similar to the PBS control. 

H1 NP–vaccinated mice displayed a heightened cytokine 

response upon antigen stimulation in comparison to the H1 

alone–immunized group. Among all the cytokines under 

investigation, IFNγ levels were ~6.03-fold higher in the 

H1 NP–treated group (8,174.33 pg/mL) the H1-alone group 

(1,355.17 pg/mL; Figure 6A). In contrast to robust IFNγ 

response, levels of T
H
2-specific IL4 cytokine were much 

lower: 30.11 pg/mL and 14.89 pg/mL for H1 NP– and H1 

alone–immunized mice, respectively (Figure 6C). Levels of 

T
H
1-specific TNFα and T

H
2-specific IL10, were ~2.8-fold 

(P,0.05) and ~1.6-(P,0.01) fold higher in the H1-NP 

group than H1 alone–immunized mice (Figure 6B and D). 

The increased production of T
H
1-specific IFNγ and TNFα 

cytokines in the H1 PLGA–vaccinated mice reiterates 

their immunomodulatory capability in the mouse model 

and mimics the potentiality of a memory-recall response 

in cases of mycobacterial infection.
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Figure 4 Confocal microscopy analysis of H1 FITC–NP internalization by THP1 macrophages.
Notes: (A) Untreated control DAPI-stained THP1 cells; (B) H1 FITC–PLGA NPs treated for 4 hours and DAPI-stained THP1 cells at 600× magnification and (C) at 900× 
magnification in different fields showing internalized particles.
Abbreviations: FITC, fluorescein isothiocyanate; NP, nanoparticle; PLGA, poly(lactic-co-glycolic acid).
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Figure 5 Anti-H1 antibody profile of mice immunized with, PBS, BLANK-NP, H1 and H1-NP.
Notes: Mice (n=8) were bled on days 14, 28, and 42 postimmunization, and anti-H1 specific total IgG, IgG1, and IgG2a end-point titers were determined by ELISA. 
(A–C) Anti-H1 IgG end-point titers of each mouse group on days 14, 28, and 42, respectively; (D–F) anti-H1 IgG1 end-point titers of each mouse group on days 14, 28, 
and 42, respectively; (G–I) anti-H1 IgG2a end-point titers of each mouse group on days 14, 28, and 42, respectively. Each point represents the mean of triplicate values of 
individual mice, and the bars represent means ± SEM of all mice in a group.
Abbreviations: PLGA, poly(lactic-co-glycolic acid); NPs, nanoparticles; NS, not significant.

Protective and survival efficacy of single-
dose H1-NP vaccination against tuberculosis
Having established the immunomodulatory properties of H1 

NPs, we further evaluated their protective efficacy against 

Mtb challenge. At 8 weeks after immunization, all mice (15/

group) were challenged with ~5.7×104 Mtb H37Rv CFU/

mouse (data obtained after serial dilution and plating). Five 

weeks after Mtb challenge, three mice from each group 

were sacrificed and the bacterial load in their lungs and 

spleens enumerated. H1-alone vaccination reduced lung and 

spleen bacillary load only marginally compared to the PBS 

(unvaccinated) group, as expected. Compared to antigen 

alone–immunized mice, the reduction in lung and spleen Mtb 

load was statistically significant in both H1 NPs and BCG, 

though to varying degrees: H1 vs H1 NP (P,0.05 for both 

lung and spleen) and H1 vs BCG (P,0.01 for both lung and 

spleen; Figure 7). Although BCG vaccination marked the 

highest decrease in bacillary load in both lung and spleen, 

statistically it was indifferent to H1-PLGA NPs (Figure 7).

Upon assessing Mtb burden in lung and spleen, we further 

examined if H1-NP vaccination could also aid in long-term 

mice survival. Mice were monitored for general behavior and 

changes in weight and survival for 250 days postchallenge. 

Lacking subunit vaccination, all mice in PBS-control and 

blank-NP groups died in ,100 days, with a mean survival 

time (MST) of 50.5 and 58 days, respectively (Figure 8). All 

mice in the H1 alone–immunized group died of infection, 

with an MST of 80 days, much earlier than those vacci-

nated with H1-PLGA NPs (MST 177 days). The MST was 

doubled upon H1-NP vaccination compared to the H1 alone–

treated group (P,0.001, Figure 8). As observed earlier, the 

highest survival efficacy was observed in BCG-immunized 

mice, with an MST of 189.5 days. However, again this was 

statistically insignificant compared to H1 NP–vaccinated 
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γ α
Figure 6 Cytokine release in splenocyte-culture supernatant upon in vitro stimulation with H1 antigen.
Notes: Six weeks after immunization, spleens were isolated from mice (n=3) from each group and cultured. IFNγ, TNFα, IL4, and IL10 levels were measured in H1 
(10 µg/mL) in vitro–stimulated spleen cell–culture supernatant after 72 hours. Concentrations of (A) IFNγ, (B) TNFα, (C) IL4, and (D) IL10 were examined by ELISA. 
Concentration values expressed as means ± SE of three mice for each group of mice.
Abbreviation: NPs, nanoparticles.

Figure 7 Enumeration of bacillary load in lung and spleen post–Mtb H37Rv challenge.
Notes: Eight weeks after vaccination, mice were challenged with ~5.7×104 CFU of virulent Mtb/mouse. At 5 weeks postchallenge, the mice were sacrificed and bacterial load 
(CFU) enumerated in the lungs and spleens of three mice/group. (A) Log10 CFU in lung; (B) log10 CFU in spleen.
Abbreviations: Mtb, Mycobacterium tuberculosis; NPs, nanoparticles; NS, not significant; BCG, bacillus Calmette–Guérin.

mice, reiterating that BCG and H1 NPs delivered similar 

protection against the Mtb challenge.

Discussion
The limitations of BCG in protection against pulmonary 

TB in adults demand new effective vaccination approaches. 

Vaccines modulating host response toward T
H
1-cell 

dependent immunity are in high demand, as they play a 

key role in attaining long-lasting immunomemory and 

effective protection against intracellular pathogens like 

Mtb, Neisseria gonorrhoeae, and Salmonella typhi.37,38 

Well-known aluminum salts or squalene-based adjuvants 

like AS03 and MF59, licensed for human use, are known 

to be poor inducers of T
H
1 immunity.39 On the other 

hand, various adjuvants like CAF01, IC31, and GLA-SE, 

which induce significant levels of T
H
1-specific cytokines 

as a marker of protective immunity against TB, are still 

in different phases of clinical trials.40,41 In this milieu, 

NP- or MP-based delivery systems have emerged as 

exciting next-generation vaccination strategies. Earlier, 
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Figure 8 Survival of mice post–Mtb H37Rv challenge.
Note: Mtb H37Rv–challenged mice (n=12/group) were observed for 250 days for 
their surviving ability and calculation of their mean survival time (MST).
Abbreviations: Mtb, Mycobacterium tuberculosis; NPs, nanoparticles; NS, not 
significant; BCG, bacillus Calmette–Guérin; MST, mean survival time.

multiple attempts were made using immunogenic antigens 

of Mtb, such as ESAT6, Ag85B, and TB10.4, either indi-

vidually or as bivalent fusion entities (Ag85B–TB10.4 or 

Ag85B–ESAT6), and the FDA-approved PLGA polymer 

as the encapsulating carrier. Notably, all these studies had 

limitations. First, the formulations were tested only in the 

micrometer range (mean MP size ~3.3 µm),19,42 while PLGA 

induces superior T
H
1-response in the nanometer range 

(size 200–600 nm).43 Secondly, these formulations were 

investigated under ex vivo conditions or lacked protection 

studies.19,44 Lastly, most of these formulations were admin-

istered by respiratory31 or subcutaneous45 routes, and thus 

required multiple boosters in comparison to other parenteral 

routes. As such, in the present study we evaluated the vac-

cine potential of H1 (bivalent fusion antigen of Ag85B and 

ESAT6 proteins)-encapsulated PLGA NPs after single-dose 

immunization and compared it to BCG in protection against 

tuberculosis. We explicitly opted for the intraperitoneal 

route for vaccine delivery to facilitate uptake of PLGA 

NPs preferentially by resident macrophages and to trigger 

a polarized T
H
1 response, as reported by Conway et al.46

The competence of an NP-based vaccine-delivery sys-

tem primarily depends on three key factors: the structural 

integrity of the encapsulated antigen, its subsequent immu-

nogenicity, and ensuing protective efficacy. In this context, 

PLGA NPs have been reported to be one of the most stable 

particles formulated from natural polymers when stored 

properly.47 Earlier studies have also emphasized PLGA’s 

role in antigen protection from aspecific proteolysis under 

in  vitro or in  vivo conditions.42,48 Indeed, in our in  vitro 

release studies, the H1 antigen released by the PLGA NPs 

was shown to be intact, with no signs of degradation until 

the 32nd day. This further suggests that water–oil–water 

evaporation might not be punitive on the protein structure 

either. The H1 protein has also been previously stated to 

be stable in a liposome formulation.49 Typically, PLGA 

NPs have negative ζ-potential, attributed to their carboxyl 

groups.50 Contrary to this, H1 NPs carried a weak negative 

charge (ζ-potential -4±0.6 mV). This relative decrease in 

intensity of the negative charge on NPs might have eased the 

interaction with the negatively charged membrane of THP1 

cells and hence uptake efficiency.

Besides surface charge, the size of a particle is also crucial 

for its phagocytosis by APCs.51,52 Several studies have shown 

the correlation of immunoresponse with the size of particles 

used for immunization.12,14,53 NPs of 200–300 nm have been 

reported to generate a strong cellular immunoresponse along-

side a heightened humoral response.10,12,36,53 In the present 

study, H1 NPs were 244.4±32.6 nm, further encouraging their 

uptake by APCs, owing to their desirable size range. Alongside 

size, the shape and morphology of particles are also important 

for scrutiny to assert they are better antigen carriers. Indeed, 

the H1 NPs met these standards of shape, surface smoothness, 

and uniform size and showed antigen release after 32 days 

under physiological conditions. Altogether, it is tempting 

to conclude that PLGA as a carrier of H1 antigen facilitates 

endosomal entry into APCs and exerts a “depot effect” by 

increasing residence time at the site of vaccination and improv-

ing antigen-specific immunoresponses. A similar mode of 

action has been reported for PLGA MPs, immunostimulating 

complexes, and unbiodegradable polystyrene particles also.

The ability of the H1 antigen to provoke a heightened 

antibody response has been well investigated in mul-

tiple studies.5,7,32,54 In the present study, augmentation of 

antigen-specific immunoresponse by H1 NPs led to induc-

tion of antigen-specific T
H
1-type IgG

2a
 and T

H
2-type IgG

1
 

antibodies, indicating effective presentation of antigens with 

major histocompatibility–complex class II molecules and 

subsequent activation of both T
H
1 and T

H
2 arms of immu-

nity. Even 6 weeks after single-dose vaccination with H1 

NPs, higher IgG and IgG
2a

 production was observed with 

enhanced production of T
H
1-dependent IFNγ and TNFα 

cytokines upon antigen recall. This steady and heightened 

humoral response can be attributed to sustained release of 

H1 from PLGA NPs, which act as antigen depots inside 

host mice, resulting in long-term stimulation of immunoef-

fector cells and thus negate the need for frequent booster 

doses. H1 NP–treated mice alongside an amplified antibody 

response exhibited robust cytokine release as a memory 

response to antigen recall. Significantly higher levels of T
H
1-

specific IFNγ and TNFα were detected in culture superna-

tants of splenocytes extracted from H1 NP–vaccinated mice 
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upon stimulation. Although titers of T
H
2-specific IL4 and 

IL10 cytokines were also significantly elevated in the H1 

NP–vaccinated group in comparison to the control groups, 

they were much lower than T
H
1-specific cytokines. Also, 

IFNγ has been studied extensively in TB and shown to be 

essential for activation of macrophages during infection and 

eventually to contain the infection.55 H1 NP–immunized 

mice also demonstrated elevated levels of TNFα, which was 

in line with earlier findings of recombinant BCG–expressing 

Ag85B and ESAT6 substantially increasing TNFα levels in 

mice.56 This has been attributed to the potential role played 

by PLGA NPs in NFκB translocation to the cell nucleus, 

which in turn increases the production of inflammatory 

cytokine TNFα.57 The neutralization potential of IgG
2a

 is 

better than IgG
1
, and hence the strong IgG

2a
 response gen-

erated by H1 NPs might play a crucial role in clearing Mtb 

infection. As levels of both IgG
2a

 and IFNγ were high until 

day 42, this demonstrates that the response observed was 

completely T
H
1-biased in both H1 NP– and H1 alone–treated 

groups, which is in accordance with other reports stating H1 

to be a TH1 antigen.56,58 A T
H
1-biased modulation of host 

immunoresponse has also been reported with PLGA NPs 

conjugated to a protein or peptide that is already recognized 

for its T
H
2 bias.24

The efficacy of a vaccine is judged mainly by the degree of 

protection it provides the recipient. The ability of H1-PLGA 

to modulate protective efficacy was observed at different 

levels of host response, from generation of a repertoire of 

antibodies to activation of T
H
1-specific cytokines and reduc-

tion of Mtb burden in lungs and spleens of mice. Enumeration 

of the latter illustrated that H1 NP–vaccinated mice were able 

to reduce bacterial load significantly more in comparison to 

the H1 alone–immunized control group. Interestingly, com-

pared to H1 alone, the significance of vaccination with H1 

NPs is reflected by statistically insignificant bacterial lung/

spleen load and extension of MST, equivalent to BCG vac-

cination. Altogether, our study forms the groundwork and 

provides data demonstrating H1-encapsulated PLGA NPs as a 

promising TB-vaccine candidate. For its acceptance as a next-

generation vaccine, it needs to be subjected to a higher level 

of scrutiny on immunologic and toxicological parameters.
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