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PENGAKTIFAN SEL DENDRITIK MANUSIA OLEH LIPOSOM 

DARIPADA KESELURUHAN LIPID Mycobacterium smegmatis 

ABSTRAK 

Liposom adalah lipid bersaiz kecil, kuat, dan tersusun sendiri yang 

mempunyai potensi besar sebagai penghantar ubatan dan adjuvan yang cekap. Ia 

mempunyai struktur vesikular yang unik dan boleh diperoleh daripada bahan semula 

jadi dan sintetik. Liposom boleh menyerupai membran biologikal ubat, hal ini 

demikian dapat memanjangkan jangka hayat dan mengurangkan tahap ketoksikan 

semasa menghantar mereka ke organ yang dituju. Mekanisme adjuvan liposom 

berkait rapat dengan rangsangan terhadap tindak balas imun yang diingini setelah 

terdedah kepada antigen dan sel imun yang dituju. Kajian semasa ini bertujuan untuk 

menyiasat pengaktifan sel dendritik manusia oleh liposom daripada keseluruhan lipid 

Mycobacterium smegmatis. Di sinilah, liposom yang dihasilkan daripada keseluruhan 

lipid M. smegmatis dan gambaran ciri di bawah dibawah mikroskop elektron 

pengimbasan pelepasan medan (FESEM) yang menunjukkan saiz liposom adalah di 

antara 20 nm-135 nm dengan pembentukan struktur sfera. Sampel keseluruhan darah 

manusia dikumpul dan diasingkan untuk mendapatkan sel mononuklear darah 

peripheral (PBMCs) daripada tiga kumpulan berbeza: individu negatif-TST, individu 

positif-TST, dan pesakit TB pulmonari aktif. Pengaktifan imun sel dendritik oleh 

liposom M. smegmatis dianalisis berdasarkan tahap ekspresi penanda permukaan sel 

dendritik (HLA-DR, CD11c, CD123, dan CD86) dalam sitometri aliran dan 

rembesan sitokin (IL-4, IL-12p70 dan IFN-γ) melalui ujian ELISA. Keupayaan 

liposom dalam menambah baik penyampaian antigen semasa kadar jangkitan TB 

yang aktif telah dibuktikan melalui peningkatan tahap HLA-DR dan CD86 bersama 



xix 

dengan rembesan sitokin IL-12p70, IFN-γ, dan IL-4 yang tinggi. Pengesahan yang 

selanjutnya adalah melalui FESEM dan mikroskop konfokal yang memperlihatkan 

pengambilan liposom M. smegmatis oleh sel dendritik. Pendedahan liposom kepada 

sel dendritik dalam semua kumpulan kajian di bawah pengimejan FESEM 

menunjukkan pembentukan bulatan besar pada permukaan sel dendritik di mana ia 

menggambarkan kewujudan liposom pada permukaan sel dendritik berbanding 

dengan kawalan negatif dan positif. Penonjolan dendrit dengan pembentukan bentuk 

sel yang pelbagai dengan kehadiran perangsang membantu pengaktifan sel dendritik. 

Begitu juga, isyarat pendarfluor yang diperhatikan di bawah mikroskop konfokal 

menyokong internalisasi liposom oleh sel dendritik. Secara keseluruhannya, kajian 

ini mencadangkan liposom mempunyai potensi yang besar sebagai vaksin dan 

adjuvan yang berkesan untuk imunoterapi.    
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ACTIVATION OF HUMAN DENDRITIC CELLS BY LIPOSOMES 

DERIVED FROM TOTAL LIPID OF Mycobacterium smegmatis 

ABSTRACT 

Liposomes are small-sized, potent, and self-assembled lipids that hold great 

potential as efficient drug delivery vehicles and adjuvants. They possess a unique 

vesicular structure and can be derived from natural and synthetic substances. 

Liposomes can mimic the biological membrane of drugs, thus extending the half-life 

and minimizing the toxicity levels while delivering them to the target organs. The 

adjuvant mechanism of liposomes has been intimately associated with the 

stimulation of desired immune responses upon the exposure of antigen and immune 

cell targeting. This current study mainly targets to investigate the activation of 

human DCs by liposomes derived from the total lipid of Mycobacterium smegmatis. 

Herein, the liposomes were produced from M. smegmatis total lipid and 

characterized under field emission scanning electron microscopy (FESEM), 

demonstrating a size ranging from 20 nm-135 nm with spherical structures. The 

human whole blood sample was collected and isolated to obtain the peripheral blood 

mononuclear cells (PBMCs) from three distinctive groups: TST-negative individuals, 

TST-positive individuals, and active pulmonary TB patients. The immune activation 

of DCs by M. smegmatis liposomes was analysed by the expression level of DCs 

surface markers (HLA-DR, CD11c, CD123, CD86) in flow cytometry and the 

secretion of cytokines (IFN-γ, IL-12p70, and IL-4) and via ELISA assay. The 

capability of liposomes to improve the antigen presentation during the active state of 

TB infection was approved through the increased level of HLA-DR and CD86 

alongside the high concentration levels of IL-12p70, IFN-γ, and IL-4 cytokines. 
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Further confirmation study via FESEM and confocal microscopy recognized the 

uptake of M. smegmatis liposomes by DCs. The exposure of liposomes to DCs in all 

study groups under FESEM imaging showed the large circular formation on the 

surface of DCs which pointed out the presence of liposomes on the surface of DCs 

compared to the negative and positive controls. The protrusion of dendrites with 

different cell-shaped development with the presence of different stimulators assisted 

in the activation of DCs. Similarly, the fluorescence signals observed under the 

confocal microscope supported the internalization of liposomes by DCs. Overall, this 

study suggests that liposomes have significant potential as effective vaccines and 

adjuvants for immunotherapy.   
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CHAPTER 1  
 

INTRODUCTION 

1.1 Rationale of the study 

Tuberculosis (TB) remained in the top 10 worldwide diseases with a clear 

mortality impact and even surpassing HIV/AIDS has urged global public health 

priority (Schrager et al., 2020). Nearly a quarter of the worldwide population has 

been highly infected with TB infection which is associated with poverty as well as 

low and middle-income countries (Franco & Peri, 2021). Although Bacille Calmette-

Guérin (BCG) is the only applicable and licensed vaccine for TB, it encountered 

several limitations such as genetic variability among strains that lead to differences 

in immunogenicity (Sable et al., 2019). In addition, it provides poorer protection 

among higher age groups due to their highly matured immune system that stimulates 

weaker responses to BCG in comparison to the sustained and increasing immune 

reaction in children (Bendre et al., 2021). These issues mainly emphasize the 

significance of immune cells such as dendritic cells in triggering the desired immune 

responses against TB infection.  

Dendritic cells (DCs), the key regulatory cell of the immune system is well-

known as the most efficient professional antigen-presenting cells (APCs) that 

initiate humoral and cell-mediated immune responses (Ness et al., 2021). They are 

mainly originated from bone marrow hematopoietic precursor cells and are 

characterized by their distinctive ‘tree-like’ or dendritic-shaped appearances 

(Castell-Rodríguez et al., 2017). Upon encountering infected pathogens, DCs 

functionalized in capturing, processing, and presenting the antigen to major 

histocompatibility complexes (MHC) class I and II molecules alongside the 

secretion of cytokine (Gil-Torregrosa et al., 2004; Patente et al., 2018). These 
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resulted in the activation of naïve T cells that further stimulate the appropriate 

adaptive immune responses by enhancing host defense mechanisms or facilitating 

the evasion of pathogens (Kim & Shin, 2022). The initial discovery of DCs by 

Ralph Steinman in the early 1980s concluded with the mechanical action of the 

immune system as a coherent unit (Mellman, 2013). Indeed, DCs are also 

responsible for maintaining ‘self’ tolerance by the induction of regulatory T cells 

(Tregs) and deletion of T cells. Therefore, it plays a crucial role in the pathogenesis 

of cancer and autoimmune diseases, such as type 1 diabetes mellitus (T1D), 

multiple sclerosis (MS), and systemic lupus erythematosus (SLE) (Quintana, 

2017). However, the interaction between DCs and Mycobacterium tuberculosis 

(Mtb) is not fully understood and is contradictory despite its high potential to 

improve cellular immune response against Mtb (Choi et al., 2018; de Martino et 

al., 2019; Zhou et al., 2023).  

Immunity mediated by CD4+ and CD8+ T cells is highly essential for the 

defense against TB infection. Although most of the infected individuals who 

develop latent infection remain healthy throughout their whole lives, nearly 5-10% 

of the cases are highly potential to progress into the active state of TB. Earlier 

research demonstrated strong T-cell responses to the protective Mtb heparin-

binding hemagglutinin (HBHA) only within latent TB individuals (LTBI) in 

comparison to active TB patients, enhancing the dissemination of Mtb from the site 

of infection (Masungi et al., 2002; Temmerman et al., 2004). The FcγRIII (CD16) 

receptor, which is involved in Ab-dependent cellular toxicity, is more active in 

LTBI than active TB and this eventually promotes an improved phagolysosome 

maturation, increased inflammasome activation, with reduced mycobacterial 

burden (Lu et al., 2016). In addition, active TB is highly dependent on pro-
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inflammatory immune responses (Flores-Batista et al., 2007). The suppression of 

T-cells particularly in active TB implies the variation of functional DCs between 

healthy individuals, LTBI, and active pulmonary TB patients, emphasizing the 

regulatory mechanism of immune evasion by Mtb. This highlights the demand to 

grasp a full understanding of the host immune response against Mtb to differentiate 

between normal and pathogenic processes. Henceforth, expressing the need for an 

adjuvant or carrier that potentially targets and improves the activation of DCs to 

trigger desired immune responses against Mtb.   

Liposomes are small sphere artificial vesicles with an aqueous solution core, 

surrounded by a membranous lipid bilayer of phospholipids made up of natural or 

synthetic derivatives (Akbarzadeh et al., 2013). The nanoscale size of liposomes is 

ranging between 25 to 2500 nm. High versatility with minimum effects on the 

immunogenic and toxicity are the main advantages (Mallick & Choi, 2014). Thus, 

recognizing liposomes as the most actively used nanocarriers for targeted drug 

delivery at present (Alavi et al., 2017; Gregoriadis, 2016). Previous in vivo research 

had elucidated the potent uptake and activation of human DCs upon interactions with 

designated liposomes derived from Mycobacterium bovis bacillus Calmette-Guerin 

(BCG), Archaea, and Escherichia coli (E. coli) (Sprott et al., 2004). These were 

achieved by the immunostimulatory properties of liposomes (Amidi et al., 2011). 

Nevertheless, relevant studies on the liposomal-based derived from the total lipid of 

Mycobacterium smegmatis (M. smegmatis) have not yet been scrutinized. In another 

designated novel smegmosomes study, strong induction of both innate and adaptive 

immune responses by bone-marrow-derived DCs (BMDCs) was simultaneously 

demonstrated (Faisal et al., 2011). However, the utilization uptake mechanism of 

DCs was not justified. With that, the interest to investigate further the activation of 
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DCs upon in vitro uptake by M. smegmatis liposomes in this context is highly 

considered. 

As mentioned above, liposomes are usually produced from the derivatives of 

natural (soybean or bean) or synthetic sources (Nkanga et al., 2019). However, due 

to the pricey and limited sources of liposomes lipid bilayers, this study sought 

another alternative. In a previous recent successful development of new potential 

tuberculosis (TB) vaccine candidate, liposomes-Msmeg, ranging between 20 to 80 

nm, had manifested a conveying outcome upon Mtb antigens (García Mde et al., 

2014). Initially, this designated liposome was developed using the bacterial lipid 

synthesis of M. smegmatis due to its high resemblance of genomic manipulation, 

chromosome arrangement, and similarities in the cell wall composition to Mtb 

(Joseph Antony Sundarsingh T et al., 2020). These genetic correlations enable 

further investigation on TB infection to be performed using the non-pathogenic M. 

smegmatis model organism which provides a safer, accessible, and rapid duration 

of culture, as a substitute for the highly pathogenic Mtb (J. A. S. T et al., 2020; 

Yamada et al., 2018). The preliminary results had emphasized positively the 

activation and maturation markers of murine DCs by liposomes Msmeg fusion, 

with induced in vitro immune responses. Thus, this present study has attempted to 

examine the phenotype and functional properties of DCs in TST-negative 

individuals, TST-positive individuals, and active pulmonary TB patients to induce 

immune activation upon exposure to liposomes derived from total lipid of M. 

smegmatis. This further suggests its capability as a potential adjuvant, carrier, or 

vaccine against TB infection.  
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1.2 Research objectives 

1.2.1 General objective 

To investigate the activation of human dendritic cells by liposomes derived 

from total lipid of Mycobacterium smegmatis  

1.2.2 Specific objectives 

1) To produce liposomes from the total lipid of M. smegmatis  

2) To determine the dendritic cells subsets in human peripheral blood 

mononuclear cells of TST-negative individuals, TST-positive 

individuals, and active pulmonary TB patients 

3) To measure the expression marker of HLA-DR, CD11c, and CD86 in 

activated dendritic cells from human peripheral blood mononuclear 

cells upon exposure to liposomes from M. smegmatis in TST-negative 

individuals, TST-positive individuals, and active pulmonary TB 

patients 

4) To measure the secretion levels of IFN-γ, IL-12p70, and IL-4 in 

dendritic cells from human peripheral blood mononuclear cells upon 

exposure to liposomes from M. smegmatis in TST-negative 

individuals, TST-positive individuals, and active pulmonary TB 

patients 

5) To examine the cellular uptake of liposomes from M. smegmatis by 

dendritic cells from human peripheral blood mononuclear cells in 

TST-negative individuals, TST-positive individuals, and active 

pulmonary TB patients 
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1.3 Research hypothesis 

This study hypothesized that the production of liposomes from M. smegmatis 

will be taken up by DCs and alter their immune activation in PBMCs of TST-

negative individuals, TST-positive individuals, and active pulmonary TB patients.   
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1.4 Flow chart of the study 

 

 
 

Figure 1.1 Flow chart of the study 

 
 
 

 
 



8 

CHAPTER 2  
 

LITERATURE REVIEW 

2.1 Tuberculosis 

Tuberculosis (TB) is one of the most infectious progressive mycobacterial 

infections, affecting the lungs (pulmonary TB) (Daniel et al., 1994). The cycle of TB 

infection exclusively begins with aerosol inhalation of Mtb pathogen from coughing 

and sneezing droplets (Figure 2.1) (Churchyard et al., 2017; Glickman & Jacobs, 

2001). The risk factors associated with TB mainly include close-contact situations, 

individuals with a weakened immune system (e.g., human immunodeficiency virus 

(HIV)), malnutrition, tobacco smoke, substance abuse, use of immunosuppressive 

drugs, poverty, young children and elderly populations, and healthcare workers, all 

of which contribute to poor treatment results (Narasimhan et al., 2013). Therefore, 

pressing the need to study and evolve new prevention and therapeutic strategies for 

TB. There are two distinct categories of TB, namely latent TB infection (LTBI) and 

active pulmonary TB (Brett et al., 2020). Individuals with LTBI are not contagious 

due to the absence of visible symptoms, unlike active, contagious TB (Gideon & 

Flynn, 2011). Pulmonary TB commonly manifests prolonged bad cough (exceeding 

two weeks), chest pain, haemoptysis, weight loss, fatigue, sweats, and fever (Cudahy 

& Shenoi, 2016). Sputum-smear status is highly associated with pulmonary TB 

(Ibrahim et al., 2022). Bacillary load at the site of diagnosis (i.e., sputum or lung 

cavities), and the exposure to a high dose of viable Mtb favours more efficient 

chances of transmission, which can be rapidly suppressed with proper effective 

treatment (Kolloli et al., 2021; Osei-Wusu et al., 2021). 
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Figure 2.1 The transmission of TB infection (Adapted from: Churchyard et al., 
2017) 

 

2.1.1 Tuberculosis cases worldwide  

Tuberculosis was the leading illness with a high mortality rate especially 

during the initial breakdown, in the late 1800s. Administrative, environmental, and 

preventive measures such as implementing a written TB infection-control plan, 

proper disinfection of equipment, and good hygiene practice have reduced the 

number of TB cases and deaths, significantly (da Costa et al., 2009). Overall, the 

highest cases of TB infection mainly occurred within the WHO regions of South-

East Asia (43%), Africa (25%), Western Pacific (18%), Eastern Mediterranean 

(8.3%), America (3.0%), and Europe (2.3%). According to the World Health 

Organization (WHO) report for the year 2021, an estimation of 10.6 million people 

has been diagnosed with TB infection, with 1.2 million deaths among HIV-negative 

people (Chakaya et al., 2021). Out of the 10 million reported cases, 6 million were 

mainly comprised men, followed by 3.4 million women and 1.2 million children 

(Figure 2.2). The new cases of TB globally fell from 7.1 million (2019) to 5.8 million 
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(2020), which was a decline of nearly 20% compared to the average number of cases 

reported within 2016-2019 (WHO, 2021). The major coronavirus disease 2019 

(COVID-19) outbreaks and health care service disruption have led to movement 

control order (MCO) implementation, reducing the transmission of TB infection 

among travelers from the high-incidence regions (Pai et al., 2022; Winglee et al., 

2022). The countries contributing to the global drop between 2019 and 2020 were 

India (41%), Indonesia (14%), the Philippines (12%), and China (8%). In contrast, 

the TB mortality rate in the year 2020 had increased for the first time in more than a 

decade with an approximation of 1.5 million cases (WHO, 2021). This issue has also 

been highly related to the COVID-19 pandemic. High expenses caused by TB 

disease on both human and financial resources give an impact on economic growth 

and are conductive to improve public health (Miggiano et al., 2020).  

 
Figure 2.2 The statistical report of TB cases by the World Health Organization 
(WHO) for the year 2021 
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2.1.2 Tuberculosis cases in Malaysia 

The rate of TB transmission in Malaysia remains active with an intermediate 

TB burden despite the improved treatment regimens and case detection applied 

(Awang et al., 2022). Collection report from World Bank in the year 2020 showed 

that the incidence rate of TB in Malaysia was 92 (per 100, 000 population) with four 

cases (per 100, 0000 population) of TB mortality rate (Figure 2.3) (Avoi & Liaw, 

2021). Currently, approximately 53% of TB cases in Malaysia mostly occurred in the 

adult group with high prevalence in other groups including children, adolescents, and 

the elderly (Awang et al., 2022). For instance, the proportion of pediatric TB cases in 

Kelantan state showed an increasing trend from 1% to 8.4% from the year 2000 to 

2019 (Awang et al., 2019). The incomplete development of immunity, especially in 

children aged <5 years old highly contributes to this event (Azit et al., 2019). 

Selangor and Sabah led with the highest number of TB incidences in the year 2018; 5 

071 cases and 5008 cases, respectively. These were mainly due to the large density 

of the Selangor populations in the low socioeconomic rungs and the presence of 

illegal immigrants who refuse to seek treatment with the limited access to TB care in 

Sabah (Rundi et al., 2011). The Selangor state, the most populated state comprises 

nine districts with four bigger districts (i.e., Hulu Langat, Gombak, Petaling, and 

Klang) leading to almost 18% of the overall cases in the country (Makeswaran et al., 

2022). On the other hand, Sabah state which only accounts for 10% of the total 

population in Malaysia had sustained a high notification rate, approximately 20-30% 

of all TB cases in Malaysia (Goroh et al., 2020). Other states contributing to newly 

reported TB cases were Sarawak, 3122; Johor, 2150; and Kuala Lumpur, 2017 cases. 

The mortality rate of TB in Malaysia increased significantly from 9.0 per 100 000 

people (2014) to 11.4 per 100 000 people (2018) over the last four years (Avoi & 
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Liaw, 2021). Most of the active TB deaths were highly correlated to disseminated 

TB, whereas non-TB-related deaths occurred due to the existing comorbidities.   

 
Figure 2.3 The incidence rate of TB (per 100,000 people) in Malaysia 2000-2021 
(Adapted from: World Health Organization, Global Tuberculosis Report) 

 

2.1.3 Pathogenesis of tuberculosis 

Transmission of Mtb occurs through the inhalation of aerosolized particles 

ranging from 0.65 μm to 7.0 μm (Sia & Rengarajan, 2019). Smaller Mtb droplets 

travel into the nasopharyngeal region to be deposited in distal airways, meanwhile, 

larger aerosol particles remain in the upper airways (Bussi & Gutierrez, 2019). The 

mucous lining of the human nasal and respiratory tract surface act as the first line of 

defense to inhibit the entry of Mtb into pulmonary alveoli (Mohidem et al., 2021).  

Once reaching the lower respiratory tract, immature DCs mainly identify, 

phagocytes, and internalize Mtb bacilli into phagosomes (Figure 2.4). The engulfed 

Mtb is breakdown into simpler peptide fragments and is presented on the surface of 

DC, specifically through MHC II molecules. This leads to the maturation and 

activation of DCs, allowing subsequent migration to present the Mtb-derived peptide 

to the nearby lymph nodes where the naïve T cells are located. The differentiation of 

naïve T cells effectively primes antigen specific CD4 and CD8 T cells (Ahmad, 
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2011; Wani, 2013). Alongside the presence of IL-12p70 cytokine, it promotes the 

differentiation of CD4+ T cells into Th1 cells that resulted in the secretion of their 

signature IFN-γ cytokine. This pathway is commonly known as the classical 

macrophage activation (M1) which stimulates the phagocytosis of the macrophage 

and intracellular mycobacterial killing. Simultaneously, the canonical type 2 

cytokines, namely interleukin 4 (IL-4) together with IL-13, could activate 

macrophages through alternative macrophage activation (M2), enhancing protective 

innate memory and killing capacity against mycobacterial. Macrophages showed a 

crucial role in engulfing and destroying the Mtb, yet the mechanism for survival of 

mycobacterium within the macrophages is evolving progressively. This leads to the 

induction of immune response including the recruitment of other immune cells 

including T cells.  

The infected macrophages are surrounded by phagocytic cells including 

uninfected alveolar macrophages, lymphocytes, neutrophils, and monocytes (Flynn et 

al., 2011). This ultimately leads to the formation of nodular granulomatous, the 

complex structures that wall off the infection from spreading and represented as the 

hallmark of TB disease (Orme & Basaraba, 2014; Silva Miranda et al., 2012). In this 

state, the granuloma secures Mtb bacilli by putting it into an inactive phase or LTBI, 

thus no symptoms are presented (Ehlers & Schaible, 2012). A caseous granuloma 

that illustrates a ‘cheese-like’ appearance, has been commonly known as the classic 

type of granuloma in TB (Flynn et al., 2011). The advancement of LTBI towards 

active TB is highly associated with the multiple depositions of the caseum that 

necrotizes the center of granuloma (Ehlers & Schaible, 2012). Immune weakening 

conditions such as stress, malnutrition, and immunosuppressive medications could 



14 

lead to the replication of Mtb within the granuloma and destruction of lung tissue, 

reactivating and releasing Mtb into the airways expedites TB infection.    
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Figure 2.4 Pathogenesis of tuberculosis 

The inhalation of Mtb pathogen leads to the phagocytosis process of macrophages and DCs. The exposure of Mtb allows the immature DCs 
undergoes maturation and send signals to differentiate naïve T cells into CD4+ and CD8+ T cells. The CD4+ T cells prime Th1, Th2, and Th17 
responses, whereas CD8+ T cell leads to the killing of Mtb infected cells. The stimulation of the IL-17 cytokine by Th17 cells assists in 
granuloma formation. The death of infected cells causes disintegration of granuloma, releasing Mtb pathogen into lung airways and environment. 
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2.1.4 Diagnosis and treatment of tuberculosis  

Diagnosing TB is a complex process that begins with a history tracing and the 

likelihood of being exposed to any active individual (Norbis et al., 2013). A series of 

screening tests must be performed to confirm the status of TB and the treatment 

needed. Mantoux tuberculin skin test (TST) has been widely used as a method to 

determine Mtb infection within individuals (Figure 2.5) (Rose et al., 1995). The 

result is analysed based on the size of induration that appears within 48 and 72 hours, 

upon the administration of tuberculin purified protein derivative (PPD) into the inner 

surface of the forearm (Rose et al., 1995). Since the symptoms of TB may vary 

depending on the site of Mtb growth, a blood test needs to be executed as it provides 

conclusive results in ruling out LTBI and active TB, based on the immune system 

reaction against Mtb. Radiology evidence such as chest X-rays, could provide early 

detection of lung abnormalities associated with TB, especially among children 

(Heuvelings et al., 2019). Mycobacterial culture has been regarded as the ‘gold 

standard’ in drug susceptibility tests for TB as it provides a definite accurate 

diagnosis (Holani et al., 2014; Shingadia & Novelli, 2003).  
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Figure 2.5 Mantoux test for TB screening 

 
Early detection and appropriate antibiotics are crucial for TB infection. The 

current treatment for TB clinically relies on a drug that exhibits early bactericidal 

activity (EBA) such as isoniazid (INH) (Peloquin & Davies, 2021). The usage of 

combination drugs is highly preferable in treating TB infection rather than the 

prolonged treatment using a single drug, due to the emergence of resistant mutants 

(Kaneko et al., 2011). INH and rifampicin are two excellent duos that work best at 

the former and latter stages, respectively (Maiolini et al., 2020). However, the 

rifampicin drug has a slower drug interaction that called for long-term intake which 

further required its substitution with the rifapentine drug that could exhibits a 

synergistic mechanism and results in improved and excellent antibacterial properties 

(Alfarisi et al., 2017). Besides, the prescription of suitable TB regimens depends on 

the stages of TB, which occur either during exposure, latent, or active disease as well 

as the specificity action and effect of the antituberculosis drugs (Sotgiu et al., 2015). 

The usage of a regimen for multidrug-resistant TB (MDR-TB) is highly required for 

complex cases such as drug intolerance, where the infected individuals remain 
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sputum smear-positive upon completion of treatment (Rabahi et al., 2017). A 

previous study using line probe assay (LPA) supported the administration of a 

standardised second-line anti-TB drug regimen as an alternative to the ineffective 

MCR-TB cases (Raizada et al., 2014). The usage of a second-line anti-TB drug 

regimen which comprised bedaquiline (Bdq), linezolid (Lzd), moxifloxacin (Mfx), 

levofloxacin (Lfx), clofazimine (Cfz), cycloserine (Cs), para-aminosalicylic acid 

(PAS), propylthiouracil, and amikacin (Am) exhibited good potential to alter the 

structural composition of the intestinal microbiota in rifampicin-resistant TB patients 

(RR-TB) (Wu et al., 2023). These highlighted the importance of providing the 

suitable anti-TB treatment in each diagnosis.  

2.2 Immune response 

Immunity can be defined as a condition where the host defense system is 

activated to protect the body against the pathogenic microbes, viruses, non-

pathogenic agents, and foreign substances that could lead to infection (Sompayrac, 

2019). This further leads to the manipulation of normal cellular function that trigger 

tissue inflammation, evasion of immune responses, and interference in the host 

defense system, highlighting the critical function of immunity (Thakur & Nanda, 

2020). Two types of human immune systems are the innate (non-specific) immune 

system and the adaptive (specific) immune system (Medina, 2016). Innate immunity 

steps up as an early and rapid defence upon encountering immediate intruding 

pathogens with no immunologic memory (Marshall et al., 2018). Meanwhile, 

adaptive immunity is an antigen-dependent that stimulates highly efficient and 

targeted responses of antibody production and cell-mediated responses of specified 
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pathogens (Han et al., 2020). Both are complementary to one another in defending 

the body against foreign antigens.  

2.2.1 Innate immune response 

The first line of defense found in the body is the innate immune system, also 

known as a non-specific defense mechanism (Figure 2.6) (Nicholson, 2016). It is 

essentially composed of physical barriers (skin and mucous membrane), chemical 

barriers through the action of antimicrobial peptides and proteins (i.e., complement, 

C-reactive proteins), as well as cellular components that release cytokines and 

inflammatory mediators (e.g., macrophages, DCs, natural killer (NK) cell) (Carrillo 

et al., 2017; Sharpe & Mount, 2015). The pivotal role of this rapid non-specific 

response is to provoke immediate protection throughout the body to halt the spread 

of foreign pathogens (Sompayrac, 2019). It is achievable by the action of cytokines 

and chemokines, which resulted in the rapid recruitment of immune cells to the sites 

of infection and inflammations.   

The presence of microbial agents is primarily detected by specialized pattern 

recognition receptors (PRRs), a broad family of proteins, which are expressed by the 

innate immune effector cells (e.g., DCs, macrophages, mast cells) (Clark & Kupper, 

2005). There are mainly four classes of proteins categorized by PRRs, with toll-like 

receptors (TLRs) playing a critical role in early innate immunity by the detection of 

invading microorganisms and danger signals. Toll-like-receptor is the most studied 

family of PRRs (Mogensen, 2009). They act through the recognition of conserved 

microbial structure, via pathogen-associated molecular patterns (PAMPs) (Jang et al., 

2015). Specific intracellular signalling pathways are further activated, thus triggering 

proinflammatory and antimicrobial responses (Gasteiger et al., 2017). On the other 

hand, damage-associated molecular patterns (DAMPs) are characterized as 



20 

endogenous molecules released upon cellular injury (Land, 2015). The interaction 

between DAMPs and PRRs eventually promotes an innate immunity activation 

during sterile inflammation (Černý & Stříž, 2019; Roh & Sohn, 2018).  

 
Figure 2.6 The subsystems of immune responses: Innate and adaptive immunity  

 

2.2.2 Adaptive immune response 

Adaptive immune systems are mainly referred to as antigen-specific and 

antigen-dependent immune responses (Figure 2.6) (Marshall et al., 2018). It is 

considered the second line of defense against nonself-pathogens and is more 

sophisticated than innate immunity, due to the presence of memory cells (Snyder, 

2017). Therefore, it comprises the memory capacity which facilitates an efficient 

elimination response against the recurrent pathogen-infected cells within an instant 

(McManus & Mitchell, 2014). Adaptive immunity mainly provides longer 

protection. There are fewer cells involved in adaptive immunity: B cells, which 

differentiate into plasma cells and produce antibodies, as well as antigen-specific T 

cells that proliferate upon direct interaction with APCs (Bonilla & Oettgen, 2010). 

Both lymphocytes are derived from the multipotent hematopoietic stem cells of bone 
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marrow. Two mechanisms of adaptive responses include humoral immune response 

and cell-mediated immune response.   

Humoral immunity is an antibody-mediated response against extracellular 

pathogen, viruses and bacteria which circulate in the lymph or blood. It is primarily 

driven by B cells that activated into plasma cells, resulting in the production of 

antibodies against specific pathogens (Shah & Ershler, 2007). There are three 

defensive mechanisms performed by antibodies to destroy the invading pathogens 

(Forthal, 2014). Neutralization is the first elimination method, which involves the 

inhibition of microbial toxins and the inactivation of viruses by antibody binding 

onto pathogens. The subsequent process, namely opsonization, is referred to as 

antibody binding by coating the invading pathogens for destruction through 

phagocytosis, mostly to aid phagocytic cells for ingestion. The third approach in 

antibody defense is the activation of the complement cascade, which results in 

phagocytic cell recruitment (Sawa et al., 2019). Humoral immunity can only protect 

against most bacterial and viral toxins in the extracellular spaces (Twigg, 2005). 

Thus, another layer of defense is highly required to act on intracellular microbes 

(e.g., parasites, tumour cells, bacteria). 

Cell-mediated immunity is an immune response involving both CD4+ and 

CD8+ T cells, leading to the activation of APCs such as macrophages and DCs, 

stimulation of antigen-specific cytotoxic T lymphocytes, and secretion of diverse 

cytokines in response to antigens (Figure 2.4) (Bhagavan & Ha, 2011). CD4+ T cells 

or T-helper (Th) lymphocytes are known as the effector cells for cell-mediated 

immunity. They primarily recognized protein-based antigens presented by MHC II 

molecules on the surface of APCs, coordinating the stimulation of different subtypes 
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of CD4+ T cells: so-called Th1, Th2, and Th17 lymphocytes (Wichmann & Angele, 

2010). The polarization of Th1 is mainly induced by IL-12 cytokine, whereas IL-4 is 

accountable for Th2 polarization. The Th1 response further secretes IFN-γ cytokine 

that will act correspondingly on different types of immune cells, with each enhancing 

their own effector functions (Marshall et al., 2018). Meanwhile, the Th2 response 

which secretes IL-4, IL-10, IL-5, and IL-13 cytokines is more likely to be crucial for 

the defense against extracellular parasites and pathogens, orchestrating allergic 

reactions, in conjunction with the development of humoral immune responses (Xu et 

al., 2019).    

The CD8+ T cells which are also called cytotoxic T lymphocytes (CTLs) 

upon activation have been an important effector for the elimination of viral infected 

cells and cancerous pathogens (Xu et al., 2023). Upon encountering the antigen 

processed and presented by activated DCs through MHC I peptide complex, the 

CTLs primarily kill the targeted cells by apoptosis (Actor, 2019). In addition, CTLs 

can produce type I cytokines such as IFN-γ, TNF-α, and lymphotoxin-α, supporting 

its role as one of the critical immune cells for the control of viral and other 

intracellular infections (Leichner & Kambayashi, 2014).  

 

2.2.3 Immune response to tuberculosis 

The encounter between Mtb and the host is a complex process that will 

determine whether the TB infection will remain locally limited within the engulfing 

cells of the innate immune system (LTBI), continue to spread (active TB), or 

complete clearance of Mtb pathogen (de Martino et al., 2019). Interaction between T 

cells, macrophages, and granuloma formation is the pillar component of the 

protective response against Mtb (Figure 2.7) (Tufariello et al., 2003).  
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The immune response is initiated upon the entrance of Mtb bacilli into the 

alveolar space (Basu et al., 2012). Phagocytic cells such as macrophages and 

immature DCs are highly represented in the infected area of TB (Mihret, 2012). 

Pathogen-associated molecular patterns (PAMPs), which are antigenic compounds 

expressed by Mtb are mainly recognized by a large of pattern-recognition receptors 

(PRRs) including toll-like receptor (TLRs) on macrophages and DCs. These 

receptors facilitate the pathogen-specific ligand, allowing immature DCs to uptake 

the Mtb and undergo antigen processing by breaking down the antigen into peptide 

fragments. The DCs then mature, migrate from the lungs to the regional lymph nodes 

(LNs) and present the Mtb antigen (peptide) onto its surface to the T cells, via both 

MHC class I and II pathways (Basu et al., 2012). T cells are activated and travel back 

to the lungs through the bloodstream. Within the lungs, T cells are later associated 

with the granuloma formation and assisted the macrophages for intracellular killing 

of Mtb, through the secretion of pro-inflammatory cytokines such as interferon 

gamma (IFN-γ) and tumor necrosis factor alpha (TNF-α) (Marino & Kirschner, 

2016). Meanwhile, proinflammatory cytokines such as TNF-α, IL-1β, IL-12, and IL-

6 are secreted through mycobacterial recognition of PRRs, sending signals to other 

immune cells to maintain and control the Mtb infection (Lin et al., 2007; Mortaz et 

al., 2012). The TNF-α further induces the downstream signalling nuclear 

transcription factor (NF)κ-B pathway (Fallahi-Sichani et al., 2012). At this stage, the 

phagolysosome engulfs the Mtb and fuses with lysosomes. This fusion creates a 

mature phagolysosome with nuclear factor kappa B (NFκ-B) which regulates the 

release of the lysosomal enzyme such as reactive oxygen species (ROS) and 

hydrolytic enzymes to kill and digest the Mtb (Ramachandra et al., 2005). The 

inability of the host to eradicate Mtb will eventually preserve the infection as an 



24 

inactive state, where infected macrophages migrate into the tissue. The latter induces 

inflammatory mononuclear cells such as monocytes, lymphocytes, DCs, and 

neutrophils to travel to the site of infection and accumulate the granuloma formation 

(Pai et al., 2016; Portnoy et al., 2001).  

However, Mtb has its escape mechanisms where it can block intracellular 

degradation and convert the hostile environment into a safer condition. Mtb and other 

slowly growing mycobacteria (such as Mycobacterium bovis and Mycobacterium 

avium) alter the setting of phagosome to survive within the macrophages 

(Ramachandra et al., 2005). A protein secreted from Mtb such as early secretory 

antigen 6/culture filtrate protein and ATP1/2 suppresses the acidification of 

phagosomes, which eventually increases the acidic environment to pH 6.2 and 

inhibits maturation of phagosome (Deretic & Fratti, 1999; Zhai et al., 2019). The 

pathogenic Mtb also averts the lysosomal pathway as a defensive tool against 

autophagy by exploiting Coronin 1 protein (Jayachandran et al., 2007; Saha et al., 

2020; Seto et al., 2012). In addition, Mtb uses its excellent antioxidant system to 

overwhelm the ROS level of infected Mtb, supporting its survival and replication 

within the host (Mori & Pieters, 2018; Shastri et al., 2018). Other alternate adaptation 

pathways of Mtb to evade host immune response are by escaping into the cytoplasm 

and lipoprotein inhibition via TLR2 dependent manner (Hu & Spaink, 2022). This 

eventually causes the Mtb to exit the granuloma and further disseminate to form 

lesions, subsequently (Maphasa et al., 2020).  

Granuloma is a complex and compressed structure, known as the major 

histopathological characteristic of TB (Figure 2.4). In this state, foamy and epithelial 

macrophages as well as multinucleated giant cells (MCG) which are fused from 
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monocytes, will align together to form a core within the infected macrophages (Lay 

et al., 2007; Silva Miranda et al., 2012; Volkman et al., 2004). Once it has formed, 

they are surrounded by a rim of T cells and the recruitment of macrophages and 

highly differentiated cells such as multinucleated giant cells, epithelioid cells, and 

Foamy cells (Kim et al., 2010; Peyron et al., 2008). Replication of Mtb takes place 

within the matured granuloma. Indeed, the secretion of TNF-α and IFN-γ are crucial 

to maintain the balance and contain the dormant Mtb, together with the production of 

anti-inflammatory IL-10 (Redford et al., 2011). Within the tuberculous granuloma, 

the development of central caseation necrosis (cheese-like appearance) has been 

observed (Bhavanam et al., 2016; Kim et al., 2010; Ulrichs & Kaufmann, 2006). The 

caseous centre is comprised of dead macrophages, remnants of infected cells as well 

as accumulated debris (Russell et al., 2009). If the balance of granuloma load is 

intolerable such as HIV infection, malnutrition, and genetic factors Mtb bacilli will 

be reactivated and dispersed (Silva Miranda et al., 2012). They can either re-enter the 

blood or be released into the airways through the respiratory tract (Shaler et al., 

2013). This resulted in TB manifestation and is classified as an active TB disease.  
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Figure 2.7 Interaction between innate and adaptive immunity in the presence of 
Mtb (Adapted from Chandra et al., 2022)  

2.3 Dendritic cells 

Dendritic cells are mainly characterized by a distinctive morphology of 

having long membranous dendrites (Figure 2.7) (Castell-Rodríguez et al., 2017). The 

origin of DCs can either be developed from common myeloid progenitor (CMP) or 

common lymphoid progenitor (CLP) (Castell-Rodríguez et al., 2017). This 

eventually leads to the various lineages of DCs, namely myeloid (mDCs), 

plasmacytoid (pDCs), and monocytes-derived (mo-DCs) (Klechevsky et al., 2009). 

The common areas in which DCs are dominating may include the blood, lymphoid 
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and peripheral tissues. The mDCs are characterized by MHC class II and CD11c 

expressions, meanwhile, pDCs express MHC class II, BDCA2, and BDCA4 (Collin 

& Bigley, 2018; Merad et al., 2013). They are accountable for inducing an adaptive 

immune response and hence are centralized as the “sentinels” in immunity. Human 

circulating PBMCs are comprised of 1-2% of DCs, which is the most potent and 

professional APCs in comparison to other classical APCs such macrophages and B 

cells (Jongbloed et al., 2010). It stands out for its ability to stimulate, correlate, and 

initiate adaptive immune responses by activating both T and B cells (Patente et al., 

2018). In addition, DCs are the only APCs of the immune system required for the 

activation of naïve T cells, both in vitro and in vivo (Makala & Nagasawa, 2002). 

This is mostly due to the highest competency to express MHC class II molecules, 

which further prime T cell responses (Sung, 2008). The secretion of IL-12 cytokines 

by DCs is critical to mediate Th1 adaptive immunity (Mendelson et al., 2006). 

One of the critical roles of DCs is to interconnect the innate and adaptive 

immunity of the immune system (Ganguly et al., 2013). They are primarily equipped 

with long membrane dendrites that promote extensive communication with numerous 

surrounding cells (Swetman et al., 2002). The cells that can be reached out by DCs 

may include T cells, epithelial cells, and NK cells. Two mechanisms that highlight its 

‘sentinels immunity’ include i) efficient presentation of antigens for the selection of 

appropriate T reactions, together with, ii) the detection of environmental signals by 

maturated DCs (Cechim & Chies, 2019). The differences in helper T cells produced 

by either Th1 or Th2 responses are mainly influenced by the types and maturation of 

DCs, stimulated by various factors. 
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Another interesting role of DCs is “cross-presentation”. This cross-priming 

process mainly involved the presentation of extracellular antigens with class I MHC 

molecules to CD8+ cytotoxic T cells against foreign pathogens and tumors (Nierkens 

et al., 2013). There are two primary pathways involved in cross-presentation. First is 

the ‘canonical’ endosome-to-cytosol pathway which entails the transportation of 

exogenous antigens from endosomal vesicles into the cytosol, in which they are 

similarly processed and loaded on MHC I class molecules in the endoplasmic 

reticulum to endogenous antigens by proteosome (Hoeffel et al., 2007). The 

proteosome-independent cytosol-independent pathway is the second pathway where 

the DCs process and directly load the captured antigens onto MHC I class molecules 

in endosomal compartments (Di Pucchio et al., 2008). The efficient performance of 

cross-presentation is necessary to induce adaptive immunity against tumours and 

viruses that do not initiate a direct attack on DCs, instead, affecting those that cause 

harm to cells of peripheral tissue (Embgenbroich & Burgdorf, 2018; Sánchez-Paulete 

et al., 2017). This subsequently contributes to the generation of the cytotoxic immune 

response through protein antigens in tumour vaccines.  

In addition, DCs also have the responsibility to modulate balances between 

immunity and tolerance (Patente et al., 2018). Immune tolerance is important for the 

prevention of self-attack which could result in autoimmune (Audiger et al., 2017). 

Tolerogenic DCs (tol-DCs) have crucially participated in the maintenance of central 

and peripheral tolerance. Their functionalized roles are; i) inhibiting memory and 

effector responses and, ii) inducing anergy, deletion, and tolerance of regulatory T 

cells (Treg) in the periphery, prior to the elimination of autoreactive T cells in the 

thymus through apoptosis (e.g., central tolerance) (Domogalla et al., 2017). Some 

studies had also emphasized the accessibility of tol-DCs to be developed from 
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matured DCs by stimulation with pro-inflammatory IFN-γ, apparently (Perry et al., 

2014). Overall, DCs exhibit potential as favourable targets for immunotherapy as 

well as in allergic and autoimmunity. 

 
Figure 2.8 The formation of dendritic cells (Adapted from Patente et al., 2018) 

 

2.3.1 Subsets of dendritic cells 

In general, human DCs expressed high levels of HLA-DR and CD11c, with 

the absence of lineage-specific markers (Lin-1); CD3, CD14, CD16, CD19, CD56 

markers (Collin & Bigley, 2018; Patente et al., 2018; Summers et al., 2001). There 

are three distinct classes of human DCs populations, such as myeloid DCs (mDCs), 

plasmacytoid DCs (pDCs), and monocytes-derived DCs (moDCs) (Figure 2.8) 

(Collin & Bigley, 2018). Each subtype of DCs is present with a distinctive proportion 

on different sites of the body. For instance, while mDCs are mostly accumulated in 

the lymphoid organs, pDCs are more likely to be present within the non-lymphoid 

tissues, and moDCs are found in the inflamed tissue (Chow et al., 2016). Specific 
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phenotypic markers and various genetic profiles are used to detect the subsets in each 

of the DCs populations.  

2.3.1(a) Myeloid DCs 

Myeloid DCs (mDCs) is defined as MHC II+CD11c+CD123-, an innate 

immune cell activated upon encountering infection (Rhodes et al., 2019). The 

detection of Mtb pathogen via TLRs leads to the maturation of mDCs, which 

upregulate the cell surface molecule of MHC and other costimulatory molecules 

(Mendelson et al., 2006). It is mainly responsible for capturing, processing, and 

presenting the Mtb peptides to naïve T cells by migrating to the draining lymph 

nodes (Chistiakov et al., 2015). The mDCs are highly efficient in inducing primary T 

cell responses by exogenous and endogenous antigen presentation and secretions of 

cytokines (i.e., interleukin (IL)-7 and IL-10) (Liu, 2016). There are two major cell 

surface markers for the identification of human CD11c+mDCs, namely CD1c and 

CD141 (Breton et al., 2016; MacDonald et al., 2002). The CD141 marker is mainly 

specialized in the cross-presentation of antigens to CD8+ T cells, whereas CD1c is 

more likely to be involved in the presentation of lipid antigen to CD4+ T cells 

(Haniffa et al., 2012). Both CD1c+ and CD141+ markers are designated to define 

mDCs subsets, CD11c+CD1c+CD141- (mDC1) and CD11c+CD1c-CD141+ (mDC2), 

respectively (Wang et al., 2008).  

The CD1c+/BDCA-1+ (mDC2) is mainly used for CD4+ biased-effector T 

helper cell responses (such as Th1, Th17, and Th2) against extracellular pathogens 

(Heger et al., 2020). It has been the most common surface marker for DCs within the 

PBMCs and is present in the blood and tissues (Schrøder et al., 2016). In an in vitro 

Mtb infection study, CD1c+ showed higher responsiveness via TLR1-8 compared to 

CD141+ and pDCs alongside the secretion of IL-6, TNF-α, and IL-1β cytokines, but 
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not IL-12p70 cytokine, upon the activation of CD4+ T cells (Lozza et al., 2014). This 

highlights the capability of CD1c+ to promote various Th polarization in vivo, which 

are not induced by CD141+ and pDCs (Liu et al., 2018). However, previous studies 

which obtained the blood of healthy individuals possessed a rather high level of IL-

12p70 cytokine by the CD1c+ (Leal Rojas et al., 2017; Nizzoli et al., 2013). 

Therefore, this current project will clarify further the secretion of IL-12p70 by 

comparing healthy individuals and TB conditions.  

Meanwhile, CD141+/BDCA-3+ (mDC1) primarily specializes in antigen 

cross-presentation and promotes Th1 response via MHC I molecule (Breton et al., 

2016; Tesfaye et al., 2019). This event leads to the activation of CD8+ T cells and is 

required for an effective T-cell-based vaccine, instead of a direct CD4+ T cell 

priming (Klechevsky, 2013). Human CD141+ and CD8α+ DCs exhibit similar 

phenotypic characteristics such as TLR3, C-type lectin CLEC9A and novel surface 

molecule nectin-like protein l2 expression (Jongbloed et al., 2010; Pearson et al., 

2018; Sabado et al., 2017). For instance, the splenic CD11b- CD8α+DCs and non-

lymphoid tissue CD11b-CD103+DCs of murine model demonstrated high correlation 

with CD141+DCs, emphasizing the variable vulnerability of various DCs populations 

against infection and PAMPs (Lozza et al., 2014). The percentage of CD141+ is 

relatively rare with a low constitution of ~0.03% in human PBMCs (Jongbloed et al., 

2010). CD141+ has a lower secretion of IL-12 in comparison to CD1c+ and mo-DCs, 

additionally (Collin & Bigley, 2018). Hence, CD1c+ stimulates naïve CD4+ T cells 

with high IL-12 secretion, meanwhile, CD141+ acquires the dead cells for the 

subsequent cross-presentation of antigens to CD8+ T cells.  
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2.3.1(b) Plasmacytoid DCs 

Plasmacytoid DCs is a rare subtype of human DCs, which are derived from 

hematopoietic stem cells and recognized via CD123, CD303, and CD304 expression 

(Collin & Bigley, 2018; Li et al., 2017). The pDCs sense DNA and RNA viruses 

through TLR7/9, leading to the activation of pDCs and high secretion of IFN-I 

(Manz, 2018). A freshly isolated blood pDCs are less mature in comparison to mDCs 

and unable to stimulate the naïve T cells until being activated (Grouard et al., 1997). 

An activated pDCs upregulate both MHC class I and II with high expression of 

CD40, CD83, and CD86 costimulatory molecules, supporting its capability as an 

efficient APC (Jegalian et al., 2009; Li et al., 2017; Tel et al., 2012). Previous studies 

demonstrated high expression of IL-3 receptor α chain (CD123) with low CD4 and 

immunoglobulin-like transcript 1 (ILT1) expression by pDCs (Collin & Bigley, 

2018). In general, pDCs majored in detecting and corresponding to active or 

inactivated viruses upon the intense production of IFN-I, IFN-α, and IFN-β, 

implicating the importance of pDCs in an early stage of viral infection (Mathan et al., 

2013; Rogers et al., 2013). Although IFN-I is mostly involved as a potent anti-viral 

cytokine, it helps in the initiation of immune responses against Mtb by balancing the 

secretion of IL-12 and IFN-α cytokines (Lichtner et al., 2006). This event highlights 

the activation of mDCs by pDCs, which further induces T cells and Th1 polarization 

(Orsini et al., 2012). Besides, IFN-I promotes a protective role as a chemoattractant 

in TB infection. The mycobacterial-infected DCs mainly produce CXCL10 in 

response to IFN-I signaling, leading to the recruitment of immune cells to the site of 

infection in association to contain the spread of Mtb and stimulating effective 

immune response (Lichtner et al., 2006). However, human pDCs do not express 

lineage-specific markers or cytoplasmic immunoglobulin for the immune system 
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including CD11c, unlike mDCs (Cho et al., 2015). The gene transcription level 

strongly highlights no correlation between pDCs and activation of CD4+ T cells in 

TB infection (Lozza et al., 2014). Consequently, CD1c+ mDCs are the most highly 

responsive subset of DCs against Mtb infection with pDCs assisting CD1c+ 

production.  

2.3.1(c) Monocyte-derived DCs 

The percentage of DCs in PBMCs which normally accounts for only 1-2% 

emphasize the importance of generating DCs from monocytes (Figueroa et al., 2016). 

Blood monocytes are the major origin of ex vivo DCs production (Coillard & Segura, 

2019). The generation of moDCs has been commonly stimulated through the 

differentiation of monocytes alongside the addition of granulocyte-macrophage 

colony-stimulating factor (GM-CSF), IL-4, and maturation medium (Sauter et al., 

2019). The mo-DCs are primarily developed from Ly6C+ inflammatory monocytes 

through a CCR-2-dependent mechanism and only are prominent upon inflammation 

(Chow et al., 2016). Most research and therapeutic applications are more likely to 

generate mo-DCs since they are readily available in comparion to the low percentage 

of mDCs (Sallusto & Lanzavecchia, 1994). In addition, the isolation of peripheral 

blood using CD14+ monocytes or CD34+ precursor cells are frequent in generating in 

vitro human mo-DCs (Chometon et al., 2020). In a previous study that used zeolite 

particles, the mo-DCs demonstrated a highly homogenous and selected population of 

DCs but with lower uptake and endocytic capacity in comparison to the freshly 

isolated mDCs (Chometon et al., 2020). Another recent study showed that the 

generation of mo-DCs with GM-CSF and IL-4 had rather produced a lower immune 

response (Dhodapkar et al., 2001). Although both mo-DCs and mDCs exhibited 

similar expression of HLA-DR, CD86, CD40, and CD83, yet different 



34 

morphological observations under light and electron microscopy have been reported 

(Osugi et al., 2002). The overnight cultured-blood CD11c+ DCs illustrated higher 

cytoplasmic projections with a smaller number of dendrites compared to the larger 

size of mo-DCs which retained irregular cytoplasm and nucleus (Osugi et al., 2002). 

Therefore, mDCs have been chosen as the cell of interest in this study to explore in 

detail the uptake and activation of human DCs by liposomes.  
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Figure 2.9 Subsets of human blood dendritic cells 

There are three types of DCs subsets, namely, myeloid DCs, plasmacytoid DCs, and monocytes-derived DCs.  
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2.3.2 Uptake of antigens by dendritic cells 

The presence of APCs is pivotal in priming effective immune responses 

against intracellular and extracellular pathogens (i.e., Mtb). Human DCs has been the 

most classical and accomplished APCs among immune cells, due to their robust 

ability to induce a primary immune response from the naïve T cells (Patente et al., 

2018). There are numerous endocytic pathways involved during the initial uptake by 

immature DCs such as phagocytosis, receptor-mediated endocytosis, and 

micropinocytosis (Land, 2018). Similar to other phagocytic cells, DCs rely on their 

potent capacity to engulf Mtb pathogen for further intracellular processing (Land, 

2018). The phagocytosis process demands PAMPs receptor recognition on the 

surface of Mtb (such as mannose receptor, complement receptor, DC-SIGN, 

scavenger receptor, or surface protein A receptor) via TLR signalling (Killick et al., 

2013). For instance, the engagement of CD206 mannose receptor by Mtb on DCs has 

demonstrated a definite role of innate immunity in TB infection (Apostolopoulos & 

McKenzie, 2001; Naqvi & Endsley, 2020). CD206 is commonly expressed on 

immature DCs and macrophages and plays a crucial role in clearing the 

glycoproteins and inducing desirable immune responses (Garcia-Aguilar et al., 2016; 

Suzuki et al., 2018). Previous studies showed the induction of a downstream 

signalling response which assists in Mtb elimination via the phagocytosis process 

(Dorhoi et al., 2010). This condition occurs through CARD9 ligand binding of type 

II transmembrane CLR, Dectin-1, which is commonly expressed on myeloid cells 

including DCs (Wagener et al., 2018). The association of DCs in primary non-MHC-

restricted and CD1-restricted T cells through lipoglycan lipoarabinomannan (LAM) 

has also been discussed (Tailleux et al., 2003). The intracellular trafficking of DC-

SIGN in Mtb-infected DCs exhibited its participation in transporting the Mtb 
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glycolipids from the vacuole to the cell membrane (Ernst et al., 1998). These events 

highlight the uptake of Mtb proteins by human DCs, allowing the digestion of 

enzymatic pathogens via phagolysosomes (phagosomes fused with MHC-II 

lysosomes) (Land, 2018).  

2.3.3 Activation of dendritic cells 

Human DCs are present in most tissues, performing as a link between innate 

and adaptive immune responses. They can be found in two different functional states, 

‘immature’ and ‘mature’, with contrasting morphology and phenotypic features 

(Patente et al., 2018). The surface of immature DCs is highly described as circular 

and even, which is contradictory to the mature DCs of having rough and numerous 

pseudopodia (Kim & Kim, 2019). Immature DCs are poor stimulators of effector T 

cells due to the low expression of co-stimulatory molecules and chemokines 

expressed, however, they are more likely to be efficient during the uptake of Mtb via 

TLR signalling (Patente et al., 2018). This event indeed highlights immature DCs as 

the ‘sentinels’ upon Mtb infection and ‘tissue scavengers’ of necrotic and apoptosis 

cells (Albert et al., 1998). The interaction between immature DCs with Mtb pathogen 

leads to the activation of mature DCs, stimulating T cells response (Dudek et al., 

2013). The activation of antigen-specific T cells in secondary lymphoid organs 

mainly highlights the hallmark of mature DCs (De Santis et al., 2019; Hawiger et al., 

2001). Matured DCs may have low endocytic activity but demonstrate a high 

motility rate with upregulation of MHC-II, co-stimulatory molecules, cytokines, and 

chemokine receptor expression (Reis e Sousa, 2006). For instance, mature DCs in TB 

infection exhibit rather low endocytosis, phagocytosis, CCR1, CCR5, and CCR6 

levels, yet express a high surface level of MHC-II, CD86, CD80, CD54, CD58, 

CD83, CCR7, and CD40 (Banchereau et al., 2000).  
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Mycobacterial components have shown their engagement in innate 

recognition and responses via the TLR pathway (Byun, Kim, Kim, et al., 2012). For 

instance, Mtb antigens (i.e., Rv1196, Rv0978c, and Rv0754) induce the maturation 

and activation of DCs through TLR2-dependent signalling (Bansal et al., 2010; 

Byun, Kim, Shin, et al., 2012). This event leads to the secretion of proinflammatory 

cytokines such as IL-12p70, IL-17, IFN-γ, and TNF-α, which further produce Th1 

and Th17 responses (Lyadova & Panteleev, 2015). The central role of the Th1 cell in 

human TB occurs through IFN-γ secretion, leading to the activation of macrophages 

and Mtb restriction via phagocytosis (Weiss & Schaible, 2015). The induction of IL-

12p70 by DCs enhances CXCR3+CCR5+ to send a signal to Th1 and stimulates IFN-

γ, which further transmits DCs signalling to secrete higher level of IL-12p70 (Saha et 

al., 2013). There have been conflicting opinions on the level of Th1/IFN-γ in both 

latent TB infection and active pulmonary TB patient, yet the differences in IFN-γ 

response is unvarying. For instance, the stimulation of Th1/IFN-γ response could 

either be strong or weak in both latent TB infection (LTBI) individual and active 

pulmonary TB patients due to the differences in genetic host background, the 

virulence of infected strains, and their immune levels (Lyadova & Panteleev, 2015). 

These highlighted Th1-mediated IFN-γ response not only contributes to the 

elimination of the Mtb but also during the mid-treatment and post-treatment of TB 

infection (Lyadova & Panteleev, 2015). The participation of Th17 cells in TB 

pathogenesis has been observed through the induction of neutrophil inflammation 

and mediation of tissue damage, which is quite complicated (Lyadova & Panteleev, 

2015; Shen & Chen, 2018). Th17 development is dependent upon IL-23 secretion in 

the presence of low TGF-β (Khader & Cooper, 2008). Mtb induces DCs to secrete 

IL-23 cytokine which promotes the activation of Th17 cells, leading to the secretion 
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of IL-17 in vitro (Shen & Chen, 2018; Yang et al., 2006). Both IL-17 and IFN-γ are 

Th17-related cytokines that encourage the recruitment of cells and granuloma 

formation in TB infection (Torrado & Cooper, 2010). The IL-23/IL-17 had 

demonstrated their pivotal role as an efficient modulator of immune response in all 

stages of Mtb infection by triggering chemokines to recruit CD4+ T cells, which 

ultimately inhibit the survival of Mtb (Khader et al., 2007). Hence, Th17 cells exhibit 

IFN-γ independent protection against TB and assist in controlling TB disease 

(Wozniak et al., 2010).  

2.4 Cytokines related to tuberculosis 

Cytokines are known as small soluble secreted proteins (~5-20 kDa) released 

by diverse cell types, which functionalized to mediate immune and inflammatory 

responses through the communication between cells (Domingo-Gonzalez et al., 

2016). The release of cytokines into blood circulation or tissues allows the immune 

cells to locate and bind to their cell-assigned receptors (Khan, 2016).  Different 

chemical signalling by cytokines can either occur in the production site (autocrine 

effect), in neighbouring cells (paracrine effect), or in distant cells (endocrine effect) 

(Jang et al., 2015). They are highly crucial for immune protection against foreign 

pathogens. For instance, DCs maturation is an essential process to present efficient 

Mtb antigen for the stimulation of proper immune responses (Liu et al., 2017; 

Prendergast & Kirman, 2013). Therefore, various cytokines with pro-inflammatory 

and anti-inflammatory effects are produced by DCs in response to the induction of 

Th1, Th2, or Th17 during Mtb infection.  
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2.4.1 IFN-γ 

The IFN-γ cytokine has been acknowledged for its pleiotropy characteristic in 

priming innate and adaptive responses upon exposure to intracellular pathogens, 

specifically in TB infection (Lu et al., 2019; Schierloh et al., 2007). It is usually 

released by CD4+ T cells, specifically Th1 cells upon the activation of DCs. The 

early release of IFN-γ assist in the activation of macrophages, which in turn become 

more efficient at containing and controlling TB infection (Cavalcanti et al., 2012; 

Robinson et al., 2010). It has been known as a homodimer developed from two 17 

kDa non-covalent polypeptide subunits and exists as the only member in type II 

interferon that binds to IFN-γ receptor (IFNGR) (Castro et al., 2018; Zha et al., 

2017). Previous studies demonstrated an enhanced susceptibility to Mtb in mice 

models and human clinical trials with deficient genes and receptor of IFN-γ (Lalvani 

& Millington, 2008; Ottenhoff et al., 1998). IL-12 is the most notable cytokine-

stimulated by DCs, serving as a bridge to connect TB infection with IFN-γ 

production, via triggering of TLR2 (Crow et al., 2012; Fricke et al., 2006; Schroder 

et al., 2004). The classical pathway demonstrated the secretion of either IFN-γ and 

IL-12 or IL-12 alone by CD4+ T cells via Th1 response (Lalvani & Millington, 

2008). For instance, the secretion of IFN-γ cytokine in TB leads to the activation of 

mycobacterial mechanisms in macrophages and cytotoxic T cells that further restrict 

the growth and dissemination of Mtb (Fan et al., 2012). The previous finding also 

demonstrated that IFN-γ response is more predominant in active pulmonary TB 

patients compared to LTBI individuals, suggesting strong association between IFN-γ 

cytokine with TB activity (Nikitina et al., 2016).  
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2.4.2 IL-12p70 

The family group IL-12 plays a major role in secreting IFN-γ that contributes 

to the activation of CD4+ T cells and differentiation into Th1 cells, initiating the 

desired immune responses (Gee et al., 2009; Méndez-Samperio, 2010; Sun et al., 

2015). The IL-12 cytokine is predominantly produced by APCs such as DCs and 

macrophages (Urazova et al., 2019). Meanwhile, IL-12p70 cytokine which is part of 

the IL-12 family, mainly comprises p35 and p40 subunits and its secretion could be 

enhanced by IL-27 cytokine. It has been demonstrated that both IL-12p70 and IL-27 

contribute in stimulating Th1 immune response (Méndez-Samperio, 2010). For 

instance, human DCs had shown IL-12p70 secretion upon Mtb exposure, which leads 

to CD4+ T cells differentiation into Th1 response (Frasca et al., 2008). This event 

allows IFN-γ production, initiating a positive feedback loop for signal DCs to 

continuously potentiate IL-12p70 and Th1 immunity (Abrahem et al., 2020; Muller-

Berghaus et al., 2005). The association between IL-12p70 by mDCs and IL12B gene 

polymorphism also highlights its role in the growth of infiltrative and disseminated 

human pulmonary TB (Urazova et al., 2019). Furthermore, in vivo studies supported 

through high secretion of IL-12 cytokine in response to mononuclear phagocytes to 

Mtb infection, activating CD4+ T cells that lead to the elimination of Mtb in 

tuberculous pleuritis patients (Cooper & Khader, 2008; Feng et al., 2005; Flynn et 

al., 1995; Fulton et al., 1996). These events proved the essential function of IL-12p70 

in TB infection.  

2.4.3 IL-4 

A single Th1 response does not guarantee sufficient protection in Mtb, 

leading to a subversive Th2 response in the Th1 environment (Pooran et al., 2019). 

IL-4 is an anti-inflammatory cytokine that orchestrates Th2 immunity, however, its 
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pivotal role has been controversial in TB disease (Lazarski et al., 2013; Pooran et al., 

2019). It has been an important cytokine in the immune responses to TB, which 

contributes to DCs formation via the differentiation of monocytes (Bai et al., 2004). 

In previous studies, active pulmonary TB patients secreted a remarkable increase in 

IL-4 cytokine through CD4+ and CD8+ T cells, antagonizing host defense that leads 

to the tissue necrosis in comparison to healthy individuals (Bai et al., 2004; van 

Crevel et al., 2000). Conversely, the differential expression of IL-4 levels and failure 

to discriminate between IL-4 and the IL-4 splice variant, IL4δ2, have been reported 

(Djoba Siawaya et al., 2008). The IL-4 could be functionalized as a negative 

regulator by suppressing IL-12 signalling, leading to the inhibition of CD4+ T cells 

differentiation into Th1 or Th17 cells (Harrington et al., 2006). For instance, a ~50% 

reduction in Mtb containment has been observed upon IL-4 secretion in human TB 

(Semple et al., 2013). Similarly, IL-4 showed a significant TB susceptibility in a 

different study, supporting its deleterious effect on human extrapulmonary and 

severe TB conditions (He et al., 2018; Qi et al., 2014). It has been demonstrated that 

patients with TB secrete high IL-4 with increased mRNA level, IL4δ2, emphasizing 

the need for efficient vaccines to target Th2 suppression and impaired the Mtb 

function (Rook et al., 2004). This study will be focusing on IFN-γ, IL-12p70, and IL-

4 responses upon the exposure to liposomes in TST-negative individuals, TST-

positive individuals, and active pulmonary TB patients. 

2.5 Liposomes 

Liposomes are nano-spherical vesicles comprised of a lipidic bilayer with a 

close resemblance to the structure of a cell membrane (Cheepsattayakorn & 

Cheepsattayakorn, 2013; Rai et al., 2015). The term originated from two Greek 
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words, with “Lipo” expressing fat and “Soma” indicating body or structure (Sharma 

& Agrawal, 2021). The liposomes were primarily discovered by a British 

haematologist Alec D. Bangham in 1961, and further demonstrated by Gregoriadis 

G. (1972) as a potential delivery carrier in therapeutics applications (Gregoriadis, 

2016). The significant roles of liposomes in immunology have been examined 

through gene delivery, antiviral therapy as well as in the delivery of drugs and 

proteins actions (Nisini et al., 2018). Interesting descriptions of liposomes will be 

further discussed in the context below.  

2.5.1 Unique features of liposomes 

There are a few main parameters highlighting liposomes as the most efficient 

delivery system. Liposomes have the unique capability of encapsulating a diverse 

type of hydrophilic and hydrophobic drugs in their aqueous centre (Figure 2.9) 

(Zhang et al., 2017). The polar heads of liposomes orient towards the aqueous 

medium with the hydrophobic tails self-assemble into the inner region, structurally 

(Nagalingam, 2017). These properties allow the internal hydrophilic part to protect 

against degradation of the loaded drugs by minimizing the adverse effects while 

altering the pharmacokinetic activity of drugs upon being embedded into the lipid 

membranes (Alavi et al., 2017; Nakhaei et al., 2021). Liposomal encapsulation of 

drug has been well studied for possessing a limited toxicity effect with an absence in 

pyrogenic or antigenic reactions (Singh & Goyal, 2013).  

In addition, the liposomal formulation enhances an efficient delivery of 

therapeutic drugs due to its phospholipid composition, which is biologically inert, 

feebly immunogenic, and derived from natural sources (Çağdaş et al., 2014). For 

instance, unsaturated phosphatidylcholine such as soybean and egg sources, rather 

demonstrated a highly permeable with less stabile bilayers, which is contradictory to 
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the rigid and impermeable structure of dipalmitoyl saturated phosphatidylcholine 

bilayer (Akbarzadeh et al., 2013). In a previous study that loaded rifampicin into 

freeze-dried soy lecithin liposomes, a rapid, prolonged, and high efficiency of 

encapsulated rifampicin to macrophages supported the potential of liposomes as a 

successful therapy for TB (Patil et al., 2015). The interaction between liposomal lipid 

derived from Mycobacterium smegmatis with murine bone marrow DCs further 

acknowledged the immune activation of liposomes (Mat Luwi et al., 2020).  

Liposomes could provide potent targeting approaches for TB therapy through 

both active and passive delivery ligands, additionally (Quijia & Chorilli, 2022). A 

rifampicin-loaded mannosylated and polyethylene glycol (PEG)-ylated graphene 

oxide liposomes facilitated an efficient uptake of the macrophages via active 

targeting, which further leads to a competent inhibition in vitro and ex vivo of 

intracellular Mtb (Mazlan et al., 2021). This proves that active targeting by 

liposomes enhances specific, selective targeting in pulmonary TB (Pinheiro et al., 

2011). Plenty of studies exhibited significant liposomal achievements through 

passive targeting, such as amikacin-SUVs liposomes which demonstrated an 

increased activity against Mtb with a prolonged biological half-life (Dhillon et al., 

2001). Passive targeting in pulmonary TB in combination with intravenous and 

inhalation routes has received lots of attention due to the small sizes of liposomes 

that can be easily taken up by phagocytic cells such as macrophages and DCs (El-

Ridy et al., 2007). In general, versatility and plasticity remained the major strengths 

of liposomes. A variety of physicochemical and biophysical characteristics for 

selecting the desirable composition of liposomes may include particle size, lipid 

types, charge, etc. (Schwendener, 2014; Sercombe et al., 2015). Furthermore, the 

uncomplicated preparation of liposomes eventually helped to ameliorate a new novel 
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platform technology (Chen et al., 2012). These factors had pointed out liposomes as 

an interactive carrier for drug delivery (Christian I. Nkanga et al., 2019). Therefore, 

it is of great interest to analyse the utilization of liposomes to be used as a significant 

attractive vehicle for the improvement of drug or vaccine delivery systems against 

targeted diseases (Daraee et al., 2016).  
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Figure 2.10 Advantages of liposomes as drug delivery and adjuvant (Adapted from Suhaimi et al., 2022) 

The unique properties of liposomes highlighted their pivotal role as the efficient carrier and adjuvant in the drug delivery system and vaccine 
development, respectively. 
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2.5.2 Classification of liposomes 

The major factors that contribute to liposomal production are dimensions, the 

number of bilayer membranes, and phospholipid charges (Pamunuwa et al., 2016).  

They are mainly responsible for determining the volume of drugs needed to be 

encapsulated into the liposomes. There are various formations of liposomes that can 

be found; from small-scale up to massive proportions, with a usual ranging sizes 

between 0.025 μm to 2.5 μm (Sakuragi et al., 2011). The sizes play a critical role in 

regulating the half-life circulation of liposomes. On that account, liposomes can be 

further classified into two main groups, namely unilamellar vesicles and 

multilamellar vesicles (MLVs) (Akbarzadeh et al., 2013). Unilamellar liposomes 

mainly refer to spherical vesicles surrounded by a single phospholipid bilayer, 

contrary to multilamellar liposomes which consist of numerous layers of concentric 

lipids with higher particle sizes (Khan et al., 2013). Both are efficient in their ways, 

in which unilamellar has a higher internal core volume to confine hydrophilic 

molecules (water-soluble drugs), meanwhile, MLV is solely focused on 

incorporating hydrophobic molecules, due to its intense lipid content (Azanza et al., 

2015; Chaves et al., 2018).  

The liposomes have been recently categorized concerning their functions 

such as conventional liposomes, ligand-targeted liposomes, long-circulating stealth 

liposomes, and multi-functional liposomes (Patil & Jadhav, 2014). Conventional 

liposomes are the pioneer generation of liposomes (X. Wang et al., 2016). It 

possesses various types of lipid composition, with phosphatidylcholines and 

cholesterol being named as its most flexible lipids (Sercombe et al., 2015). Previous 

in vivo studies had demonstrated conventional liposomes to minimize the toxicity 

levels in compounds by altering the biodistribution and pharmacokinetics of 
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encapsulated drugs (Sercombe et al., 2015). However, it had shown restriction 

through bloodstream swift rejection (Sercombe et al., 2015). Meanwhile, ligand-

targeted liposomes offer a site-specific drug delivery to particular organs or cells in 

vivo (Noble et al., 2014). Specific ligands (i.e., antibodies, receptors, cell adhesion 

molecules) are activated at the site of diseases upon binding to the surface of 

liposomes, thus forming immunoliposomes (Eloy et al., 2017). Optimum substrate 

communication between surface-coupled ligands and liposomes has been highly 

reported (Puri et al., 2009). Nevertheless, the low efficiency of immunoliposomes is 

the major drawback confronted as a drug carrier (Puri et al., 2009). Therefore, long-

circulating liposomes overcome the limitations of the earlier generation of liposomes 

as another alternative approach (Deodhar & Dash, 2018). Coating with poly-

(ethylene glycol) (PEG) or stealth liposomes is one of the highly anticipated 

liposomal production (Immordino et al., 2006). This is mainly achieved by the 

occupancy of PEG derivatives onto the outer membrane of the liposome, which 

reduces the uptake of the mononuclear phagocyte system (MPS) and elongates the 

duration of circulating blood (Bangale et al., 2014). Yet, it has the potential to serve 

as a prolonged reservoir of therapeutic agents (Immordino et al., 2006). Therefore, 

multifunctional liposomes have been further developed as the latest generation of 

liposomes (Aryasomayajula et al., 2017). This newly designated platform is an 

improved fundamental synthesis of previously discussed liposomes by the efficient 

response to the external and internal stimuli such as pH, enzyme level, temperature, 

and penetration into the cells (Aryasomayajula et al., 2017). In general, liposomes 

have succeeded to evolve competently as one of the powerful platforms for 

delivering drugs to numerous diseases.    
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2.5.3 Sources of phospholipids in liposomes 

Composition is one of the contributing factors that categorized liposomes. 

The root of phospholipid choices mainly regulates the permeability and charges of 

the bilayer, in which they could be utilized from either natural or synthetics 

derivatives (van Hoogevest & Wendel, 2014). 

2.5.3(a) Liposomes derived from non-mycobacteria 

The discovery of complex aliphatic compounds was initially demonstrated by 

Fourcroy (1793), followed by the finding of human brain phospholipid in 1812, and a 

successful attempt to separate phospholipids from the egg yolk by Gobley (1846) (Li 

et al., 2015). Natural sources such as soybean, egg yolk, and sunflower seed are the 

most extracted phospholipids, due to lower and cheaper costs in comparison to 

synthetic methods (Akbarzadeh et al., 2013). In previous studies, soybean lecithin 

has the advantages of being stable, safer, and abundantly available in purified and 

non-purified components at a reasonable cost (Le et al., 2019). Yet, lecithin from 

sources other than soybean exhibited a low stability effect due to the high 

concentration of polyunsaturated fatty acids and has a higher potential for protein 

contamination (Miranda et al., 2015). On the contrary, researchers would highly 

prefer to use synthetic phospholipids due to the simplified single defined structure 

components (Li et al., 2015). For instance, the incorporation of synthetic amphiphiles 

with sterols such as cholesterol has been well established in multiple areas (Nakhaei 

et al., 2021). Overall, both sources of liposomes are widely used in the 

pharmaceutical fields as drug carriers (Bulbake et al., 2017). In the meantime, other 

sources have been investigated and tested for their suitability and potential for the 

development of liposomes.  
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2.5.3(b) Liposomes derived from mycobacterium 

Live-attenuated mycobacterium strain targeting lipids has been recently 

studied as one of the high potential vaccine candidates. Lipid, the constituents of the 

waxy mycobacterial cell wall is the most suitable target for immune defense, due to 

their potential role against the resistance of pathogen in TB disease (de Pablo et al., 

2000; Ciamak Ghazaei, 2018). In addition, lipids showed distinctive critical roles in 

the cell physiology such as regulating signalling, intracellular vesicle trafficking, and 

phagocytosis mechanism (Nisini et al., 2018). The mycobacterial cell envelope is 

complex and comprises numerous lipids and polymers which modulate the activation 

and differentiation of cells and influence Mtb pathogenicity (Pouget et al., 2021). 

These molecules are localized at the cell surface and part of the mycobacterial cell 

wall, highlighting them as a potential target for host immunity (Morandi et al., 2013). 

For instance, a lipid extract from Mycobacterium bovis BCG conjugated with apolar 

single specific lipids, monomycoloyl glycerol (MMG) showed a prominent Th-1 

biased immune response (C. A. Andersen et al., 2009). In a different study, similar 

outcomes of strong antigen-specific immune responses with high expression of IFN-

γ and antibodies supported the immunostimulatory effect of total lipid extract of 

Mycobacterium bovis BCG (Rosenkrands et al., 2005). Likewise, liposomes 

formulation composed of natural lipid extraction derived from glycolipids of several 

different types of bacteria such as M. smegmatis, E. coli, Neisseria meningitidis, and 

Leptospira biflexa serovar Potac has been developed. The protective effect against 

Mtb enhanced by formulated liposomes derived from Mtb lipids conferred both 

specific humoral and cellular immune responses in a guinea pig model (Dascher et 

al., 2003; Singh & Khuller, 1993b, 1994). These studies highlighted the excellent 

uptake and activation of APCs (mainly by DCs) with an improved localization in the 
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draining lymph nodes by liposomes. In addition, a significant reduction in the 

bacterial load exhibited by lipid-based Ms of alum-adjuvanted and nonadjuvanted 

formulations demonstrated similar outcomes to the BCG group (García Mde et al., 

2014; Sorokoumova et al., 2009). Hence, liposomes are highly correlated with the 

enhancement of specific and cellular immune responses and possess 

immunoadjuvant capacity in experimental mice models (Faisal et al., 2011). 

2.5.4 Method of liposomes production 

The method of preparation also divides the liposomes, ultimately. There are 

two major methods used to encapsulate drugs into liposomes, namely, passive 

loading and active loading (Pauli et al., 2019). Passive loading method is a process of 

consigning entrapped agents and implemented either before or during the preparation 

process. Meanwhile, delivering compounds that are ionizable and highly soluble in 

both water and lipids, to liposomes after the induction of intact vesicles, is called the 

active loading method or “remote loading” (Dua et al., 2012). The ideal formulation 

of liposomes is highly required to obtain efficient drug entrapment and maintain its 

stability in the long term. Various strategies are performed to complete the liposomal 

preparation such as mechanical methods using thin-film and ultrasonic methods (e.g., 

solvent dispersion approach, the fusion of preformed vesicles, or transformation of 

sizes).  

Mechanical dispersion has been the most recurring method due to its 

simplicity, which can be performed in various ways (i.e., freeze-drying, hand-

shaking, non-hand-shaking, etc. (Powers & Nosoudi, 2019). It is outlined by thin 

lipid-film hydration (known as the Bangham method), which resulted in a 

heterogeneous population of multilamellar vesicles (MLVs) that can be further 

sonicated to induce small unilamellar vesicles (SUVs) (Christian Isalomboto Nkanga 
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et al., 2019). Another adopted preparative alternative implying film hydration is the 

reverse-phase evaporation vesicles (REV) using a solvent dispersion strategy (Nele 

et al., 2019). Inverted micelles or water-in-oil emulsions are formed within the 

aqueous phase (consisting of hydrophilic materials) and organic phase (consist of 

hydrophilic materials and lipids) upon sonication (Wagner & Vorauer-Uhl, 2011). 

This method is more proficient in loading a greater number of both small molecules 

and macromolecules into the internal aqueous core (Shi & Qi, 2017). 

Methods based on the fusion of preformed vesicles or size transformation are 

part of the preparation of liposomes. It consists of two approaches: the freeze-thaw 

extrusion method and the dehydration-rehydration method (Figure 2.10) (Prathyusha 

et al., 2013). In general, the freeze-thaw extrusion technique is mainly resulting in 

liposomes of MLVs. The liposomes are prepared by film method and vortexed to 

entrap the solute until the whole film is fully suspended. Six cycles of freeze-thawing 

processes and an additional 8 extrusions are required for obtaining the final product 

of liposomes. Conversely, the dehydration-rehydration method is a simple process 

involving mixing and drying of empty buffers (consisting of SUVs) with the 

components used for entrapping which are known as lyophilization. Conventionally, 

dehydration-rehydration method is the preferable option. Solid lipids are dispersed 

into ultra-fine formation, and the vesicle is rehydrated. In the end, liposomes derived 

are usually in oligo lamellar vesicles. This is mainly due to the fusion of concentrated 

vesicles upon dehydration and stacking of solutes in multilamellar planes (Rahman et 

al., 2018). 
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Figure 2.11 Method of producing liposomes 

The figure above represents the two main methods in producing liposomes, namely dehydration-rehydration and freeze-thaw extrusion. 
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2.5.5 The use of liposomes in biomedicine 

The flexible properties of liposomes have improved the challenges in various 

applications either in the drug delivery system or vaccine adjuvant. Liposomes are 

proposed to provide optimum efficacy with the uniform circulation of the drugs to 

the target site while reducing the side effects (Ibrahim Bekraki, 2020). The 

encapsulation of conventional drug therapy by liposomes stabilizes both hydrophilic 

and hydrophobic drugs through the enhanced solubility and permeability of anti-TB 

drugs (Li et al., 2020). In TB infection, liposomes formulated with isoniazid, 

rifampicin, and pyrazinamide showed an increased relative bioavailability and high 

in vitro drug release in comparison to the unencapsulated drugs (Suhaimi et al., 

2022). The formulation of two coumaran (2,3-dihydrobenzofuran) derivatives—

TB501 into PEGylated liposomes demonstrated vesicular stabilization with good 

nontoxicity and homogeneity effects of the antitubercular drugs (Kósa et al., 2021). 

In addition, liposomes also can prolong the retention period of entrapped drugs 

within the infected cells, facilitating the intracellular delivery of anti-cancer drugs 

(Allahou et al., 2021). Doxil, the first liposomes formulation that comprises 

doxorubicin drug, exhibited minimized toxicity levels with efficient treatment 

against cancer (Zhang et al., 2021).  

Vaccination has been proven to stimulate the immune system of the body and 

fight against foreign pathogens such as viruses or bacteria, thereby inhibiting the 

complications of diseases (Pollard & Bijker, 2021). The fundamentals of the vaccine 

have been initially discovered through a smallpox vaccine development, particularly 

used to resist the eradication of fatal viruses during the late eighteenth century 

(Riedel, 2005). There are various types of vaccine adjuvants, a substance with 

intrinsic immunomodulatory characteristics which potentiate the host antigen-
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specific immune responses effectively, including liposomes (Wang et al., 2019). The 

usage of liposomes as vaccine adjuvant was initially demonstrated in 1974 through a 

mice model injection of phospholipid-based liposomes which was adjuvanted with 

diphtheria toxoid (DT) (Allison & Gregoriadis, 1974). Higher titers of antibody were 

obtained in comparison to the non-adjuvanted DT, thus leading to further detailed 

continuous studies and clinical trials (Schwendener, 2014). Virosomes are known as 

one of the active fields studied, which involves the revision of current vaccines by 

liposomes addition or the development of new liposomal adjuvants vaccines. Various 

applications such as natural or synthetic phospholipids liposomes, non-phospholipid 

cationic liposomes as well as combined immunostimulants-liposomes have been 

discovered (Müller & Landfester, 2015). 

BCG vaccination remains the only available vaccine against TB infection 

with limited efficacy protection in adults (Ottenhoff & Kaufmann, 2012). This main 

issue urged the need for a newly developed vaccine, in which liposomes shined as a 

competent adjuvant. In a previous finding, novel liposomes CAF01 adjuvanted with 

a TB vaccine Ag85B-ESAT-6 (H1) demonstrated a rather safe, well-tolerated with 

enduring T cell responses in a human clinical trial (van Dissel et al., 2014). This 

study has been supported by a liposomal adjuvant dimethyldioctadecylammonium 

(DMT) emulsified with CMFO protein, which exhibited similar immunization 

protection against primary infection, latent infection, and reactivation of TB disease 

in a mice model (Ma et al., 2017). In a further investigation, the CFMO/DMT 

liposomes possessed a higher synergistic effect, durable and stronger lung 

protections with increased levels of IFN-γ, TNF-α, IL-17A, and IL-2 in comparison 

to the CMFO liposomes emulsified with DDA or DDA/TDB adjuvants (Hao et al., 

2020). Furthermore, the development of cationic liposomes-based vaccines has been 
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widely studied due to their competency to prime strong humoral and cellular immune 

responses against TB disease (F. Khademi et al., 2018). In addition, these cationic 

liposomes serve as an efficient adjuvant and delivery carrier by inducing a strong 

memory response, potent electrostatic interaction with APCs, and prolonged the 

storage of subunit TB vaccines at the site of injection (F. Khademi et al., 2018). 

However, toxicity is the major drawback of the cationic liposomes, leading to their 

combination with other immunostimulatory components (Cui et al., 2018).  
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CHAPTER 3  
 

METHODOLOGY 

This section describes in detail the study design, study area, study duration, 

and study sampling. The materials used throughout the whole study are elaborated. 

Specific methods, as well as data and sample collection, were further illustrated in 

each respective chapter.  

3.1 Antibodies 

Fluorochrome-labelled antibodies used in this study are listed in Table 3.1. 

Table 3.1 Fluorochrome-labelled antibodies run in flow cytometry 

Antibody Fluorochrome Company 

CD11c APC anti-human Biologend, USA 

HLA-DR APC/Fire anti-human Biologend, USA 

CD123 PE anti-human Biologend, USA 

CD86 PE/Cy7 anti-human Biologend, USA 

Viability staining solution 7-AAD Biologend, USA 
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3.2 Chemicals and reagents 

General chemicals and reagents used in this study are listed in Table 3.2. 

Table 3.2 Chemicals and reagents 

Chemicals/Reagents Company 

2-propanol Merck, Germany 

Carbol fuchsin Merck, Germany 

Chloroform BDH Chemicals, UK 

Coomassie Brilliant Blue Sigma Aldrich, USA 

Ethanol absolute (C2H5OH) BDH Chemicals, UK 

Fetal Bovine Serum (FBS) Capricorn Scientific, Germany 

FITC antibody Thermo Fisher Scientific, USA 

Glycerol Riedel de Haen, Germany 

Hoechst stain 33342 Tocris Bioscience, UK 

Lipopolysaccharides (LPS) Thermo Fisher Scientific, USA 

Lymphoprep Stemcell, Germany 

Methylene blue Merck, Germany 

Nutrient agar Merck, Germany 

Nutrient broth Merck, Germany 

Phalloidin-Rhodamine dye Abcam, UK 

Phosphate-buffered saline (PBS) 1st BASE Biochemicals, Singapore 

Roswell Park Memorial Institute (RPMI 

1640 with glutamine and histamine) 

Thermo Fisher Scientific, USA 

Sodium hydroxide (NaOH) HmbG Chemicals, Germany 

Sodium sulphate (Na2SO4) R&M Chemicals, UK 

Tween 80 Sigma Aldrich, USA 

Yeast extract Oxoid, UK 
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3.3 Laboratory equipment and apparatus 

All laboratory equipment used in completing this project are as listed in Table 

3.3. 

Table 3.3 Laboratory equipment and apparatus 

Laboratory equipment/Apparatus Company 

Balance Mettler Toledo, Columbia 

Biosafety cabinet Class II ERLA Technologies, Malaysia 

Centrifuge 4000 Kubota, Japan 

Centrifuge 5810 R Eppendorf, Germany 

Carbon dioxide incubator (CO2) Kendro Laboratory, USA 

ELISA plate reader Tecan Sunrise, Salzburg, Austria  

Field emission scanning electron microscope JEOL Ltd, Japan 

Flow cytometry FACS Canto II Beckton Dickinson, USA 

Hot plate Thermo Scientific, USA 

Ice maker Scotsman Frimton, Italy 

Light microscope Olympus, Japan 

Micropipette  Eppendorf, Germany 

Microscope slide Sailing Boat, China 

Polysine slides Thermo Scientific, USA 

Rotary evaporator Buchi, Switzerland 

Shaker incubator Interscience Sdn Bhd, Malaysia 

Vortex  Scientific Industries, USA 

Water bath Memmert, Germany 
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3.4 Culture media 

3.4.1 Nutrient broth  

The nutrient broth prepared was mainly composed of 8 g nutrient broth 

powder, 5 ml glycerol, 5 g yeast extract, and 0.8 ml Tween 80. The mixture was 

dissolved in 1000 ml ddH2O followed by sterilization by autoclave and stored at room 

temperature prior to use. 

3.4.2 Nutrient agar  

The nutrient agar prepared was mainly composed of 8 g nutrient powder being 

dissolved in 1000 ml ddH2O. The medium was sterilized by autoclave and cooled 

down up to 50oC before being dispensed aseptically into Petri dish plates. The plate 

agar medium was allowed to solidify prior to further storage at 4oC.  

3.4.3 Complete medium 

The complete medium prepared was mainly composed of RPMI-1640 medium 

supplemented L-glutamine, 10% fetal bovine serum, and 1% penicillin-streptomycin 

solution. The mixture of the medium was completely resuspended. 

3.5 Composition of solution 

3.5.1 Carbol fuchsin solution (1%) 

Carbol fuchsin staining solution was prepared by adding 100 ml of denatured 

alcohol to 50 g of phenol in a 1L conical flask. The mixture was mixed gently until 

completely dissolved. A hundred grams of basic fuchsin powder was added into the 

solution and well-stirred before adding in the remaining water to make up a total 

volume of 1000 ml. The solution was allowed to dissolve on a magnetic stirrer for a 

few hours and stored in a dark-coloured bottle. 
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3.5.2 Acid alcohol (3%) 

The acid alcohol decolourizing solution was prepared by slowly adding 30 ml 

of concentrated hydrochloric acid into 970 ml of ethanol absolute. The solution was 

stored at room temperature. 

3.5.3 Coomassie blue solution 

Coomassie blue solution was prepared by dissolving 0.8 g of Coomassie blue 

in 100 ml of isopropanol and stirred completely. An addition of 260 ml ddH2O was 

mixed into the solution and stored at room temperature. Ten milliliters of acetic acid 

were slowly added into 90 ml of Coomassie blue solution upon usage.  

3.5.4 Ethanol solution (70%) 

The ethanol solution prepared was mainly composed of 70 ml of 100% ethanol 

being dissolved in 30 ml ddH2O. The solution was stored at room temperature.  

3.5.5 Sodium hydroxide solution (3M) 

The sodium hydroxide solution was mainly composed of 6 g of NaOH pellet 

being completely dissolved in 35 ml ddH2O while stirring. The remaining volume of 

ddH2O was added to the solution to make up a total volume of 50 ml. 

3.5.6 Diluted hydrogen chloride (1M) 

The diluted hydrogen chloride solution was mainly composed of 10 ml 

concentrated HCl (10M) being completely diluted in 90 ml ddH2O by stirring. 

3.6 Preparation of buffer 

3.6.1 Phosphate buffer saline  

Phosphate buffer saline (PBS) was prepared by diluting 450 ml of sterile 

ddH2O with 50 ml of 1X PBS.  
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3.6.2 Fetal bovine serum (10%) 

Fetal bovine serum was prepared by adding 100 ml of FBS into 1L of 

complete medium.  

3.6.3 Trypan blue 

Ten microliters of trypan blue were added into 10 μl of cell suspension and 

mixed well. 

3.6.4 1X Rhodamine Phalloidin staining 

A 0.1 g of bovine serum albumin (BSA) was added to 1 ml of PBS. One 

microliter of 1000X Rhodamine Phalloidin was in the working solution and mixed 

well. The freshly prepared Rhodamine-Phalloidin staining was stored on ice and kept 

out from light exposure. 

3.6.5 Hoechst stain 

One microliter of Hoechst stain was added into 199 μl of PBS and mixed well. 

The Hoechst stain was stored on ice and kept out from light exposure.   
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3.7 Liposomes 

3.7.1 Culture of M. smegmatis mc2155 

M. smegmatis mc2155 strain was grown in a medium comprised of 1% (w/v) 

yeast extract (Oxoid, UK), 0.5% (v/v) glycerol, 0.4% (v/v) Tween 80, in 8% nutrient 

broth at 37oC with 200 rpm agitation for 48 hours.  

3.7.2 Identification of M. smegmatis using Ziehl-Neelsen staining 

Ziehl-Neelsen (ZN) stain, also known as Acid-fast staining, is mainly applied 

in the demonstration of acid-fast bacteria that belongs to the genus ‘mycobacterium’, 

which plays a crucial role as the infectious agent of tuberculosis. Due to the high lipid 

content of Mycobacteria cell walls that are extremely difficult to stain using ordinary 

method stains, ZN stain was used in this study to evaluate the purity of M. smegmatis 

culture. M. smegmatis was grown onto a nutrient agar plate within three days of 

incubation. A single colony was picked and fixed thinly smear onto a glass slide by 

heating. The smear was flooded with carbol fuschin and heated gently until fumes 

appeared before allowing it to stand for 5 minutes. Rinsed with water. Three percent 

of acid alcohol was poured over the smear for 2-5 minutes until light pink colour can 

be observed over the slide and rewashed. The smear was covered with methylene blue 

for 1-2 minutes and washed off. The back of the microscope slide was wiped cleanly 

and air-dried before proceeding with microscopic examination under a 100x oil 

immersion objective lens. 

3.7.3 Lipid extraction 

M. smegmatis was centrifuged at 3000 rpm for 30 minutes. Empty 50 ml 

corning tubes were weighed before the addition of culture media to determine the 
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weight of biomass. Pellet was resuspended in PBS and centrifuged at 3000 rpm for 10 

minutes. A mixture of chloroform/methanol (2:1) was added to the tube and vortexed 

vigorously. The tube was sealed with parafilm and incubated in the shaker overnight 

at 37oC. The mixture was recentrifuged at 3000 rpm for 10 minutes. A hole was made 

in the materials formed at the interface before the lower phase was removed carefully. 

A hundred microliters of distilled water were added and gently mixed until the 

emulsion had disappeared. Removed the lower phase before adding a little spoon of 

sodium sulphate. The mixture was left incubated overnight at 4oC and re-centrifuged 

(3000 rpm for 10 minutes) on the next day to collect the supernatant.  

The empty balloon was weighed before proceeding with mixture drying using 

a rotary evaporator. The balloon was reweighed once the sample has completely dried 

to determine the weight of lipids obtained.  Extracted lipids were allowed to deposit in 

the Eppendorf tube before being further resuspended in 500μl of chloroform using a 

micropipette. Transferred into a sterile 25 ml balloon and dried with a rotary 

evaporator. A 500μl of sterile distilled water and sterile glass beads were then added 

and vortexed, alternated with incubation at 65oC until the total volume reached 9 ml. 

The sample was transferred into a 15 ml corning tube and distributed into three sterile 

glass bulbs. Stored the glass bulbs at -20oC before proceeding with the lyophilization 

process for 48 hours. The glass bulbs were kept for a long period of storage at 4oC. 

3.7.4 Characterization of liposomes 

Liposomes were characterized by Field Emission Scanning Electron 

Microscopy (FESEM) model FEI Quanta FEG 450 to examine the morphology of 

liposomes by dynamic light scattering using a Brookhaven ZetaPlus. Field emission 

scanning electron microscopy (FESEM) was performed at School of Health Sciences 

PPSK, Universiti Sains Malaysia (USM). The samples were initially diluted in ddH2O 
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and loaded onto stub (Figure 3.1). The samples were dried up completely using 

desiccator before being mounted onto the FESEM sample stub (Figure 3.2). The gold 

coating was applied over the sample to inhibit charging upon being bombarded with 

an electron beam and refined on the secondary signal to produce good-quality images. 

Samples were further viewed under FESEM. 
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Figure 3.1 Stub for loading sample 

 
Figure 3.2 Desiccator for drying sample 
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3.8 Study design 

This was a cross-sectional study, which was conducted among TST-negative 

individuals, TST-positive individuals, and active pulmonary TB patients according to 

the Human Ethics Approval USM. 

3.9 Study area 

This study was conducted at Hospital Universiti Sains Malaysia (Hospital 

USM) Kubang Kerian and Immunology Research Laboratory, Universiti Sains 

Malaysia (USM), Kelantan, Malaysia.  

3.10 Sample collection duration 

All recruitment of participants was conducted from January 2021 until June 

2022. 

3.11 Study population 

The cases of this study involved active pulmonary TB patients who were 

admitted to medical wards in Hospital USM. The TST-negative and TST-positive 

individuals were recruited among staff and students from USM. Documentation 

consent was obtained from all eligible participants after a detailed explanation of the 

study. 

3.11.1 Active pulmonary TB patients 

Inclusion criteria: 

All participants diagnosed with pulmonary TB, sputum smear, and/or culture-

positive, HIV-negative, without diabetes mellitus or other disease associated with 
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immunodeficiency and without immunosuppressive treatment, aged between 18 to 60 

years old were enrolled in this study.  

Exclusion criteria: 

i. Age below 18 years old 

ii. Use of immunosuppressive drugs 

iii. HIV-Positive 

iv. Pregnant women 

v. Breastfeeding woman 

vi. Use treatment for diabetes and hypertension 

3.11.2 Tuberculin skin test  

Inclusion criteria: 

Healthy subjects who were included in this study served as a positive and 

negative control, based on Mantoux tuberculin skin test (TST) performance. An 

induration with 15 millimetres and above upon the skin test reaction is considered a 

positive reaction, meanwhile, an induration less than 5 millimetres is examined as a 

negative reaction. Individuals with positive reaction are classified as someone infected 

with TB bacteria meanwhile, individuals with negative reaction indicate to those who 

have never been infected with TB bacteria. They have been screened for eligibility 

and have none of the following exclusion criteria as stated below. 

Exclusion criteria: 

i. Age below 18 years old 
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ii. Presented with clinical symptoms and infection of TB 

iii. Personal history of TB 

iv. Unvaccinated with BCG 

v. Use of immunosuppressive medication 

vi. HIV-Positive 

3.11.3 Sampling method 

The selection of active pulmonary TB cases depended on the review of the 

medical history documented patient’s folder. TST-negative and TST-positive 

individuals were selected through simple TST test sampling. All subjects who fulfilled 

the inclusion and exclusion criteria and were voluntarily interested in joining this 

study were recruited.  

3.11.4 Sample size calculation 

The sample size was determined according to the specific objectives 2, 3, and 

4 by using F-tests ANOVA: Fixed effects, special, main effects, and interactions. The 

effect size of 0.4, α-error probability of 0.05, power = 1-β error probability of 0.8, 

numerator degree of freedom of 2, and the number of groups that equals 3 were 

applied. Hence, this yielded a total sample size of 66 participants divided equally 

between TST-negative individuals, TST-positive individuals, and active pulmonary 

TB patients (n=22 per group).  

3.11.5 Written consent 

All participants were informed and briefed about the project and written 

consent was obtained from each TST-negative individual, TST-positive individual, 
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and active pulmonary TB patient. Blood was collected after the written consent was 

documented. 

3.12 Demographic data and sample isolation 

3.12.1 Recruitment and data collection 

All participants were informed and briefed about the project and written 

consent was obtained from TST-negative individuals, TST-positive individuals, and 

active pulmonary TB patients.  The demographic data of each participant such as full 

name, registration number, address, date of birth, gender, ethnicity, age, sex, race, 

contact number, onset, and family history of TB were obtained through the interview 

of each individual and the medical record of patients.  

3.12.2 Collection of blood 

Twelve ml of peripheral blood was withdrawn from the peripheral vein of each 

TST-negative individual, TST-positive individual, and active pulmonary TB. The 

blood was collected in a BD Vacutainer® Ethylenediaminetetraacetic acid (EDTA) 

tube and stored at room temperature during transportation. Samples were processed in 

the Tissue Culture Laboratory of the Immunology Department in Hospital USM, 

within three hours of blood collection for immunophenotyping of DCs subsets by flow 

cytometry. 

3.12.3 Collection of plasma 

Collected blood in the EDTA tube was centrifuged at 700 x g for 10 minutes. 

The resulting plasma was then transferred into a 1.5 ml microtube and stored at -80oC 

for future studies.  
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3.12.4 Isolation of peripheral blood mononuclear cells  

PBMCs were isolated from peripheral blood according to the LymphoprepTM 

separation procedure. Plasma and blood pellets were separated and collected for 

different purposes. The remaining blood in the EDTA tube was reconstituted with 

Phosphate-Buffer Solution with a ratio of 1:1 and mixed by inversion. Diluted blood 

was carefully overlaid onto the wall of 15ml Falcon tubes containing LymphoprepTM 

solution by using a Pasteur pipette. The tubes were titled sideways during the addition 

of reconstituted blood without breaking the surface plane and centrifuged at 500 x g 

room temperature for 30 minutes with brake-off, to isolate the buffy coat PBMCs.  

The mononuclear cell layer was gently aspirated by swirling rotation, 

transferred, and pooled into a new 15 ml Falcon tube containing 2 ml PBS using a 

Pasteur pipette. The remaining PBS was topped into the tube up to 15 ml, gently 

mixed, and centrifuged at 500 x g room temperature for 10 minutes. The supernatant 

was discarded, and the cell pellet was resuspended with PBS and centrifuged at 500 x 

g for 7 minutes as the second wash. The supernatant was discarded, and the cell pellet 

was resuspended with 1 ml PBS. The cell suspension was kept on ice while 

performing cell counting using Hemacytometer.  

Ten μl of the cell suspension was added into a new 1.5 ml microtube and 

mixed with 10 μl of trypan blue exclusion dye using a 1:1 dilution factor. Ten ul of the 

mixture was loaded onto the hemacytometer and viewed under a light microscope. 

Viable and dead cells were counted using the cell counter, and the cell counts were 

calculated using the formula below: 

Cell viability (%) = !"#$%&#	()"#	*#((+
!"#$%&#	,-,%(	*#((+

 x 100 
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Cell density (*#((+
.(
) = !"#$%&#	()"#	*#((+	/	0)(1,)-2	3%*,-$

4-(1.#	-3	%	+51%$#	(.()
 

Cell number (cells) = Cell density (*#((+
.(
) x volume (ml) 

3.12.5 Cell seeding with liposomes incubation  

The cell suspension of PBMCs from TST-negative individuals, TST-positive 

individuals, and active pulmonary TB patients were cultured into 96 well plates, with 

a concentration of 1 x 106 cells/ml. Two hundred microliters of fresh complete 

medium RPMI supplemented with 10% fetal bovine serum (FBS) were added into 

each well of TST-negative and TST-positive individuals, meanwhile, only a 100 μl of 

fresh complete medium RPMI were added into the well of active pulmonary TB 

patients. A hundred microliters of cell suspension were added and resuspended into 

each well. Liposomes (50 μg/ml) were exposed to the PMBCs, meanwhile, positive 

controls were stimulated with LPS (100 ng/ml) derived from Escherichia coli. As for 

the negative controls, it only comprised complete medium. The 96 well plates were 

incubated and maintained at 37oC with a 5% CO2 incubator for 24 hours and harvested 

after stimulation for further analyses. 

3.13 Flow cytometry 

3.13.1 Immunophenotyping assessment on dendritic cells 

Upon overnight exposure with liposomes, the cells were harvested by spinning 

down at 500 x g for 10 minutes. A staining buffer containing 10% FBS and PBS was 

prepared. The supernatant was removed, and the cells were resuspended and washed 

twice with a staining buffer. Antibodies cocktail was prepared, added to the cells, and 

stained on ice in the dark for 30 minutes to identify mDCs using the following 

antibodies: CD11c-APC; HLA-DR-APC/Cy7; CD123-PE, CD86-PE/Cy7; dead cell 
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exclusion-7-AAD (Table 3.4). Cells were centrifuged to wash off the staining buffer 

and the supernatant was removed. Stained cells were resuspended with PBS prior to 

flow cytometry acquisition (Figure 3.3).  

Table 3.4 Optimized concentration and function of conjugated antibodies for 
PBMCs staining 

DCs Fluorochrome-
labelled antibody 

Optimized 
concentration 

Function 

APC-CD11c 1:400 Marker for mDCs 

APC/Cy7-HLA-DR 1:400 Marker for DCs 

PE-CD123 1:20 Surface marker for plasmacytoid DCs 

PE/Cy7-CD86 1:20 Surface marker for activation of DCs 

7-AAD-Dead cell 
exclusion 

1:800 To acquire live cells and increase the 
accuracy of the result 

 

3.13.2 Gating strategy of flow analysis 

This study focuses on identifying myeloid dendritic cells, upon exposure to 

liposomes stimuli, which requires an appropriate gating strategy. 

Total leukocytes were first identified by low forward scatter (FSC) and low 

side scatters (SSC) gating and viable cells population were further acquired. The 

subsequent gating identifies 2 different populations of DCs; mDCs and pDCs, 

followed by the identification of specific DCs populations (HLA-DR+CD11c+, HLA-

DR+CD11c-, HLA-DR-CD11c+ and HLA-DR-CD11c-). Activation marker of DCs, 

CD86+ was then obtained (Figure 3.4). 
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Figure 3.3 Flow cytometry Canto II 
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Figure 3.4 Gating strategy for identification of dendritic cells 

Representative FACS dot plots showing (A) total leukocytes identified from forward and side scatter and further gated into (B) viable cell 
population. (C) Upon the exclusion of dead cells, the HLA-DR+DCs population was gated. (D) mDCs and pDCs subsets were acquired 
accordingly followed by (E) CD86+DCs population. (E, i) represented CD86+ from mDCs, (E, ii) showed CD86+ obtained from double negative 
populations, (E, iii) represented CD86+ obtained from double positive populations, and (E, iv) showed CD86+ obtained from pDCs. The 
percentage of each cell population was shown in bold numbers indicating DCs gating of HLA-DR+CD11c+ and CD86+ cells, respectively.  
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3.14 Liposomes-Msmeg uptake analysis by dendritic cells 

3.14.1 Confocal microscopy analysis 

Confocal analysis was carried out to investigate the uptake and internalization 

of liposomes-Msmeg inside the DCs. Cell mortality was also monitored to verify the 

biocompatibility of liposome-Msmeg. The PBMCs cells were cultured with FITC-

conjugated liposomes overnight. On day 2, the cells were harvested by PBS washing. 

A hundred microliters of 1X Rhodamine-Phalloidin staining were added to the cell 

suspension and the 96-well plate was incubated overnight. On day 3, the cells were 

harvested and undergo 3 short washing steps. Two hundred microliters of Hoechst 

33342 stain were added to the cells and incubated in the dark for 15 minutes at room 

temperature. The cells were washed and resuspended with hundred microliters of 

PBS. Fifty microliters of cell suspension were smeared onto a poly-L-lysine-coated 

glass slide and air-dried. The slide was mounted with an immunofluorescence 

mounting medium and covered with a coverslip before being viewed under a Nikon 

A1r Confocal microscope, operated by NIS Elements Viewer software (Figure 3.5). 

Data were analysed using FIJI software. 
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Figure 3.5 Confocal microscopy to view the samples 

 

3.14.2 Field emission scanning electron microscopy 

Field emission scanning electron microscopy analysis was performed to 

examine the uptake and effect of liposomes-Msmeg within DCs. Overnight cultured 

PBMCs cells were harvested and resuspended with ddH2O. The cell samples were 

initially fixed with primary fixation of McDowell Trump fixative at 4oC for 24 hours. 

Three washing steps with ddH2O have been carried out for 10 minutes. Secondary 

fixation was further performed with cold 1% osmium tetroxide at room temperature 

for 1-2 hours. The cells were washed with ddH2O twice for 10 minutes and undergoes 

15 minutes of dehydration with different graded of acetone (35%, 50%, 75%, 95%, 

and 100%), respectively. Subsequently, the cells were soaked in a 1:1 

Hexamethyldisilane (HMDS)/Acetone for 15 minutes and continued for another 15 

minutes in a 100% HMDS solution. The cells were dried completely overnight and 

diluted with ddH2O and coated with a thick layer (20.9 nm) of gold to cover the 

conductivity imbalance (Figure 3.6). Gold has been an optimal and the most 
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frequently used sputter coating material for high-resolution imaging due to its high 

conductivity and relatively small fine size. The liposomes were mounted onto a metal 

stab and air-dried to minimize specimen distortion and observed under the microscope 

subsequently. Finally, the samples were ready to be viewed under FESEM microscopy 

(Figure 3.7).  

 
Figure 3.6 Sputter coating to coat samples 

 
Figure 3.7 Field emission scanning electron microscopy to view the samples 



79 

3.15 Cytokines profile analysis  

Freshly isolated immature DCs (106 cells/ml in 24-well plates) were incubated 

overnight with liposomes-Msmeg. PBS-incubated cells served as a negative control. 

The culture supernatants were collected and stored at -80oC until assayed. The 

concentrations levels of IFN-γ, IL-12p70, and IL-4 were determined from culture 

supernatants by ELISA with commercially available assay kits according to standard 

procedures. Briefly, the 96-well plates were coated with diluted Capture Antibody and 

coated overnight at 4oC. The washing steps were performed and repeated 4 times 

each, except for the last wash which requires 5 times washing with a soaking step for 

30 seconds to 1 minute per wash. All incubations were carried out at room 

temperature with shaking on a plate shaker for 500 rpm. The plates were blocked with 

1X Assay Diluent A for 1 hour. In the meantime, six two-fold serial dilutions of the 

standard concentrations for each cytokine were prepared accordingly. The prepared 

standards and sample were then added into the respective well and incubated for 2 

hours. The washing step was performed before the addition of diluted Detection 

Antibody solution and 1 hour incubation period. After the next washing step, diluted 

Avidin-HRP solution was added, incubated for 30 minutes, and washed, ultimately. A 

freshly mixed TMB Substrate solution was added in each well and incubated for 20 

minutes in the dark. The addition of Stop Solution concludes the final step of sample 

processing via ELISA and the plate was read at the 450 nm absorbance within 15 

minutes. The standards and blank wells regulate as positive and negative controls, 

respectively.       
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3.16 Statistical analysis 

Statistical analysis was carried out using GraphPad Prism Software. The data 

were analysed for normality and log-transformed by one sample T-test to compare 

between two groups, and two-way ANOVAs with Tukey’s multiple comparison test to 

correlate between multiple groups.   
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CHAPTER 4  
 

RESULTS 

This chapter elaborates on the findings of this study. The findings include a 

demographic characteristic that comprises the clinical characteristics and 

predisposing factors in TST-negative individuals, TST-positive individuals, and 

active pulmonary TB patients. The mean percentages of mDCs and pDCs subsets, 

the expression markers of DCs, and immunoassays cytokines: IL-12p70, IFN-γ, and 

IL-4 have been further examined. 

4.1 Sociodemographic factors of TST-negative individuals, TST-positive 

individuals, and active pulmonary tuberculosis patients 

Data were analysed using standard statistical methods, GraphPad Prism 

analysis. The sociodemographic criteria are shown in Table 4.1. A total of 22 TST-

negative individuals, 20 TST-positive individuals, and 19 active pulmonary TB 

patients were recruited in this study from January 2021 to June 2022. In the TST-

negative group, 36.33% were males and 63.64% were females. Within the TST-

positive groups, 35% of males and 65% of females have been enrolled, meanwhile, 

all the active pulmonary TB patients recruited were males. Furthermore, the enrolled 

active pulmonary TB patients were mostly older adults with a percentage of 84.21%. 

In contrast, the highest percentage of participants in both TST-negative and TST-

positive individuals were middle-aged adults, with 63.64% and 60%, respectively. 

None of the young adults in both active pulmonary TB patients and TST-positive 

individuals have been enrolled in this study. On the other hand, the participation of 

middle-aged adults of the active pulmonary TB patients was 10.52%, whereas the 

percentage of young adults in TST-negative individuals who participated was 
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27.27%. Both the older adults in TST-negative and TST-positive individuals 

demonstrated moderate participation with 9.09% and 40%, respectively. In addition, 

most of the active pulmonary TB patients enrolled in this study consisted of 89.47% 

Malays, 5.26% Chinese, and 5.26% of the other race. Meanwhile, more than 95% of 

the Malays in both TST-negative and TST-positive individuals, with less than 5% of 

the Chinese have been recruited. 
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Table 4.1 Demographic data of recruited groups 

 TST-
negative,  

n (%)  

TST-
positive, 

n (%)  

Active 
pulmonary 
TB, n (%)  

p value 

 

Age group 

18-30 (young adults)  

31-44 (middle-aged 
adults) 

Above 45 (older 
adults) 

 

6 (27.27) 

14 (63.64) 

 

2 (9.09) 

 

0 

12 (60) 

 

8 (40) 

 

1 (5.26) 

2 (10.52) 

 

16 (84.21) 

0.835 

 

 

 

Gender 

Male 

Female 

 

8 (36.36) 

14 (63.64) 

 

7 (35) 

13 (65) 

 

19 (100) 

0 

0.108 

Race  

Malay 

Chinese 

Others 

 

21 (95.45) 

1 (4.55) 

0 

 

19 (95) 

1 (5) 

0 

 

17 (89.47) 

1 (5.26) 

1 (5.26) 

0.002 

p value from two-way ANOVA test 
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4.2 Clinical data on tuberculosis and its predisposing factor 

The predisposing factors of TB infection are shown in Table 4.2. History of 

tuberculosis and completion of treatment were crucial among active pulmonary TB 

patients. Both active pulmonary TB patients and TST-positive individuals showed 

the highest percentage of the absence of TB history, with 78.95% and 80%, 

respectively. A similar pattern was observed in the household contact and non-

household contact of TB infection for both groups. The result showed that around 

5.26% had TB household contact, meanwhile, an estimation of 15.79% obtained TB 

non-household contact. Besides, more than 78% of the active pulmonary TB patients 

and 95% of the TST-positive individuals have not received any treatment for TB. In 

the meantime, 21.05% of the active pulmonary had completed the treatment for TB 

infection. For the TST-positive individuals, 10% had completed the treatment while 

5% were still under ongoing treatment. Furthermore, in active pulmonary TB 

patients, more than 50% of them were reported as active smokers, followed by 

26.32% of the non-smokers, and 15.79% of the passive smokers. Meanwhile, TST-

positive individuals showed a higher percentage of non-smokers with 90% and only 

10% as active smokers.  
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Table 4.2 Predisposing factors of tuberculosis infection 

 TST-
negative, 

n (%) 

TST-
positive, 

n (%)  

Active 
pulmonary TB, 

n (%) 

p value 

History of TB    0.002 

Within household 
contact 

0 1 (5) 
 

1 (5.26) 
 

 

Non-household contact 0 3 (15) 
 

3 (15.79) 
 

 

No TB contact 0 16 (80) 15 (78.95)  

Treatment status    0.478 

Completed treatment 0 2 (10) 4 (21.05)  

No treatment (X-ray 
cleared) 

0 19 (95) 15 (78.95)  

Ongoing treatment  0 1 (5) 0  

Smoking status    0.048 

Active smoker 2 (9.10) 2 (10) 11 (57.89)  

Passive smoker 0 0 3 (15.79)  

Non-smoker 20 (90.9) 18 (90) 5 (26.32)  

p value from two-way ANOVA test 
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The pre-examination criterion in association with active pulmonary TB 

patients has been demonstrated in Table 4.3. This group showed that 73.68% had 

been diagnosed with positive smear and positive culture while 26.32% were reported 

as a positive smear and negative culture. In addition, 21.05% of the participants were 

diagnosed as negative smear and positive culture, with 5.26% having negative smear 

and negative culture, respectively. On the other hand, all the active pulmonary TB 

patients were not under the prescription of immunosuppressive drugs. Other factors 

such as HIV-positive, pregnancy, breastfeeding, and the prescription of diabetic and 

hypertension drugs have been excluded in both groups.  
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Table 4.3 Pre-examination criterion of smear in active pulmonary TB 

 Active pulmonary TB, n (%) p value 

AFB smear with culture  0.0001 

Positive smear, positive 

culture 

13 (73.68)  

Positive smear, negative 

culture 

1 (26.32)  

Negative smear, positive 

culture 

4 (21.05) 

 

 

Negative smear, negative 

culture 

1 (5.26)  

p value from one sample t-test  
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4.3 Liposomes production and characterization methods 

 
This study used liposomes to evaluate DCs activation upon exposure to 

liposomes. The liposomes derived from M. smegmatis were produced at the School 

of Health Sciences, Universiti Sains Malaysia, Kubang Kerian, Kelantan. Ziehl-

Neelsen staining was performed to identify and confirm the purity of M. smegmatis 

culture (Figure 4.1). The development of liposomes was completed through the 

dehydration-rehydration method as described in chapter 3. The characterization of 

liposomes has been performed via FESEM to measure their size range (Figure 4.2).    
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4.3.1 Ziehl-Neelsen staining 

 
Figure 4.1 Microscopic image of M. smegmatis culture by Ziehl-Neelsen staining 
under 100x objective lens with immersion oil 

 
The microscopic image represents the pinkish-red slender rods of M. 

smegmatis staining with a light blue background upon culturing Ziehl-Neelsen 

staining. This observation was obtained through the retaining of carbol fuchsin 

staining and decolorization with acid-alcohol by the large amounts of mycolic acid in 

the bacteria cell wall. Hence, supporting that M. smegmatis is an acid-fast bacteria 

species. M. smegmatis was an ideal choice to replace the BCG for in-vitro testing due 

to its fast growth rate and non-pathogenic characteristics. A small portion of the 

liposomes, 50 ug, was further characterized by FESEM. 
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4.3.2 Field emission scanning electron microscope 

 
Figure 4.2 Field emission scanning electron microscopy of M. smegmatis 
liposomes 

 
The characterization of liposomes via FESEM analysis demonstrated bright 

and spherical structure formation as shown in Figure 4.2. The size of the liposomes is 

varied, with a size ranging from 20-135 nm with most of them being less than 100 

nm. These observations highly referred to the classification of small unilamellar 

vesicles (SUVs) liposomes. This type of liposomes is bounded by single lipid bilayer 

and has been preferable due to its good uptake by cells. The liposomes were initially 

coated with gold sputter coating and the image was captured under 100000x 

magnification.  
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4.4 Surface marker expression of dendritic cells between TST-negative 

individuals, TST-positive individuals, and active pulmonary tuberculosis 

patients upon exposure to liposomes by flow cytometry 

The surface marker expression of DCs, HLA-DR-APC/Cy7 and CD11c-APC, 

and immune activation of the surface molecule, CD86-PE/Cy7 upon exposure to 

liposomes were executed by cell surface staining and FACS analysis. Samples were 

acquired with FACS Canto II, interpreted using Flowjo®, and analysed with 

GraphPad Prism version 9.0. Table 4.5 represents the percentage of DCs subsets; 

myeloid and plasmacytoid DCs of the study cohort.  
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4.4.1 Percentage of dendritic cells and their subsets, myeloid dendritic cells and plasmacytoid dendritic cells 

Table 4.4 Profile of myeloid and plasmacytoid dendritic cells of TST-negative individuals, TST-positive individuals, and active pulmonary 
TB patients upon exposure to M. smegmatis liposomes 

Dendritic cells TST-negative (n=22) TST-positive (n=20) Active pulmonary TB (=19) p value 

 Negative 
control 

Positive 
control 

Liposomes Negative 
control 

Positive 
control 

Liposomes Negative 
control 

Positive 
control 

Liposomes  

HLA-DR+ (%) 30.76 ± 
10.94 

28.88 ± 
9.28 

34.24 ± 
13.41 

31.36 ± 
11.47 

31.65 ± 
12.57 

34.68 ± 
13.27 

13.80 ± 
9.97 

15.39 ± 
10.51 

24.27 ± 
13.39 

0.0001 

Myeloid dendritic cells 
CD11c+ CD123-

mDCs (%) 
59.10 ± 
14.87 

56.52 ± 
14.13 

60.77 ± 
19.42  

58.98 ± 
20.55 

55.27 ± 
19.08 

57.87 ± 
21.66 

61.70 ± 
21.72 

63.72 ± 
19.43 

53.02 ± 
25.78 

0.839 

CD86+ (MFI) 2334.71 
± 646.95  

1595.58 
± 417.05 

2042.79 ± 
569.58 

2295.75 
± 626.06 

1642.12 
± 447.93 

1998.43 ± 
589.48 

1566.25 ± 
447.21 

1304.84± 
466.78 

1472.84 ± 
392.98 

0.0001 

Plasmacytoid dendritic cells 
CD11c-

CD123+pDCs (%) 
0.610 ± 
0.480 

0.908 ± 
0.696 

0.192 ± 
0.255 

0.758 ± 
0.517 

1.43 ± 
0.847 

0.381 ± 
0.606 

0.346 ± 
0.944 

0.333 ± 
0.398 

0.719 ± 
1.759 

0.037 

The data extracted in Table 4.4 shows the percentage of each DCs subsets in the study cohorts. The assessment of HLA-DR+DCs is presented in 

Figure 4.3, followed by CD11c+CD123-mDCs in Figure 4.4, and CD11c-CD123+pDCs in Figure 4.5. Meanwhile, Figure 4.6 shows the MFI of 

CD86+mDCs. *p<0.05, ***p<0.0001 
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4.4.2 Assessment of HLA-DR class II molecule on dendritic cells 

The dot plot in Figure 4.3 shows the expression of antigen-presenting cells, 

HLA-DR+, upon PBMCs exposure to different stimuli in TST-negative, TST-

positive, and active pulmonary TB groups. The DCs of active pulmonary TB patients 

upon being exposed to liposomes show lower significant stimulation of HLA-DR+ 

than the DCs of TST-negative and TST-positive groups which were exposed to 

liposomes. There are no significant differences between the liposomes group with the 

negative and positive control groups in active pulmonary TB group. On the other 

hand, the DCs of TST-positive individuals which was exposed to liposomes 

demonstrated no significant difference in the expression of HLA-DR+ when 

compared to both negative and positive control groups. Likewise, a similar trend is 

observed in the DCs of TST-negative group which was exposed to liposomes in 

comparison to the negative and positive control groups.   

 
Figure 4.3 Percentage of surface marker HLA-DR+ in different groups and 
conditions. The result is presented as mean ± SEM of percentage of HLA-DR+. 
***p<0.0001  
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4.4.3 Assessment on CD11c and CD123 DCs expressions of HLA-DR+ 

4.4.3(a) HLA-DRhighCD11c+CD123-mDCs 

Figure 4.4 shows the expression of the specific DCs population, 

CD11c+CD123-mDCs, on PBMCs obtained from the study cohort. There is no 

significant difference between all the groups proposed. However, active pulmonary 

TB group cultured with liposomes exhibited a lower expression of CD11c+CD123-

mDCs than TST-negative and TST-positive groups which were cultured with 

liposomes. Likewise, the expression of CD11c+CD123-mDCs upon exposure to 

liposomes in the active pulmonary TB group is lower when compared to the negative 

and positive control groups. As for the exposure of liposomes in the TST-positive 

group, their CD11c+CD123-mDCs level is higher than the positive control group but 

similar to the negative control. Meanwhile, the expression of CD11c+CD123-mDCs 

upon being exposed to liposomes in TST-negative group is increased when compared 

to the negative and positive controls.  

 
Figure 4.4 Percentage of surface markers CD11c+CD123-mDCs in different 
groups. The result is presented as mean ± SEM of percentage of CD11c+CD123-

mDCs. No statistically significant difference in surface marker CD11c+CD123-mDCs 
expression was observed between all groups.  
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4.4.3(b) HLA-DRlowCD11c-CD123+pDCs 

Figure 4.5 represents the expression of the specific DCs population, CD11c-

CD123+pDCs, on PBMCs obtained from the study cohort. There is no significant 

difference between all the groups proposed. The exposure of liposomes in active 

pulmonary TB group shows an increased expression of CD11c-CD123+pDCs 

compared to the liposomes of TST-negative and TST-positive groups. Similarly, the 

expression trend of liposomes in the active pulmonary TB group is higher than in the 

negative and positive groups. For the liposomes of the TST-positive group, CD11c-

CD123+pDCs stimulate the lowest expression in comparison to the negative and 

positive controls. A similar result can be observed in the liposomes of the TST-

negative group, in which the expression of CD11c-CD123+pDCs is diminished when 

compared to the negative and positive control groups.  

 
Figure 4.5 Percentage of surface markers CD11c-CD123+pDCs in different 
groups. The result is presented as mean ± SEM of percentage of CD11c-

CD123+pDCs.  No statistically significant difference in surface marker CD11c-

CD123+pDCs expression was observed between all groups.  
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4.4.4 Assessment on CD86+ expression of CD11c+CD123-mDCs 

The dot plot in Figure 4.6 shows the mean fluorescence intensity (MFI) of 

CD86+mDCs on PBMCs compared to the study cohort. There is no significant 

difference between the expression of CD86+mDCs in the liposomes of active 

pulmonary TB with the liposomes of TST-negative and TST-positive groups. 

However, the liposomes of the active pulmonary TB group observe a significant 

increase, when compared with the positive control group. The comparison between 

the liposomes of active pulmonary TB and the negative control groups shows that the 

expression of CD86+mDCs is lower in the liposomes of the active pulmonary TB 

group but is not significant. In addition, the negative control of the active pulmonary 

TB group demonstrated a decrease significant when compared to the positive control 

of the active pulmonary TB group. As for the liposomes in the TST-positive group, 

an increase significant is only observed in comparison to the positive control group. 

There is no significant difference between the liposomes and negative control in the 

TST-positive group. The negative control of the active pulmonary TB group 

demonstrated a significant decrease as opposed to the positive control of the active 

pulmonary TB group. In the liposomes of the TST-negative group, there is a 

significant increase when compared to the positive control group but is not 

significant to the negative control group. Besides, the negative control the of TST-

negative group shows a higher significant difference than the positive control group. 
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Figure 4.6 MFI of CD86+mDCs in different groups. The result is presented as 
mean ± SEM of MFI of CD86+mDCs. *p<0.05, ***p<0.0001  
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4.5 Cytokine secretion 

Figure 4.7 represent the expression of cytokine secretion in the presence of 

liposomes among TST-negative individuals, TST-positive individuals, and active 

pulmonary TB patients. The DCs of active pulmonary TB which was exposed to 

liposomes group secrete a significant increase of IL-4 concentration in comparison to 

the DCs of TST-positive group exposed to liposomes. There is no significant 

difference between the DCs of active pulmonary TB and TST-negative groups 

exposed to liposomes. However, the DCs in TST-positive group exposed to 

liposomes demonstrate diminished IL-4 production when compared to the DCs in 

TST-negative group cultured with liposomes. In addition, the DCs of active 

pulmonary TB exposed to liposomes group exhibit highly significant concentrations 

of IL-12p70 upon being compared to the TST-positive and TST-negative groups, 

respectively. It can be observed that the DCs of active pulmonary TB cultured with 

liposomes group show a significant increase in IFN-γ levels when compared to the 

liposomes of the TST-positive group. The comparison of IFN-γ production 

between the DCs of TST-positive and TST-negative groups exposed to 

liposomes exhibits a significant difference. 
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Figure 4.7 Secretion of cytokines, IL-4, IL-12p70, and IFN-γ. The result is 
presented as mean ± SEM of CD86+mDCs. **p<0.001, ***p<0.0001  
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4.6 Association study 

4.6.1 Association between CD11c+CD123-mDCs and cytokine secretion 

The trend of each cytokine with CD11c+CD123-mDCs (Figure 4.8) shows 

that there is no association between cell surface marker and cytokine secretion in all 

the study cohort.    

 
Figure 4.8 Association between secretion of each cytokine with CD11c+CD123-

mDCs in TST-negative individuals (blue dots plots), TST-positive individuals 
(orange dot plots), and active pulmonary TB patients (pink dot plots). The result 
is presented as mean ± SEM of the percentage of CD11c+CD123-mDCs. No 
statistically significant difference in the secretion of each cytokine with 
CD11c+CD123-mDCs between all groups.  
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4.6.2 Association between CD86+mDCs and cytokine secretion 

In contrast, Figure 4.9 shows that IL-4 cytokine and CD86+mDCs in TST-

negative individuals are significantly associated. However, there are no associations 

between IL-4 cytokine and CD86+mDCs in both TST-positive and active pulmonary 

TB groups.  

On the other hand, the association between IL-12p70 level and CD86+mDCs 

is only observed in TST-negative and active pulmonary TB groups. In TST-positive 

group, there is no association between the concentration level of IL-12p70 and 

CD86+mDCs. 

Meanwhile, the association between IFN-γ and CD86+mDCs is only 

presented in TST-negative group. As for the TST-positive and active pulmonary 

groups, there are no associations observed between IFN-γ cytokine and 

CD86+mDCs.
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Figure 4.9 Association between secretion of each cytokine with CD86+mDCs in 
TST-negative individuals (blue dot plots), TST-positive individuals (orange dot 
plots), and active pulmonary TB patients (pink dot plots). The result is presented as 
mean ± SEM of the MFI CD86+mDCs. *p<0.05 

4.7 Uptake and encapsulation of liposomes by dendritic cells  

The interaction between liposomes and DCs was mainly examined based on 

the uptake of liposomes by DCs, the expression of surface markers, and the levels of 

cytokine expression. The study on the uptake of liposomes by DCs was illustrated by 

FESEM and confocal microscopy which resolve detailed and sharp images on the 

uptake of liposomes within DCs. 
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4.7.1 Field emission scanning electron microscopy 

 
Figure 4.10 Morphology of DCs in TST-negative individuals without stimulators 
as assessed by field emission scanning electron microscope 

 
The DCs image of TST-negative individual showed the circular shape of the 

cells (Figure 4.10). Cells were cultured with complete medium overnight, seeded on 

a polylysine-coated coverslip, prepared, and viewed under 25000x magnification. 
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Figure 4.11 Morphology of DCs in TST-negative individuals stimulated with LPS 
as assessed by field emission scanning electron microscope 

 
The DCs image of TST-negative individual shows a high number and 

extended dendrites as shown by the blue arrow (Figure 4.11). Cells were cultured 

with LPS stimulant in complete medium overnight, seeded on a polylysine-coated 

coverslip, prepared, and viewed under 25000x magnification. 
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Figure 4.12 Morphology of DCs in TST-negative individuals stimulated with 
liposomes as assessed by field emission scanning electron microscope 

 
The DCs image in TST-negative individual shows long dendritic protrusions 

of two combined DCs as pointed by the blue arrow (Figure 4.12). The engulfment of 

liposomes by DCs is observed based on the big circular formation on the surface of 

DCs as shown by the orange arrow. Other liposomes which are not uptake by the 

DCs mostly scattered next to the mature DCs, as pointed by the green arrows. Cells 

were cultured with liposomes in complete medium overnight, seeded on a 

polylysine-coated coverslip, prepared, and viewed under 25000x magnification. 
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Figure 4.13 Morphology of DCs in TST-positive individuals without stimulators 
as assessed by field emission scanning electron microscope 

 
The DCs image in TST-positive individual shows the circular shape of cells 

with the formation of unclear lumps on the surface of cells (Figure 4.13). Cells were 

cultured with complete medium overnight, seeded on a polylysine-coated coverslip, 

prepared, and viewed under 25000x magnification. 
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Figure 4.14 Morphology of DCs in TST-positive individuals stimulated with LPS 
as assessed by field emission scanning electron microscope 

 
The DCs image of TST-positive individual shows the cells are bonded to one 

another with the formation of short extended dendrites as shown by the blue arrow 

(Figure 4.14). Cells were cultured with LPS stimulant overnight, seeded on a 

polylysine-coated coverslip, prepared, and viewed under 20000x magnification. 
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Figure 4.15 Morphology of DCs in TST-positive individuals stimulated with 
liposomes as assessed by field emission scanning electron microscope 

 
The DCs image of TST-positive individual shows long dendritic protrusions 

of cells as pointed by the blue arrows (Figure 4.15). The engulfment of liposomes by 

DCs is observed based on the large circular formation on the surface of DCs as 

shown by the orange arrows. Other liposomes which are not uptake by the DCs 

mostly dispersed surrounding the cells as pointed by the green arrows. Cells were 

cultured with liposomes overnight, seeded on a polylysine-coated coverslip, 

prepared, and viewed under 10000x magnification. 
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Figure 4.16 Morphology of DCs in active pulmonary TB patients without 
stimulators as assessed by field emission scanning electron microscope 

 
The DCs image of active pulmonary TB patients shows the circular shape of 

the cells with the presence of short dendrites as pointed by the blue arrow (Figure 

4.16). Cells were cultured with complete medium overnight, seeded on a polylysine-

coated coverslip, prepared, and viewed under 25000x magnification. 
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Figure 4.17 Morphology of DCs in active pulmonary TB patients stimulated with 
LPS as assessed by field emission scanning electron microscope 

 
The DCs of active pulmonary TB shows the circular shapes of cells that are 

jointed with another similar cell by the formation of long dendritic protrusions as 

pointed by the red arrow (Figure 4.17). In addition, extended dendrites in various 

directions also can be observed as shown by the blue arrow. Cells were cultured with 

LPS stimulant overnight, seeded on a polylysine-coated coverslip, prepared, and 

viewed under 4000x magnification. 
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Figure 4.18 Morphology of DCs in active pulmonary TB patients stimulated with 
liposomes as assessed by field emission scanning electron microscope 

 
The DCs image of the active pulmonary TB group shows long dendritic 

protrusions cells as pointed by the blue arrows (Figure 4.18). The engulfment of 

liposomes by DCs is observed based on the large circular formation on the surface of 

DCs as shown by the orange arrows. Other liposomes which are not uptake by the 

DCs mostly scattered surrounding the cells as pointed by the green arrow. Cells were 

cultured with liposomes overnight, seeded on a polylysine-coated coverslip, 

prepared, and viewed under 25000x magnification. 
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4.7.2 Confocal microscopy 

The current study intends to investigate the internalization of liposomes 

inside DCs on active pulmonary TB compared to TST-negative and TST-positive 

individuals. The DCs were stained with liposomes conjugated-FITC 488 and actin 

filament-stained Rhodamine Phalloidin 543, followed by the visualization under 

confocal microscopy. The images captured the presence of liposomes and DCs, 

respectively. The merging images showed the encapsulation of liposomes by DCs as 

shown in Figures 4.19, 4.20, and 4.21.  

The merged image in Figure 4.19 illustrates the obvious uptake of liposomes 

by DCs of TST-negative individuals, as pointed out by the orange arrows. The same 

spots are observed in both liposomes-conjugated FITC and actin-conjugated 

Rhodamine. On the contrary, the uptake of liposomes in the DCs of TST-positive 

individuals demonstrates a rather dim signal with fewer spots as shown by the orange 

arrow in Figure 4.20. The signal of the liposomes-conjugated FITC and actin-

conjugated Rhodamine is much weaker in the TST-positive group compared to the 

TST-negative group. Meanwhile, Figure 4.21 exhibited a strong uptake of liposomes 

by the DCs of active pulmonary TB patients via the bright signal observed as shown 

by the orange pointer.  
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Liposomes stained with FITC-488 nm   Dendritic cells stained with              Merge image 

                         Rhodamine-Phalloidin-543 nm 

 

     
Figure 4.19 Confocal microscopy analysis of the interaction between DCs and liposomes in TST-negative individual.  

Two immunofluorescence colours; in which the red colour represents DCs, meanwhile, the green colour illustrates the liposomes. Both images 
were overlaid to observe the uptake of liposomes by DCs as pointed by the orange arrows. Scale bars: 40 μm 
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     Liposomes stained with FITC-488 nm  Dendritic cells stained with    Merge image 

                         Rhodamine-Phalloidin-543 nm 

 

     
Figure 4.20 Confocal microscopy analysis of the interaction between DCs and liposomes in TST-positive individual.  

Two immunofluorescence colours; in which the red colour represents DCs, meanwhile, the green colour illustrates the liposomes. Both images 
were overlaid to observe the uptake of liposomes by DCs as pointed by the orange arrow. Scale bars: 40 μm 
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     Liposomes stained with FITC-488 nm       Dendritic cells stained with   Merge image 

                  Rhodamine-Phalloidin-543 nm 

 

    
Figure 4.21 Confocal microscopy analysis of the interaction between DCs and liposomes in active pulmonary TB patient.  

Two immunofluorescence colours; in which the red colour represents DCs, meanwhile, the green colour illustrating the liposomes. were overlaid 
to observe on the uptake of liposomes by DCs. Scale bars: 80 μm 
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CHAPTER 5  
 

DISCUSSION 

5.1 Sociodemographic factors of TST-negative individuals, TST-positive 

individuals, and active pulmonary tuberculosis patients 

In this study, the demographical, clinical, and environmental characteristics 

of TST-negative individuals, TST-positive individuals, and active pulmonary TB 

patients were examined. The mean age of active pulmonary TB patients in the 

current study was 58 years old. This scenario could be assisted by the decreased 

amount and function of pDCs, which leads to the impairment of immune response 

against viral infections and microbes such as Mtb (Jing et al., 2009). In addition, the 

absence of TB clinical features might further complicate the diagnosis and prolonged 

the duration of starting treatment (Abbara et al., 2019). The epidemiology of TB 

showed the most significant trend of infection in the elderly, especially older men 

(Robins, 1953). Even in animal studies, it has been proven that the in vivo study 

supported the immune dysregulation by which the older groups are prone to infection 

due to their low production of T-cell responses (Rajagopalan, 2001). Hence, it has 

been demonstrated that those aged 65 years and over are the most potential group to 

be infected with TB (Caraux-Paz et al., 2021). 

The highest number of participants among TST-positive individuals was 

shown to be in the middle-aged group. This event is highly related to their 

occupations with most of them serving as nurses and healthcare assistants. Hence, 

their job scope might require prolonged work duration with frequent in-contact with 

TB patients, increasing the risk of exposure to infectious diseases, including TB 

(Wardani et al., 2021). Previous studies exhibited similar findings of high TB risk 

prevalence among occupational healthcare workers (Peters et al., 2020). Sadaf et al. 
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reported an alarmingly high prevalence of latent TB infection among healthcare 

workers in tertiary care hospitals via IFN-γ assay (Sadaf et al., 2020). Therefore, 

healthcare workers have a double risk of contracting TB in comparison to the 

general population, indicating the high risk of bacterial exposure in healthcare 

settings (Liew et al., 2019).  

There was no significant difference in the sex between all study cohorts, 

however, all the active pulmonary TB patients recruited were male. This might have 

been caused by the frequent and heavy intake of smoking with higher consumption 

of alcohol performed by men compared to women (Miller et al., 2021). Due to this 

reason, male TB patients were likely to be enrolled in this study instead of females. 

In addition to that postulation, other studies demonstrated that the treatment cost 

could contribute to the delayed diagnosis and treatment, owing to the responsibility 

of the man as the head of the family (van den Hof et al., 2010). The local 

transmission dynamics such as crowded, poorly ventilated, and nosocomial areas 

partially assist in the high number of pulmonary TB in men (Jiménez-Corona et al., 

2006). These environmental lifestyles further contribute to high toxicity lung injury 

which are caused by the inhibition of TNF-α, leading to the suppression of immune 

cell function (Sopori et al., 1998; van den Hof et al., 2010). 

The current study showed that the participants recruited were mainly 

comprised of Malays and Chinese, respectively. This condition was possibly 

associated with the highest population ethnicities in Kelantan, which consisted of 

95.7% Malay, followed by 3.4% Chinese, 0.3% Indian, and 0.6% others. The 

outcome was concurrent with a previous TB survey performed from 2016 to 2020 in 

Terengganu. In their survey, the Malay race reported the highest survival and 

mortality rates upon treatment in comparison to the other races (Awang et al., 2022). 
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Herein, it can be concluded that the Malay race is the most prevalent to TB infection 

specifically in the East-Coast region.  

Furthermore, this study also recruited a Thailand native as part of the active 

pulmonary TB patients. This scenario might have occurred due to the workforce of 

the migrated patient and the short distance of the border crossing Malaysia-Thailand 

which is located within the Rantau Panjang (Malaysia) and Sungai Golok (Thailand) 

immigrations. Consequently, there would be some outlooked cases of TB vaccination 

due to the illegal entry bypassing immigration, hence they could have been part of 

the reasoning that increase the number of TB infection. For instance, a previous 

statistic incidence of TB in 2014 had reported the highest number of TB cases in 

Selangor (65%) and Kelantan (25%), supporting the contribution of TB among local 

ethnics and foreign workers (Shahidatul-Adha et al., 2017). Due to this condition, a 

Thailand native had also been included as the subject in this study.   

5.2 Clinical data on tuberculosis and its predisposing factor 

The majority of the active pulmonary TB patients in this study reported their 

absence of TB history and zero contact with any TB-infected person or area. It could 

be assumed that this group was the primary TB, suggesting that they might 

inherently have low immunity levels. There was another possibility of this group 

might not be aware of their latency state, hence the Mtb infection was left untreated. 

Wetscherek et al. demonstrated primary TB group is presently common among 

adults in developed countries (Wetscherek et al., 2022). Therefore, the impaired 

immune system has been highly related to the multiplication of Mtb, which 

eventually leads to the induction of active TB (Brett et al., 2020).  
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However, some of the recruited participants in this study had developed a 

secondary or reactivated TB infection. It could have been due to household, non-

household, or other environmental sources. Ai et al. supported the high risk of 

recently infected individuals reactivating Mtb within the past two years upon having 

household contact with active pulmonary TB (Ai et al., 2016). It has been evidenced 

by other studies that TB infection potential to reactivate with approximately 5 to 10% 

of latent TB individuals (Flynn & Chan, 2001). Hence, the predisposing 

environmental factors determined the state of TB infection within the recruited 

participants in this study.   

During the sample collection of the current study, most of the active 

pulmonary TB patients were under the supervision of TB treatment of isoniazid, 

rifampicin, pyrazinamide, and ethambutol drugs. These drug regimens are preferable 

due to their efficiency in stopping Mtb growth (Burhan et al., 2013; Chideya et al., 

2009). Besides, this short-course therapy has been implemented against TB infection 

for the last four decades (Dartois & Rubin, 2022).   

Furthermore, it has been reported that most of the positive sputum smears had 

a positive culture with only a few cases of culture-negative results. Tostmann et al. 

demonstrated that the positive-cultured with negative sputum-smeared patients have 

a lower probability to infect others with a relative transmission rate of 0.24, which is 

inversely applied in those with both positive culture and sputum smear (Tostmann et 

al., 2008). This condition highlighted the importance of performing both tests to 

confirm the activation of TB infection and determine their levels of infectivity 

toward others (Finney et al., 2013). 

In addition, the highest number of active smokers can be observed in active 

pulmonary TB in this study. This event could have been caused by the multiple 
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defects in immune cells such as monocytes, macrophages, mechanical disruption of 

cilia function, and other hormonal effects which eventually damaged the lungs 

(Alavi-Naini et al., 2012). The nicotine in tobacco smoke suppress the production of 

proinflammatory cytokines such as TNF-α, IFN-γ, IL-12, IL-8, IL-1, and IL-6, 

dampening the immune response against Mtb and impairing the capability of the 

body to control TB infection (Perriot et al., 2018). Passive smoking has been found 

to exhibit a high risk of active TB in child contacts of an index case (Altet et al., 

1996). Hence, this supports the strong correlation between smoking increased risk of 

TB infection, TB mortality, recurrent TB, and treatment failure (Mahishale et al., 

2015).  

5.3 Liposomes production and characterization  

This study used liposomes as the nanocarrier of interest in comparison to 

other nanotechnologies such as nanoparticles, micelles, polymers, and other 

substances. It is highly correlated with the unique properties offered by the liposomes 

such as reduced toxicity level, biodegradable, biocompatible, low, and affordable 

production cost, potent immunogenicity, and good targeting availability (De Jong & 

Borm, 2008; Inglut et al., 2020). The rapid development of liposomal adjuvant 

mechanisms and efficient drug delivery has been widely utilized in therapy and 

prevention for infectious diseases, including TB infection (Agger, 2016). For 

instance, cationic liposomes showed their extensive applications as both adjuvants 

and delivery systems in inducing proper immune responses against Mtb subunit 

vaccines (Farzad Khademi et al., 2018). In addition, Laterre et al. demonstrated a 

promising safety profile with good tolerability of CAL02 that is comprised of 

liposomes in a randomized human trial diagnosed with severe community-acquired 
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pneumonia (Laterre et al., 2019). Other studies reported that Epaxal is one of the 

approved clinical prophylactic vaccines formulated on the adjuvant of liposomes that 

have been used to treat Hepatitis A infection (Bulbake et al., 2017). This virosome-

adjuvanted vaccine showed protection above 95% efficiency in adults receiving this 

booster, which could last up to 20 years (Bovier et al., 2002). Furthermore, the 

development of prolonged released amikacin (AMK) liposomes, Arikace, exhibited 

improved lung function in the nontuberculous mycobacterial lung disease of phase 

III clinical trial (Kwon & Koh, 2016). In short, these findings supported that 

liposomes are competent and more new formulations have the potential to succeed in 

clinical trials and eventually established standardized formulations for society.  

M. smegmatis has been chosen as the source of liposomal production in the 

current study. This is due to the high genetic properties with over 90% similarities in 

comparison to Mtb such as the superoxide dismutase gene which assists in the 

survival of Mtb in macrophages (Liao et al., 2013; Shiloh & Champion, 2010). In 

addition, Ray et al. reported that M. smegmatis shares almost 76% homology with 

the orthologous EsxA effector protein from Mtb (Ray et al., 2019). This showed the 

high homology between the EsxA proteins from both M. smegmatis and Mtb could 

stimulate similar immune response upon T cells presentation, leading to an effective 

T cell activation and competent immune responses against TB infection (Hoang et 

al., 2013). Both fast-growing M. smegmatis and slow-growing M. tuberculosis 

demonstrated the presence of porins proteins in their cell walls which allows the 

diffusion of hydrophilic molecules, suggesting the potential for TB therapy (Singh et 

al., 2018). In addition, the culture period by M. smegmatis is very short and rapid, 

with two to three days of culturing and a doubling time of four hours (Wallace et al., 

1988). Other studies showed that M. smegmatis has been commonly used as the 
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substitute model for highly pathogenic Mtb (Wei et al., 2000). For instance, Bohsali 

et al. reported M. smegmatis as one of the non-pathogenic mycobacteria groups that 

are unlikely to disseminate disease including in immunosuppressed individuals 

(Bohsali et al., 2010). Both species possess similar cell wall structures and 

components including mycolic acid, arabinogalactan, and peptidoglycan layers that 

allow interaction with immune cells and trigger desired immune responses (Baloni et 

al., 2014). Similarly, in vitro studies of Rv1954A knock-in M. smegmatis induced 

both innate and adaptive immune responses, supporting its capability as a TB vaccine 

candidate (Arora et al., 2020). Hence, these events supported the efficacy of M. 

smegmatis as a suitable surrogate model for the life-threatening Mtb.  

In this study, the colony morphology of M. smegmatis was identified by using 

Ziehl-Neelsen (ZN) staining. This staining showed pinkish-red slender of M. 

smegmatis in bacilli shape. This observation is most likely due to the thick mycolic 

acid content and waxy structure in the cell wall, which resists the penetration of 

crystal violet staining and primarily takes the pink staining, instead (Yousif & 

Qasem, 2016). Pertaining to the cell wall, the cell envelope of M. smegmatis is 

comprised of strong immune stimulators such as mycolic acids, lipoarabinomann, 

arabinogalactan, and glycolipid layers (He & De Buck, 2010). Various studies had 

demonstrated the correlation between lipids of the cell envelope and pathogen 

resistance which leads to the modulation of immune responses (C. Ghazaei, 2018). 

The outer envelope lipids contribute to mycobacteria pathogenicity by mimicking the 

lipid distribution and antigen accessibility of the mycobacterial cell wall. This 

statement is supported by Garcia et al. who reported that liposomes derived from M. 

smegmatis have identical phosphatidylinositol mannosides (PIMs) with the Mtb polar 

glycolipids, stimulating in vivo specific IgG antibody response (de los Angeles 
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García et al., 2013). Hence, ZN staining offers a rapid, practical, and useful method 

to examine the presence of mycobacterium such as M. smegmatis in this study. 

The dehydration-rehydration method was chosen among all the methods for 

liposomes production. This is mainly due to its simplicity and straightforward 

process, leading to a less time-consuming preparation with efficient entrapment of 

various ranges of materials (Kirby & Gregoriadis, 1984; Sharma et al., 2020). 

Apparently, French press cell extrusion and microfluidic techniques are the other 

alternatives for producing liposomes (Akbarzadeh et al., 2013). The French press cell 

extrusion method involves the gentle handling of unstable materials and can be 

simply executed within a short time duration (Dua et al., 2012). However, other 

studies reported that the maintenance of high temperatures and handling at relatively 

small working volumes as the major drawbacks of this method (Hamilton et al., 

1980). On the contrary, the microfluidic method could easily possess scalable 

production of liposomes with a size range between 20-50 nm (Allen & Cullis, 2013). 

High solvent residues in the suspension of liposomes and large production scale are 

the main limitations of this method in comparison to the other conventional 

liposomes alternatives (X. Wang et al., 2018). These eventually supported that the 

dehydration-rehydration method has the upper hand in which it allows the control of 

particle size, which eventually produces small and unilamellar vesicles (Dua et al., 

2012). Previous finding which established M. smegmatis-liposomes containing 

extracted glycolipids via a similar method possessed specific IgG antibody responses 

(de los Angeles García et al., 2013). Likewise, in a different mice study that derived 

the total lipid of M. smegmatis by using the same method, their result showed good 

in vivo protective capacity with potent immunogenicity against Mtb (Mat Luwi et al., 
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2020). Therefore, the liposomes derived from the total lipid of M. smegmatis in this 

study are preferable to be prepared via the dehydration-rehydration method. 

5.3.1 Field emission scanning electron microscopy 

The characterization of produced liposomes via FESEM microscopy revealed 

its spherical shape with the size ranging between 20 to 135 nm. Hence, most of the 

currently produced liposomes was categorized as small unilamellar vesicles (SUVs) 

due to the range of diameter inferior within 100 nm (Bhupendra et al., 2015). This 

event was comparable with previously established findings performed by Luwi et al. 

that produced a similar size of liposomes, less than 100 nm (Mat Luwi et al., 2020). 

Another study reported that this hydration technique which synthesized 100 nm size 

range liposomes was suitable for direct drug delivery therapy (Sundar & 

Tirumkudulu, 2014). These findings suggested the capability of liposomes to 

improve the pharmacokinetics and pharmacodynamics of the drug, as well as 

increase the stability, shelf life, and release rate of the drug from the body (Betageri 

& Parsons, 1992; Yadav et al., 2017). Akbarzadeh et al. showed liposomes with a 

size less than 100 nm hold the advantage of possessing a higher rigidity (Akbarzadeh 

et al., 2013). The prolonged half-life of the current SUVs in comparison to the 

multilamellar liposomes (MLVs) promotes a low tendency to be recognized and 

internalized by the reticuloendothelial system (RES) (Immordino et al., 2006; Nisini 

et al., 2018). An increase by three- to four-fold encapsulation efficiency (EE) has 

been observed in a similar size range of liposomes produced via the dehydration-

rehydration method compared to the mechanical lipid dispersion classical method 

(Aliño et al., 1990). Other finding found that the size range of liposomes which is 

similar to this current study could be efficiently taken up by DCs via clathrin-

mediated endocytosis, leading to the stimulation of cell-mediated immune responses 
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(Deng et al., 2018; Xiang et al., 2006). Recently, an SUVs liposome-encapsulated 

antitubercular agent demonstrated a stable, high cellular uptake with improved EE as 

opposed to the free antitubercular drug (Kósa et al., 2021). Therefore, FESEM 

analysis mainly produces high-resolution images of the sample’s surface, allowing 

further description of its shape and size. The results obtained supported the particular 

size of 100 nm liposomes produced by the dehydration-rehydration method in this 

study.  

Summarily, the physicochemical properties of liposomes assist in their 

utilization as a vaccine adjuvant-delivery system for distinctive clinical therapies, 

particularly against infectious diseases like TB infection. The pivotal criterion such 

as lipid composition manufacturing process, and physical size, collectively influence 

the stimulatory effect. Compared to the previous studies, the liposomes produced in 

this study have the advantage of utilizing fast-growing and non-pathogenic 

mycobacteria that resulted in a small-sized range of liposomes. Herein, this liposome 

could be a potential adjuvant, drug carrier, and vaccine candidate is suitable for 

human-scale testing.     

5.4 Surface marker expression of dendritic cells between TST-negative 

individuals, TST-positive individuals, and active pulmonary tuberculosis 

patients upon exposure to liposomes by flow cytometry 

5.4.1 Percentage of dendritic cells and their subsets, myeloid dendritic cells 
and plasmacytoid dendritic cells 

In the present study, it was found that the percentage of DCs and their 

subsets, mDCs, and pDCs, were the lowest in active pulmonary TB patients 

compared with TST-negative and TST-positive individuals. This might be due to the 

suppression action of Mtb which modulates the DCs function (Zhang et al., 2020). 
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For instance, Su et al. reported that the mannosylated glycoprotein of Mtb, Rv1016c, 

could impair the maturation of DCs via TLR2/STAT/SOC3 pathway (Su et al., 

2019). The absolute numbers of DCs subsets have been associated with prolonged 

TB, anti-tubercular drugs (ATD) effect, and lymphocyte immune responses, and are 

commonly used as an effective diagnostic biomarker for active pulmonary TB 

screening (Lu et al., 2017). This ATD eventually reduce the bacterial load and 

inflammation, impacting the overall immune responses including the function of 

DCs. Previous study showed the first-line anti-tubercular drugs such as isoniazid, 

rifampicin, ethambutol, and pyrazinamide functioned by inhibiting the DNA-

dependent RNA polymerase, thus suppressing the cell wall, protein, and nucleic acid 

synthesis of Mtb (Sotgiu et al., 2015). The result of the current finding was 

comparable with another study in terms of the specific and significant decrease in the 

absolute number of circulating DCs in patients with active TB compared to healthy 

donors (Lichtner et al., 2006). Similarly, a significant decrease in the number of DCs 

has been demonstrated in the tuberculous granulomas via immunohistochemical 

analyses (Uehira et al., 2002). Hence, these implied DCs as one of the major innate 

and adaptive immune cells that are more likely to be infected by Mtb.     

In addition, active pulmonary TB patients showed an inverse pattern of 

having higher circulating levels of mDCs but with lower pDCs counts when 

compared to the TST-negative and TST-positive individuals. This event could 

perhaps be due to the anti-tuberculous treatment performed via directly observed 

treatment short course (DOTS), suggesting the impact of active disease on 

circulating DCs subsets (Gupta et al., 2010). However, the mechanism action varies 

and highly relies on the drugs prescribed during the DOTS therapy. It is important to 

note that the percentage of pDCs in healthy is normally constituted less than 0.5% 
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which correlates with the result of this study, supporting that patients with TB tend to 

have lower pDCs counts than mDCs as expected (Ye et al., 2020). These 

observations concurrent with findings of pDCs showed the most significant reduction 

counts in both pulmonary and extrapulmonary TB (Lichtner et al., 2006). Mendelson 

et al. reported patients with pleural TB characterized an increased number of mDCs 

than the healthy controls (Mendelson et al., 2006). Interestingly, other studies 

exhibited contradicting results on the accumulation of DCs in the tuberculous 

granuloma which resulted in lower absolute counts of mDCs in active pulmonary TB 

patients than the healthy controls (Lu et al., 2017). These findings reflect the good 

response of DCs upon being treated with the available anti-TB drugs. The mDCs 

mainly focus on modulating adaptive immune response, while the pDCs influence by 

balancing both pro-inflammatory and anti-inflammatory responses. Therefore, it is 

essential to compare the subsets of DCs to gain a further understanding of how these 

specific cell subsets contribute to TB progression, and immunity, as well as for future 

potential treatment strategies.  

The exposure of liposomes to DCs and their subsets demonstrated an 

improved absolute total number of DCs, except for the mDCs counts in active 

pulmonary TB patients. This result highlights that liposomes exhibited their immune-

enhancing activities to the antigens through the elevation of antigen uptake by the 

DCs mechanism which in turn activates the immune responses (Takahashi et al., 

2017). Apart from neutral sources of liposomes, cationic liposomes are potent for 

direct activation of DCs without the addition of adjuvants in cancer vaccination 

(Nakanishi et al., 1999). Other studies on cationic liposomes containing trimethyl 

ammonium propane showed a high percentage of both DCs subsets through in vitro 

monocyte-derived human DCs and murine bone marrow-derived DCs (BMDCs)  
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(Foged et al., 2004). Therefore, suggesting the critical role of liposomes as an 

efficient adjuvant.  

5.4.2 Assessment of dendritic cells and their co-stimulatory markers 

In this study, the exposure of liposomes in active pulmonary TB exhibited a 

significantly diminished expression of HLA-DR, accompanied by the enhanced level 

of CD11c-CD123+pDCs and reduced CD86 expression although the trends were not 

significant when compared to TST-negative and TST-positive individuals. This event 

may be due to the decreased number of mDCs and pDCs in active pulmonary TB 

patients in which only pDCs will be recovered upon treatment (Lu et al., 2017; 

Uehira et al., 2002). The independent role of DCs is associated with the deficiency of 

DCs, where DCs serve as in vivo reservoirs for Mtb during the latent state, 

meanwhile, during the active TB state, this cell is highly prone to be destructed via 

apoptosis (Lichtner et al., 2006). In addition, the increased demand for the 

recirculation of cells to the affected organs could potentially contribute to the 

decreased number of peripheral blood DCs (Lichtner et al., 2006). Multiple studies 

had supported the current finding. For instance, diminished expressions of HLA-DR 

and CD1c antigen-presenting cells alongside low co-stimulatory molecules CD86, 

CD40, CD150, CD28, and CD152 have been observed in the lung cells in patients 

with TB compared with non-TB controls (Flores-Batista et al., 2007). In another 

infectious disease such as Hepatitis C Virus (HCV), the level of HLA-DR and CD86 

expression were lower in mDCs of HCV-infected patients than the healthy donor 

(Averill et al., 2007). Interestingly, Lu et al. reported contradicted outcomes of low 

HLA-DR and CD80 expressions with a high CD86 level in the peripheral blood of 

active pulmonary TB patients compared with healthy controls (Lu et al., 2017). 

Hence, the current result suggested the potential of liposomes in DCs engage in the 
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immunological changes of TB pathogenesis via the improved HLA-DR presentation 

and CD123 shown.   

The exposure of liposomes in active pulmonary TB patients improved HLA-

DR antigen presentation with a significant increase of co-stimulatory activation 

marker, CD86 when compared to the positive control group. This event portrayed the 

immunostimulatory effects of liposomes due to their localization which is located at 

the cell surface and their properties as a component of the cell wall of mycobacteria 

(García Mde et al., 2014; Homhuan et al., 2007). Their unique cell component such 

as lipids, proteins, and genetic material has the potential to act as adjuvant or antigen 

marker for the development of subunit vaccines (De Serrano & Burkhart, 2017). For 

instance, mannophosphoino-sitides (PIMs) antigen of mycobacteria exhibited double 

stimulation of immune responses upon being encapsulated with liposomes in 

comparison to the single glycolipid (Singh & Khuller, 1993a). Previous studies 

characterized high HLA-DR, CD86, and CD80 levels upon the interaction of their 

DCs with the liposomes derived from the total polar lipid of both non-pathogenic 

bacteria M. smegmatis and Leptospira biflexa serovar Potac (Faisal et al., 2011). The 

humoral and cell-mediated immune responses observed in both liposomes were 

eventually stronger in comparison to the conventional liposomes and conventional 

aluminum hydroxide adjuvant (Faisal et al., 2011). Similarly, liposomes derived 

from M. smegmatis supported the immune activation of BMDCs through the 

upregulated expression of CD86 in the Mtb mice model (Mat Luwi et al., 2020). In a 

different study, Sprott et al. reported that liposomes extracted from the total polar 

lipids of M. bovis BCG enhanced the expression of CD80, CD86, and CD40 co-

stimulatory markers, supporting the efficiency of lipids in activating DCs (Sprott et 

al., 2004). It can be deduced that liposomes formulation of mycobacterial lipids is 
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highly reliable to initiate efficient immune responses in comparison to other types of 

liposomes. 

Although the differences were not significant, an increase in the HLA-DR 

expression with a stagnant level of CD86 has been observed in the presence of 

liposomes within the active pulmonary TB patients in comparison to the negative 

control. This could potentially associate with DCs malfunction via the interference of 

19-kDa Mtb lipoprotein, which results in rapid DCs maturation and inhibition of 

MHC class II antigen presentation to effector cells (Baena & Porcelli, 2009; Chang 

et al., 2005; Hava et al., 2008). Therefore, the liposomes may have produced damage 

to the cells, possibly triggering toxicity effects but further confirmation tests are 

highly required to verify this proposition. A study revealed that the cytotoxicity 

effect of the liposomes to the cells might be associated with the dosage or amount of 

lipid presented (Lechanteur et al., 2018; Romøren et al., 2004). The toxicity effects 

of the cationic liposomes towards normal cells could possibly cause by its 

electrostatic interaction, leading to cell damage (He & Tang, 2018). Cong et al. had 

further supported in which cationic liposomes/DNA complexes (CLN/DNA) 

exhibited cytotoxic effects to the tumour cells alongside with the enhancement of 

tumour cell lysis (Cong et al., 2020). Interestingly, high-density octaarginine-

modified liposomes promoted significantly enhanced levels of MHC class II, CD80, 

and CD86 co-stimulatory markers (Homhuan et al., 2007). This is further supported 

by previous murine models in which the current M. smegmatis liposomes 

demonstrated high expressions of MHC II and CD86 (Mat Luwi et al., 2020). The 

liposomes in both TST-negative and TST-positive individuals showed no significant 

differences in the presentation marker HLA-DR in comparison to the positive and 

negative controls. However, their CD86 expression upon exposure to liposomes was 
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increased significantly in comparison to the positive control. This current result is 

consistent with the outcomes shown in the active pulmonary TB patient group in 

which the liposomes trigger maturation and activation of DCs. 

Lipopolysaccharide (LPS) from E. coli has been an efficient stimulator for 

CD80 and CD86 markers (Bartheldyová et al., 2019). On the contrary, the present 

study showed that the presentation and activation of DCs were downmodulated in 

bacterial LPS stimulation. This event is to be possibly caused by the decreased 

antigen export to the cytosol which can be induced by high doses of pure LPS 

(Alloatti et al., 2016; Gros & Amigorena, 2019). The result of the current finding 

was comparable with previous studies which demonstrated low expression of cross-

presentation in the late phases DCs in response to LPS (Gil-Torregrosa et al., 2004). 

The downregulation of LPS is promoted by the transcription factor EB gene which 

leads to endosomal acidification and antigen degradation (Samie & Cresswell, 2015). 

Interestingly, other study showed contradicting outcomes with a high expression by 

LPS which further downregulate CD11c and CD11b levels of DCs via cellular 

apoptosis (Griffiths et al., 2014). Thus, the volume of LPS needs to be well 

determined as it plays a crucial role in stimulating the desired immune response.    

Taken together, the current study supported the interplay between liposomes 

and immune responses via specific targeting of DCs. The observations presented 

could be a potential guide when choosing the appropriate liposomes as drug carrier 

or vaccine adjuvant. Indeed, the mycobacteria cell envelope lipid showed potential in 

modulating strong humoral and cell-mediated immune responses that are almost 

comparable to the gold standard BCG vaccine.  
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5.5 Cytokine secretion 

This study found a significantly increased concentration of IFN-γ in DCs of 

active pulmonary TB patients upon exposure to liposomes compared to all groups. 

This observation could be due to the activation of immune cells and the immune 

responses triggered upon exposure by liposomes. IFN-γ cytokine has been 

preferentially known as a relevant marker that stimulate the protective cell-mediated 

immune response (Agger & Andersen, 2001). In addition, IL-12p70 might have 

promotes the secretion of IFN-γ which is required to control the growth of Mtb 

infection (Khader et al., 2005). High induction of IFN-γ cytokine with increased 

IgG2b titers via the administration of cationic DDA-TDB liposomes has been 

reported in the mice model immunized with Mtb fusion antigen Ag85B-ESAT-6 

(Davidsen et al., 2005). A cationic mycobacterial monomycolated glycerol liposomes 

was found to rise prominent Th1 response through IFN-γ production in tuberculosis-

infected mice (C. S. Andersen et al., 2009). Shamshiri et al. demonstrated a 

comparable finding in which PEGylated liposomes induced high secretion of IFN-γ 

response to the tumor area in comparison to the non-PEGylated liposomes of colon 

cancer in vivo (Kateh Shamshiri et al., 2021). Besides, a galactosylated liposomes 

study showed significantly increased concentration of IFN-γ, IL-4, and other 

cytokines, indicating liposomes as a dendritic cell-targeted mucosal vaccine against 

tumors (Jiang et al., 2015). However, there has been another study claiming that 

liposomes with a size >225 nm tend to stimulate Th1 responses due to the elevated 

levels of IgG2a and IFN-γ. Meanwhile, smaller liposomes <155nm induce Th2 

responses from the high secretion of IL-5 and IgG1 (Brewer et al., 1998). Their 

statement is contradicting the current study as our small liposomes stimulate high 

IFN-γ secretion, suggesting the composition of liposomes could be one of the factors 
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that need to be taken into consideration. Yet, it can be clearly proposed that liposome 

stimulation could increase the concentration of IFN-γ cytokine.  

Furthermore, the secretion level of IL-12p70 in the DCs of active pulmonary 

TB patients upon exposure to liposomes was significantly higher than TST-negative 

and TST-positive individuals. It has been found that the IL-12p70 level in 

disseminated TB (such as pulmonary TB) was greater compared to the healthy 

control. Essone et al. supported latent TB in healthcare workers that nursed TB 

patients enhanced the secretion of pro-inflammatory cytokines such as IL-12p70, IL-

6, IFN-γ, and IL-8 (Essone et al., 2019). The IL-12p70 cytokine is one of the six-

cytokines that primarily differentiate active infection from latent TB (S. Wang et al., 

2018). Although the crucial role of IL-12 in stimulating Th1 and cytotoxic T 

lymphocytes has been emphasized, yet low amounts of IL-12 were secreted in DCs 

via TLR signaling (He et al., 2015). Hence, the current study positively identified the 

potential of liposomes derived from M. smegmatis as an efficient adjuvant in 

assisting the robust production of IL-12p70 to improve the presentation by DCs and 

induce Th1 response for host defense against Mtb infection (Keegan et al., 2018). 

Garu et al. showed that in vivo dendritic cell-targeting liposomal DNA vaccine 

succeeded in increasing the secretion of IL-12p70, IL-12, and TNF-α (Garu et al., 

2016). The production of IL-12p70 cytokine was consistent with another study by 

liposomes coated with α1-3, α1-6-mannotriose neo glycolipid, leading to the 

stimulation of Th1 response (Matsuoka et al., 2019). These investigations may 

provide inputs on the liposome formulation as a promising candidate that triggers IL-

12p70 cytokine release.    

In this current study, the concentration of IL-4 was significantly increased in 

the DCs of active pulmonary TB patients exposed to liposomes when compared to 
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the DCs of TST-positive individuals exposed to liposomes. The secretion of IL-4 has 

been the hallmark of Th2 which is essential for humoral immune responses, whereas 

IFN-γ secretion that associated with Th1 development is crucial for cellular immune 

responses (Chen et al., 2004). This reflects the potential of liposomes to enhance the 

number of CD4+ and CD8+ T cells secreting IL-4 or IFN-γ cytokine (Elser et al., 

2002; Mao et al., 2022). However, there has been controversy surrounding the role of 

IL-4 cytokine in TB progression. Ordway et al. reported increased IL-4 production in 

TB patients, which was in contradiction with the study performed by Nie et al. that 

showed diminished or no statistically significant changes in the IL-4 expression (Nie 

et al., 2020; Ordway et al., 2005). This suggests that IL-4 may not necessarily skew a 

Th cell phenotype due to its presence in all conditions such as in the healthy control, 

latent TB, and active TB (Veenstra et al., 2008; Verbon et al., 1999). It has also been 

studied that IL-4 could suppress IFN-γ and activate alternative macrophage 

activation, that is distinct from the classical Th1 activation, allowing the elimination 

of Mtb by macrophage (Gordon, 2003). Recently, cationic liposomes comprised of 

cell wall surface protein of Candida albicans displayed good immunogenic 

performance via the elevated concentration levels of IL-4, IL-17, and IL-10 than 

control groups (Carneiro et al., 2015). Huang et al. demonstrated consistent outcomes 

in which the production level of IL-4 was significantly high in the natural polymer-

based liposomes adjuvant from day 7 to day 42, in comparison to the other controls 

(Huang et al., 2016). The performance of the TB subunit Rv0572c vaccine that has 

been emulsified into liposomes triggered a rather limited concentration of IL-4, a 

Th2 humoral immune response (Mao et al., 2022). These studies proposed the 

competency of liposomes to regulate the concentration of IL-4 cytokine.  
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Herein, the present study concluded that liposomes derived from M. 

smegmatis has the capability to induce Th1 and Th2 responses via the secreted levels 

of IL-4, IL-12p70, and IFN-γ cytokines which were mainly observed in active 

pulmonary TB patients. This event correlates with the stimulation of DCs activation 

marker, CD86.  

5.6 Association study 

In the association study, it has been found that the trends between surface 

marker, CD86, and all cytokines were negatively associated, particularly in the DCs 

of TST-negative individuals and active pulmonary TB patients upon the exposure to 

liposome. This emphasizes that the activation marker, CD86, is primarily influenced 

by the presence of pathogens, rather than being directly dependent on the secretion of 

cytokines. These conditions might potentially be caused by the potent 

immunostimulatory effects of the liposomes which secretes cytokine even in the 

settings of DCs being dysfunctional. Schmitz et al. supported this statement when 

they found that the secretion of IL-4 can also be stimulated by non-Th cells and not 

only by DCs, although further studies were required to distinguish them (Schmitz et 

al., 1994). In a negatively charged liposomes study, the production of IL-12 was 

increased via the synergy between CD40L of 42-6A cells and CD40 on 

macrophage/DCs (Yotsumoto et al., 2004). However, another findings reported 

contradicting outcomes in which the activation of DCs was dependent on cytokines 

production, particularly upon exposure to liposomes. For instance, 

phosphatidylserine (PS) liposomes mimicked the apoptotic cells by suppressing the 

level of CD86 and IL-12 cytokine in murine models (Shi et al., 2007). In short, these 



136 

observations indicate the independency of IFN-γ, IL-12p70, and IL-4 secretions upon 

being exposed to liposomes.   

5.7 Uptake and encapsulation of liposomes by dendritic cells  

5.7.1 Field emission scanning electron microscopy 

In this study, FESEM analysis has been used to compare the uptake, size, and 

shape of DCs in distinct conditions within all groups. This finding presented may 

contribute new ideas and knowledge on the structural differences of DCs between 

active pulmonary TB patients with TST-positive and TST-negative individuals.  

The shape of DCs without any stimulators characterized the development of 

dendrites which was only presented in active pulmonary TB patients, contrasting to 

the DCs of TST-negative and TST-positive individuals. This event most likely 

suggested that the DCs of active pulmonary TB patients have undergone maturation 

and activation potentially due to Mtb infection. The interaction between the proline-

glutamate (PE) protein of Mtb and DCs have shown to possess Th-1 polarizing 

potential via DCs maturation (Kim et al., 2016). The present finding was comparable 

to animal studies which illustrated rounded to oval cell bodies with short cell 

processes of matured DCs in the lungs of rabbit models (Mokhtar & Hussein, 2019). 

The morphology of DCs in infected-TB guinea pigs exhibited a similar 

characterization of having dendrites protrusions (Dascher et al., 2002). Indeed, the 

structure of normal healthy DCs before sustaining the differentiation process is 

characterized as round-shaped with a smooth surface. 

In TST-positive individuals, their circular smooth DCs showed that the lumps 

on the surface of cells not as apparent as the DCs of TST-negative individuals. The 

current findings potentially suggest that the Mtb could have modulated the DCs by 



137 

masking its presence, impairing the specific function of DCs to stimulate specific T 

cells (Geijtenbeek et al., 2003). Several studies demonstrated that the interactions of 

Mtb with DC-SIGN might have suppressed the TNFkB activation, thus inhibit the 

formation of dendrites (Mihret, 2012). The Mtb specifically targets DC-SIGN via its 

cell wall component ManLAM to prevent the maturation of DCs, leading to the 

secretion of anti-inflammatory cytokine, IL-10 (Geijtenbeek et al., 2003). However, 

the occurrence of this scenario could also perhaps be caused by the latency 

associated with Mtb proteins Hip1 and Acr (Mayito et al., 2019). These events 

correlated with the early stage of non-differentiated cells in TST-negative individuals 

which tends to appear in a round and smooth formation with the presence of a large 

nucleus and active chromatin (Soumelis & Liu, 2006). Grouard et al. illustrated 

similar microscopic examinations in which their human freshly isolated pDCs were 

of round-shaped cells with short processes presented on the surfaces, resembling the 

plasma cells as their name indicates (Dalod et al., 2014; Grouard et al., 1997). The 

ridge circular morphology could be observed through in vivo bone-marrow-derived 

immature DCs (Kim & Kim, 2019). These studies eventually deduced the structural 

changes of DCs in the presence of Mtb.  

In contrast, active pulmonary TB patients visualized a rather circular DCs 

with the presence of short dendrites upon LPS stimulation unlike the extended 

dendrites protrusions illustrated in TST-negative and TST-positive individuals. It can 

be suggested that the LPS unable to induce the desired antigen presentation to T cells 

due to the dysfunctionality of DCs. The outcomes of the current study have been 

potentially supported by cancerous studies which reported that accumulation of high 

lipid content in DCs could impair its function and further inhibit the stimulation of T-

cells (Herber et al., 2010). Zanoni et al. proposed that LPS induction might have 
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triggered the apoptotic death of differentiated DCs via the activated nuclear factor of 

activated T cells (NFAT) (Zanoni et al., 2009). Meanwhile, in a normal condition 

such as TST-negative individual, the LPS is detected by TLR4 which serves as a 

signal for DCs migration and stimulate adaptive immune responses (Gröbner et al., 

2014). Other studies exhibited multiple microvillus-like cell projections via the 

mature DCs derived from human cord blood (Neumüller et al., 2016). The ultra-

structure of mature mouse bone-marrow DCs which were exposed to LPS presented 

remarkably long with increased branch protrusions of dendrite morphologies (Zeng 

et al., 2012). Some of the LPS-induced BDMCs eventually have bigger protrusions 

with rough surfaces in comparison to the control (Xing et al., 2011). Thus, the 

formation of dendrites convinced the maturation and activation of DCs which occur 

due to the presence of LPS as stimulant.  

The current FESEM findings supported the uptake of DCs via flow analysis 

in which the liposomes may have a cytotoxic effect on DCs of active pulmonary TB 

patients, inducing cell death apoptosis. This condition could potentially be due to the 

presence of glycolipids in the current liposomes that may inhibit DCs via promising 

receptors such as DC-SIGN or mannose receptors (Pouget et al., 2021). Earlier in 

vitro herpes simplex virus type 1 studies revealed increased cytotoxicity levels upon 

the exposure of liposomal peptide-tripalmitoyl-S-glyeryl cysteinyl exposure on DCs 

(Nair et al., 1993). Hiromatsu et al. demonstrated similar cytotoxic activities against 

BMDCs of guinea pigs immunized with Mtb total lipid Ag, supporting the outcomes 

of the present study (Hiromatsu et al., 2002). Herein, the functional mycobacteria 

liposomes could have induced apoptosis specifically in active patients with TB 

infection.   
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However, the ability of DCs to uptake the liposomes can be observed in the 

DCs of TST-positive and TST-negative individuals, which possessed numerous long 

extended dendrites with clearer internalization of liposomes on their surface. This 

scenario emphasize that the liposome has been recognize and taken up by DCs, 

leading to its activation. Besides, this result correlates with the obvious signaling 

uptake of liposomes by DCs via confocal analysis which was discussed latter in this 

study. Hence, suggesting its crucial play in TB pathogenesis and stimulation of 

protective immunity against Mtb infection (Borrero et al., 2013). This present finding 

is similar to the animal study that uses liposomes derived from M. smegmatis, in 

which the liposomes are localized on the surface of bone marrow derived DCs, 

emphasizing on the liposomal uptake by BMDCs (Mat Luwi et al., 2020). Previous 

in vivo cervical carcinoma studies demonstrated efficient delivery of human 

papillomavirus (PHV)-E7 epitope antigen with improved anti-tumor immune 

responses by cationic liposomes (Vangasseri et al., 2006). Boks et al. observed 

consistent liposomal binding and uptake by specific DC targeting via their glycan 

Lewis X-modified liposomes (Boks et al., 2015). For these reasons, liposomes have 

been reported to inherent efficient immunogenic responses.  

In addition, the current study emphasizes the uptake of liposomes by DCs 

through the comparison with the normal-sized scattered liposomes, suggesting that 

certain liposomes may not be uptake by the immature DCs. Previous studies 

supported the potential of DCs to uptake the liposomes, although there could have 

been a possibility of other cells like macrophages that enhance stronger uptake in 

comparison to DCs (Vanbever et al., 2019). Kaur et al. reported that their liposomes 

formulation with a size range of 20-100 nm has potential to influence the uptake by 

DCs (Kaur, 2011). Other cationic liposomes comprise of dimethyl-
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dioctadecylammonium (DDA) and trehalose 6,6-dibehenate (TDB) showed a 

significantly increased capacity of inducing immune responses when compared to the 

large MLVs, acknowledging liposomes as potent vaccine adjuvants (Milicic et al., 

2012). Therefore, recommending the adjuvant properties provided by liposomes in 

triggering the maturation of DCs and subsequently signaling the production of 

essential co-stimulatory molecules for T-cell priming (Gardner & Ruffell, 2016).  

Taken together, M. smegmatis liposomes endow as highly competent 

adjuvant and carrier to potentiate desired immune responses. Its uptake by DCs, 

further supported its capability as a potential candidate for the modern vaccine 

formulation in infectious diseases, such as TB infection.    

5.7.2 Confocal microscopy 

The uptake of liposomes by DCs has been assisted by the verification of the 

confocal analysis. In the current study, the FITC-conjugated liposomes of all study 

cohorts were observed to be localized inside the DCs. This interaction could have 

been due to the structure of liposomes which comprised hydrophobic and hydrophilic 

phospholipids that increased cellular uptake (Zhang et al., 2019). Maji et al. study 

promote current findings with their confocal analysis illustrating the efficient uptake 

of cationic liposomes by DCs in Leishmania infection (Maji et al., 2016). The co-

localization of phosphatidylserine liposomes loaded with Mtb antigen has been 

monitored to be entrapped by DCs in both animal and human models (Diogo et al., 

2019). Besides, previous in vitro performance of lipid-PGLA hybrid nanoparticles 

exhibited similar outcomes, recommending the enhanced uptake of nanoparticles by 

DCs (Hu et al., 2014). These observations supported the intracellular localization of 

liposomes by DCs.      
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The DCs in active pulmonary TB patients illustrates a rather strong 

fluorescent formation than the weak fluorescent in TST-positive individuals upon 

being exposed to liposomes. Meanwhile, the bright fluorescent signal but with a 

lesser number of cells has been observed in the active pulmonary TB patients in 

comparison to the TST-negative individuals. These scenarios could potentially 

mediate by the adsorption of liposomes onto the surface of DCs which leads to 

efficient endocytosis (Miller et al., 1998). Early confocal studies revealed the uptake 

of mannosylated and histidylated liposomes via clathrin-mediated endocytosis as 

shown in their murine DC2.4 line (Perche et al., 2011). Takahashi et al. supported the 

current evidence in which their cationic liposomes showed enhanced uptake of 

ovalbumin by murine DCs cell line, DC2.4 through the clathrin- and caveolae—

independent but lipid-raft-dependent endocytic pathways (Takahashi et al., 2017). In 

a different study that uses liposomes coated nanodiamonds, their human primary 

DCs exhibited the uptake of nanodiamonds that localized inside the cells (Nie et al., 

2022). Interestingly, the present finding is comparable to Foged et al. study in which 

their cationic liposomes that comprised trimethyl ammonium propane detected strong 

intracellular signals in the high percentage subsets of both murine bone marrow-

derived DCs and monocytes-derived human DCs (Foged et al., 2004). Indeed, the 

internalization of liposomes by DCs is crucial to trigger specific immune responses, 

supporting its adjuvant effect.  

In short, the internalization process of liposomes derived from M. smegmatis 

via confocal microscopy provided additional insight into the uptake process and 

activation of DCs. The interaction between liposomes and the cell membrane highly 

depends on the nature formulation such as size, shape, and surface properties. Thus, 

the liposomes produced in this study succeeded to be up taken by DCs.  
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Figure 5.1 Overview of findings in the study.  

The exposure of liposomes to DCs of TST-negative individuals, TST-positive individuals, and active pulmonary TB patients regulate the 
activation of cells and assists the uptake of the liposomes. (ns=not significant) 
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CHAPTER 6  
 

CONCLUSION AND FUTURE RECOMMENDATIONS 

6.1 Limitation of the study and recommendations for future research 

Several limitations have been acknowledged in this current finding. Firstly, 

this study only measured the size of liposomes by using the established FESEM 

method. In this regard, the ZetaSizer method could be used for further characterization 

of liposomes due to the highly accurate and repetitive size measurement, providing 

more reliable results. This method was unable to be performed due to the fragility of 

liposomes. Next, the uptake of liposomes by DCs has been observed via a confocal 

microscope which is only visualized from one plane focus. The current microscope 

was unsuitable for the analysis of these fragile liposomes. Hence, it would be 

advantageous to perform a Z-stack analysis which could provide three-dimensional 

images captured at different angles. Furthermore, this study could have provided the 

identification of lipids present in current liposomes. Thin layer chromatography (TLC) 

can isolate and detect the purity of lipid compounds that exist and eventually provide 

additional understanding of liposomes. However, the standardized TLC method for 

the current liposomes has not met the desired expectation, thus further optimization 

tests are still required. Besides, it was preferable to test the stability of the current 

liposomes. This analysis was not performed in the current study since the liposomes 

can easily evaporate during transportation. Both foster resonance energy transfer 

(FRET) and epifluorescence microscopy could have given insight into the physical 

stability of the present liposomes.  

In addition, this study initially proposed to recruit n=138, with 46 participants 

for each group. However, this sample size has been reduced during the period of 

sample collection due to the ongoing COVID-19 pandemic and the restriction of 
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movement orders. These conditions had put the study on a halt due to the prohibited 

entry into the ward and clinic. Furthermore, the male and Malay participants have 

been enrolled as active pulmonary TB patients in this study. This condition mainly 

occurred due to the hospital placement in which HUSM received mostly male 

infected-TB patients, meanwhile, the female activated-TB will be receiving their 

treatments in HRPZ. It would have been advantageous to recruit females, and other 

races such as Chinese or Indians to reduce the bias of gender and race in the 

performance of the study.  

This current study was mainly investigating the uptake of DCs by liposomes. It 

could have been highly promising to confirm this interaction via the inhibition study. 

These inhibitors could verify that the illustrated uptake study was not attributed to the 

cell death mechanisms. Although this method may not be performed by this study, it is 

currently being tested in a continuation study. Cytotoxicity study is also recommended 

for future study to measure its potential toxicity effect towards cell that may cause cell 

death. RT-qPCR can be performed to further validate the cytokine expression of IFN-

γ, IL-4, and IL-12p70 within the molecular level. This method can provide the relative 

gene expression of targeted DCs upon exposure to liposomes. The western blotting 

analysis is also proposed to identify the signaling pathway of DCs stimulated by 

liposomes, supporting further understanding of the mechanism involved. More cell 

surface markers to identify specific DCs such as CD80, CD103, CD83, etc. are highly 

encouraged for future works. Lastly, the current study only focuses on the effect of 

liposomes upon being exposed to different groups. Indeed, the duration of the study 

needs to be further extended at different time-point to ensure the safety and adverse 

effects of current liposomes. 
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6.2 Conclusion 

The SUVs liposomes derived from total lipid M. smegmatis have been 

successfully produced, equivalent to its spherical shape formation with size ranging 

between 20 to 135 nm analysed. Upon the isolation of human PBMCs, the interaction 

between liposomes and DCs was investigated through numerical and visual 

observations. The immune profile of mean percentage DCs in active pulmonary TB 

patients in this study showed the downregulation of cell counts compared to the TST-

negative and TST-positive individuals. However, the presence of liposomes has been 

shown to induce stimulatory responses effectively. The presentation of HLA-DR 

expression and CD86 co-stimulatory marker was eventually improved, alongside the 

increased concentration levels of IL-12p70, IFN-γ, and IL-4 in active pulmonary TB 

patients. The presence of liposomes on the surface of DCs and the detection of 

fluorescence signal showcased the uptake of liposomes upon the immune activation of 

DCs. Herein, the current study represents the crucial role of M. smegmatis liposomes 

as a potential adjuvant, carrier, or vaccine that targets DCs through the stimulation of 

both humoral and cell-mediated immune responses. This suggests that liposomes from 

mycobacterial lipids as an efficient vaccine candidate and immunotherapeutic agent 

for TB infection. 
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RESEARCH INFORMATION (PATIENT) 

Research title: Deciphering the mechanisms of cellular uptake of natural 
liposomes derived from Mycobacterium smegmatis 
(liposomes-Msmeg) as a lipid-based vaccine by DCs of 
human peripheral blood monocytes (PBMCs) of healthy 
and patients with TB 
(Merungkai mekanisma pengambilan liposom yang berasal 
daripada mikobakteria sebagai vaksin oleh sel dendritik 
daripada sel darah putih bagi individu yang sihat dan 
pesakit TB) 

Main researcher: Dr. Ramlah Kadir 
Co-Researchers: Professor Dr. Norazmi Mohd Nor 

       Professor Dr. Armando Acosta 
   Professor Dr. Maria Elena Sarmiento Garcia San Miguel 
   Associate Professor Dr. Siti Suraiya Md Noor; MMC: 33300 
   Dr. Rohimah Mohamud 
   Dr. Tan Hern Tze 
   Dr. Alwi Muhd Bestari @ Hashim; MMC: 43591 
 
INTRODUCTION 

You are invited to take part voluntarily in research. This is about the effects of 
nanoparticles from mycobacterium smegmatis on dendritic cells from human 
blood 

It is important that you read and understand this research information before agreeing 
to participate in this study. You will receive a copy from this form to keep. For your 
records if you agree to participate. 

To identify the types of TB patients, some steps in the research are required but do not 
require you to take medicines (non-interventional research). It is important for you to 
read and understand the study information before you agree to participate in this 
research study. If you participate in this study, you will. Receive a copy of this form 
for your savings. 

SCOPE OF THE RESEARCH 

The scope of the study is focused on the patients who came for treatment at the 
HUSM Medical Specialist Clinic (KPP). Your participation in this study is expected 
tp take 15 minutes for 1 session for blood sampling by 10 ml by TB clinical physician 
of pulmonary TB by following the permitted procedure. A total of 46 TB patients are 
expected to participate in this study. 



 

PURPOSE OF THE STUDY 

This study is generally intended to investigate liposomes-based lipids from 
Mycobacterium smegmatis as a vaccine on white blood cells of patients with TB. This 
study is very important in expanding the potential of liposomes-Msmeg in medicine, 
especially TB disease. 

General: 

To investigate the effects of liposomes-Msmeg as a lipid-based vaccine on dendritic 
cells of human peripheral blood monocytes (PBMCs) of healthy and TB individuals 

Specific:  

1. To produce and characterize liposomes from total lipid of M. smegmatis 
2. To determine the proportions of DCs in the PBMCs of healthy and TB patients 
3. To determine the intracellular localization of liposomes-Msmeg by dendritic 

cells of healthy and TB individuals by using confocal microscopy and flow 
cytometry 

4. To perform a correlation study between proportions of DCs in the PBMCs of 
sputum smear positive pulmonary TB 

5. To perform a correlation study between phenotype (expression markers) and 
functional properties (uptake capacity) of sputum smear positive pulmonary 
TB 
 

PARTICIPANTS CRITERIA 

The research team members will discuss your eligibility to participate in this study. It 
is important that you are completely truthful with the staff including your health 
history [if relevant ONLY]. 

This study will include: 

Inclusion criteria 

TB patients: 

• Age 18 to 60 years old 
• Patients who had pulmonary TB with smear and / or culture positive to Mtb 

without treatment 
 

Healthy individuals: 

• The individuals without infection or symptom of TB 

This study will not include individual: 

Exclusion criteria 

TB patients: 

• Age below of 18 years old 



 

• Use of immunosuppressive drugs 
• HIV-Positive 
• Pregnant women 
• Breast feeding woman 
• Use treatment for diabetic and hypertension 

 
Healthy individuals: 

• Below of 18 years old 
 

If the participant is selected as a ‘normal control’ then it should state clearly on the 
inclusion and exclusion criteria using the similar template as above 

STUDY PROCEDURES 

Sampling method and subject requirement 

• Patients diagnosed with pulmonary TB (with inclusion criteria) seeking 
treatment for the first time at KPP HUSM. Informed consent will be obtained 
voluntarily prior to sample collection 

Data collection method 

i. Pre-study preparation 

• Investigator will be preparing a pre-packed bag consist of study related form, 
informed consent form and EDTA tube 

ii. Patient recruitment 

• Clinical physician of pulmonary TB at the KPP HUSM will identify the 
prospective patients/ subjects who matched to the inclusion criteria and 
consulted them. The corresponding patients / subjects involved are those who 
attend the clinic from February 2019 to December 2019. Once patient agree, 
informed consent and associated form will be issued and obtained. Honorium 
will be given to each consented patients / subject that involved. No vulnerable 
issues involved in this study  

iii. Sample collection 

• Blood samples (10 ml) will be collected by vein puncture after following the 
informed consent procedure by Clinical physician and signature of the 
corresponding form. 

iv. Data collection 

• Ethical permission for all the procedures involved in this study will be 
obtained from the Human Research and Ethical Committee (JePEM) in 
Universiti Sains Malaysia. With consent, patient’s biodata will be taken from 
their records. Privacy and confidentiality will be of high importance. At the 
start of study enrolment, each participant will be given a unique study number 



 

to identify them / the sample in the following process of the study, and names 
will not be revealed. Study forms and consent forms can only be handled by 
authorized study investigators and staff and kept in a locked cabinet within 
Department of Immunology, PPSP, USM. Any electronic database with 
participant names and information is protected and can be accessed only by 
study investigators.   

RISKS 

If you participate in this research, you may experience a pain when the needle is 
injected, bruised after the injection and a little blood will probably dropped out at the 
injection site. The effects are normal, and it will disappear within a short timeframe.  

Please inform the staff who involved in this study if you encounter any problems or 
information that may change your agreement to continue participating in this study. 

REPORTING HEALTH EXPERIENCES 

Please contact, at any time, the following researcher if you experience any healthy 
problem either directly or indirectly related to the study. 

Dr. Alwi Muhd Bestari @ Hashim (Number of Full Registration of Malaysian 
Medical Council: 43591) at 09-767 6572 or 012-4797577. 

PARTICIPATION IN THE STUDY 

Your participation in this study is entirely voluntary. You may refuse to take part in 
the study, or you may stop you participation in the study at any time, without any 
penalty or loss of benefits to which you are otherwise entitled. Your participation also 
may be stopped by the research team without your consent if in any form you have 
violated the study eligibility criteria. The research team member will be discussed 
with you if the matter arises. 

POSSIBLE BENEFITS [Benefit to individual] 

This study procedure will be provided to you at no cost. You may receive an 
information about your health from physical examination and laboratory tests to be 
performed in this study. The information and findings of this study are expected to 
benefit the patients in the future. 

POSSIBLE BENEFITS [Benefit to community] 

There is no negative impact on society. Blood donated by health individuals and Tb 
patients can help researchers to investigate the effects of liposomes-Msmeg as a lipid-
based nanoparticles on humans to prevent Mtb infection. Therefore, liposomes-
Msmeg can be used as vaccine for humans to prevent Mtb infection in turn to reduce 
the occurrence of TB disease.  

POSSIBLE BENEFITS [Benefit to university] 

There is no negative impact on the university. Results from this study may help 
researchers to develop potential TB vaccine, lipid-based nanoparticles. Thus, it will 



 

help the university in the research and development of TB vaccine to encourage the 
collaboration between local and international researchers to develop more effective 
TB vaccine for the benefit of the world. 

QUESTIONS 

If you have any question about this study or your rights, please contact: 

 Dr. Alwi Muhd Bestari @ Hashim 
 Jabatan Perubatan, Pusat Pengajian Sains Perubatan, 

  Universiti Sains Malaysia, Kampus Kesihatan, 
  16150 Kubang Kerian, 
  Kelantan 
  Office number: 09-767 6572 

 
  Profesor Madya Dr. Siti Suraiya Md Noor 
  Jabatan Mikrobiologi, Pusat Pengajian Sains Perubatan, 
  Universiti Sains Malaysia, Kampus Kesihatan, 
  16150 Kubang Kerian, 
  Kelantan 
  Office number: 09-767 6247 

 
 Dr. Ramlah Kadir 
 Jabatan Imunologi, Pusat Pengajian Sains Perubatan, 

Universiti Sains Malaysia, Kampus Kesihatan, 
 16150 Kubang Kerian, 

  Kelantan    
Office number: 09-767 6226 

 
If you have any questions regarding the Ethical Approval or any issue / problem 
related to this study, please contact: 

 En. Mohd Bazlan Hafidz Mukrim 
 Setiausaha Jawatankuasa Etika Penyelidikan (Manusia) USM 
 Bahagian Penyelidikan dan Inovasi (P&I) 
 USM Kampus Kesihatan. 

  Office number: 09-767 2354 / 09-767 2362 
 
CONFIDENTIALITY 

Your information will be kept confidential by the researchers and will not be made 
publicly available unless disclosure is required by law. 

Data obtained from this study that does not identify you individually will be published 
for knowledge purposes. 

Your original records may be reviewed by the researcher, the Ethical Review Board 
for this study, and regulatory authorities for the purpose of verifying the study 
procedure and / or data. Your information may be held and processed on a computer. 
Only research team members are authorized to access your information. 



 

By signing this consent form, you authorize the record review, information storage 
and date process described above. 

MAINTENANCE OF SAMPLE STUDIES AND SUBJECTS PROCEDURES 

The blood samples will be stored and processed in the culture laboratory of 
Immunology Department, PPSP, USM. Permission to access the research sample will 
only be permitted to the researchers and students who involved in this study only. 
Excessive blood samples (if any) will be stored in the -80oC frozen refrigerator and 
then transferred to the fluid Nitrogen tank. This stored blood samples will be used in 
the next study procedure by your permission with the approval of HUSMs human 
ethical board. Otherwise, this stored blood sample with be discarded according to the 
prescribed procedure.  

SIGNATURE 

To be entered into the study, you or a legal representative must sign and data the 
signature page on Subject Information and Consent Form (ATTACHMENT S). 



 

ATTACHMENT S 
 

Subject Information and Consent Form 
(Signature Page) 

 
Research title: Deciphering the mechanisms of cellular uptake of natural 
liposomes derived from Mycobacterium smegmatis (liposomes-Msmeg) as a lipid-
based vaccine by DCs of human peripheral blood monocytes (PBMCs) of healthy 
and patients with TB 
 
Researcher’s Name:  Dr. Ramlah Kadir 
 
To become a part this study, you or your legal representative must sign this page. By 
signing this page, I am confirming the following: 
 

§ I have read all the information in this Patient Information and Consent Form 
including any information regarding the risks in this study and I have had 
time to think about it. 

§ All my questions have been answered to my satisfaction. 
§ I voluntarily agree to be part of this research study, to follow the study 

procedures, and to provide necessary information to the doctor, nurses, or 
other staff members, as requested.  

§ I may freely choose to stop being a part of this study at any time. 
§ I have received a copy of this Participant Information and Consent Form to 

keep for myself. 
 
 
Participant Name      
 
 
 
Participant I.C. No. 
 
 
 
Signature of Participant or Legal Representative              Date (dd/MM/yy) 
 
 
 
Name of Individual                        
Conducting Consent Discussion  
 
 
 
Signature of Individual           Date (dd/MM/yy) 
Conducting Consent Discussion  
 
 
 
Name & Signature of Witness       Date (dd/MM/yy) 



 

ATTACHMENT P 
 

Participant’s Material Publication Consent Form 
(Signature Page) 

 
Research title: Deciphering the mechanisms of cellular uptake of natural 
liposomes derived from Mycobacterium smegmatis (liposomes-Msmeg) as a lipid-
based vaccine by DCs of human peripheral blood monocytes (PBMCs) of healthy 
and patients with TB 
 
Researcher’s Name:  Dr. Ramlah Kadir 
 
To become a part this study, you or your legal representative must sign this page. By 
signing this page, I am confirming the following: 
 

§ I understood that my name will not appear on the material published and there 
has been efforts to make sure that the privacy of my name is kept confidential 
although the confidentiality is not completely guaranteed due to unexpected 
circumstances.  

§ I have read all the materials or general description of what the material 
contains and reviewed all photographs and figures in which I am included that 
could be published. 

§ I have been offered the opportunity to read the manuscript and to see all 
materials in which I am included but have waived my right to do so.  

§ All the published materials will be shared among the medical practitioners, 
scientists, and journalist worldwide.  

§ The materials will also be used in local publications, book publications, and 
accessed by many local and international doctors worldwide. 

§ I hereby agree and allow the materials to be used in other publications required 
by other publisher with these conditions: 

§ The materials will not be used as advertisement purposes nor as packaging 
materials 

§ The materials will not be used out of context – i.e.: Sample picture will not be 
used in an article which is unrelated subject to the picture.  
 

 
 
Participant Name      
 
 
 
Participant I.C. No.  Participant’s Signature Date (dd/MM/yy) 
 
 
 
Name and Signature of Individual     Date (dd/MM/yy) 
Conducting Consent Discussion 
 
 
 



 

Appendix A 

Study form 

Deciphering the mechanisms of cellular uptake of natural liposomes derived 
from Mycobacterium smegmatis (liposomes-Msmeg) as a lipid-based vaccine by 
DCs of human peripheral blood monocytes (PBMCs) of healthy and patients with 
TB 

Specimen no:      Date: 

Study ID: 

Mailing address: 

Telephone no (Home/Mobile phone): 

Age:       Date of birth: 

Gender:      Race: 

 

Clinical Data 

History of tuberculosis: Yes   No 

If yes, 

Completed treatment   Not completed treatment  Reason: ______________ 

Family history of tuberculosis Yes   No  

If yes, 

Parent   Sibling  Others: _______________ 

Smoking:   Yes   No  

If yes,     Active   Passive  

Pulmonary TB with smear: Positive  Negative  

Mtb culture:   Positive  Negative  

If positive, 

With treatment   Without treatment  

Use of immunosuppressive drugs: Yes   No  

HIV-positive:   Yes   No  

  

  

  

  

  

  

  

  

  

  

  



 

Pregnant women:  Yes   No  

Breast feeding:  Yes   No  

Use treatment for diabetic and hypertension  Yes   No  

 

 

 

 

  

  

  



 

Appendix C  
 

1. Standard curve IL-4 

 

 

 

 

 

 

 

 

 

 



 

2. Standard curve IL-12p70 

 

 

 

 

 

 

 

 

 

 

 



 

3. Standard curve IFN-γ 
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ARTICLE I NFO A S STR ACT 

KcywQ!dr: 
Dtvg de.l.ivey ~ys~m 
NOQ(J-(:tiYitl 

~·· Upo,t(l ffii'S 

Ma.Laria 
Tuhncu!«;;is 
VaccWOM 

Tb.e advances i o the devek>pcnent of thugs and vncc.ioes for m<ljor i.niec:tious dii:ea!les ortube•tulosi;; ('TB). ma­
huia aru1 lilY 1·eprcsent some of the most siguific.aut milestouC'S iu t1l<iJ: lhera p.:utic strat~iC""S. Yet, cwTent dntgs 
and \'accincs display l imi tations such as drug resistance- and low efficacy lcvd. ln rccc.nt )'ea rs, new etnd-ging ;wd 

advanced nano-tedmology c;~nic:r liposomes h::nrc bc:c.u \'fidd;· studiC'd towa n.ls producing drugs and vac-cint"s 
capabl.e of t:ugd.ing infectious d iscascs. U posow es pomaycd biocomp;tci.bl< and bioclcgrndable pt·opertles with 
vasatile flexibility, cha raci:C'.ristics d~o:tt ~c ad\ant;!8eoUs for a good targetittg ;~t dlC' s ite of action The success of 
liposomes has l~C"wed intC""r e st in the- n:scnrch and dC'vd opmmt of liposomal dntgs :utd va.cciru:s shifting the 
p..'U·ndiem in infectious disc!aSes tteatlllt'ut. This re view focuses ou dt< limit:ations of cu11:t>nt thcrapeuticW:ugs a.uJ 
v;~ccincs~ the knowleclgC' of lipowmcs in ttttns of t.h.c:U: dassificacious ;utd advantages, :uu:l ;~ rc:viC'\Y o f the 

application of lip«;omc:s in the tt·e.:atmc:nt of TB~ wakuia~ .:md HJV infi:ction. 

1. Introduction 

infectious diseases are n global henlth (Oncem. Infectiou-S diseases 
nre cnused by vnrious pGthogenic m.icroorgnnisms: bucterin., fungi~ 
parasites, and vinJSes which con be o·o.nsruined between people through 
direcLbodilycontnct, nir dmplets, vebiclespt-eads, zoonoses, and vedor­
bome o·:msmission [ t ]. Malaria, tuberculosis (TB), and human immu­
nodeficiency viiusjocquired hmntwe deficiency syndrome (HlV/AlDS) 
are the top tlu-ee major infectious diseases worldwide [2]. 11te highest 
monnlity mte is seen in low-income countries with a mortnlity rnte of 4 
nUUion per year[~: .. ] . 'The gold stnndnrd in the treatoumt of t hese dis­
eases is lhe use of vttcdnes ru-.d antibiotics. Vo.tcinntion is crueinl in 
disease prevention and lu1d successfully emdicnted smallpox nnd 
controlled several other infectious diseases [4]. However~ vaccines 
against maltuin tmd HN nre not comm,~rdalJy nvnilnble. ohbougb there 
ru·e several potential rondidntes <htlt bod entered clinical ninls [5,6]. 

MeAtlWhile, ffie TB V:K'cine which sol~y nilied on 1\00fl.:lfn.l BCG 
vaccination is highly lmown for irs inefficiency to redttce A-fycobacteri1on 
tuberculosis (Mtb) <rCUlSmission among adolescents and udults (7-9). 
Despite the greut efficacy 5hown by nntibiotiC8 in these disease ti-e.."l.t· 
inents [1 0), there rue Limitnrions in the CUJl·enl ruuibiotic regime 

• Corre.<~pondinz author. 
E-mail address: trunb.hl.;.._l.l.Jitituunmy (R. Kadir). 

bops.: //Joi.orf/IO. IOJ6/jJ.tt.2022 120734 

including poor ndherence to medicine among patients, poor tolerability. 
limited access to medicatiolls due to high costs a.nd resistance, the 
emergence of mnjor side effects and low efficacy of antibiotics [ I 1-14). 

Thus, it h.-. .. s been proposed thnt ljposomes co11 overcome the limi­

tation of cuuently available drugs and vaccines. liposomes are 
ll(Ul()teth110logy-based earlier in d11,g deli,•ery amier. !11 dn,g delivtny, 
liposomes are sphetical artificial vesicles; sun·oWlded by a membranous 
lipid bilayer of phospholipids [15 ]. Bod1 nnruml nod >-yntbetics de­
rivatives can be used as dJecomponentsofphospholipids iu aliposome's 
prepnmtion. Plimarily, liposomes are used as drug delivery systems 
(DDS) nod adju\•nut nnc:l/or antigen carrie..s in vncc:ines. Bnrty pioneers 
of liposomes, Gregorindis aoc.l Perrie, descrjbed d1e liposome's nbility to 
en('(lpsulnre d.n,gs nud efficiendy deliver them to dte tnrget sites [I b]. 
This natTative review focuses on the limitations to CW]'f:Ot therapeutic 
c:lntgs nnd v:lccines tluH persist in the neannent of iJtfoc-rious disl!nses. 
the basic knowledge of liposomes such ns clnssific<ltion ofliposorues, the 
ndvo.nt:.<'tges of liposomes, arx:l reviews the use of Liposomes in dle 
treatment ofTB, malruia, and HJV, 
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Table .l 
L.imitntions ofthernpeuric dnt,!S nnd vncdnes in infectious dise:t...a. 

Um1t3tfottS 

!>-
Antibi.ori~ ~WtAnce 

High toxicity'"''@!. 
Poor bioov\lllobiihy 
Short-pl.:..:om., life 

Rapid drug ~limin-illo.n from th~ body 
Serioue- odt·erse effEC'U 
Di.shib utio11 o( poor-q u:.lity d ruz:s 

Vo~(iJI<"J 

Potomth.l ~ Jf~ds 

V:ui~k teropero.mre--e<>nttolt.xlstoc~e 
Ago:-depowddl t .suibh Ui.ty 

Respo•~ + bu(Lloro.llmmunlty but not <el1u1ar IJnri)UJ\lly 
O»dy 
R~at~d d o.\e$ required 

HunlilJl errot 

(!OJ 

I'l l 
!271 
( 2t>l 

(261 
{31] 
(321 

(:J.4.4jl 

(361 
(" 6J 

(3-11 
{37] 
[~2) 

H21 

2. limitations of current treatments in infe-ctious diseases 

2./. Linito.fi011 of current therapeufic dru@ 

Despjte the advancement in ropid ideotificntioo of cnu.sutive t.lgeuts 
in these diseases being helpful i.n mtuUlging nnd reducing the rmns+ 
mission of these diseases over the cent\tlies (1 7,18]1 there have been 
severnl Jimimtions of the therapeutic drugs. The Jock of highly effective 
:md efScient dru!;'> anti the emergence of drug resistnnce (third~line 

antibiotics) remain m.'\jor linlitations in the cw1·enr management of in­
fectious diseases [1 9] . It is reported that nn~tidrug·resistnnt (MDR) TB 
widely affect patients in China, Russian Federation, and Lndia [20). 
Another dmwbt1ek of the eunenr ootibiotic tegim~ is d..e ioductiou of 
toxicity [21] . Although additio<>'li supplementation of dmg dosage con 
be beneficiAl~ t}']>ically for treating severe infections, it is shown to 
induce drug toxicity and reduce therapy corupUance which in tum 
contribute to the oecwrenc:e of ruuibiotic resistance (22,23). 

Another limitation of cun-e~1t drug d1erapy of infectious diseases is 
tbe reduced drug bionvailobility at the targeted site [24]. Routes of 
tldm.inistTt:t[ion and dosoge rue the main focrors to d~termine the: drug's 
bioovnilability rote and extension [25]. Most drugs in the nwl<et are 

commonly ru:lmini.s te~·ed through ornl or pnrentetnl routes, which 
rest~ted in severn! first·pMs effects such ns drug degradation ood low 
absorption ns well ns mpiu clem·ru1ce !rom the body (26,27]. Due to 
protein phrumncoh.inetic properties, seveml factolli such ns moleculttr 
weight, size, and sUJfoce charges detennine che eJ.imio.oti.on mte 
[28-30]. Thu.s. a bigherdoseofthedrug is usually needed to maintain a 
tbempeutic concemmtion dtu·ing tbe desired period [28). This would 
cau.'ie an niter-effect clue to tlte fluc.tuation of the therapeutic with n lUgh 
initial peak. Jt is proposed that the extension of plnsmo half· life in future 
biologicals c.ru1 jmprove the efficacy oJ d rugs, e\'eO with lower dooes. 

Failure to adhere to prescribed regimens, mosdy due to the pre­
sCJiption of multiple drugs in disease trenrment. sen.'eS iLS lJ limitntion .. 
Mt1Jtiple d mg intervention is associ..·ued "vitb high costs :md serious 
ndverse effects [3 I). Moreover. tbe distribution of low·qunlity drugs to 
d iverse countries and provincesJ as well as the low socio+economic SC3t\JS 

of tUf-ec,ed populations ru·e globnl concerns in eJ·odicoting infec![ious 
diseases [32]. These challenges need an w·gent oolution and liJ'O"orues 
are proposed as a highly potent diUg carrier [33]. A sW>umuy o f the 
Limirnrions o( thru:npeutie dtllg:s js pr~seuted in TnbJP 1. 

2 .2. limittJrioos of current 'VUCtiflts 

Vaccination is n weU-estnbli.shed nnd effective method in infectious 
disease managem.ent. However. conventional \"accines which o.re 
commonly prepared from tlttenunted or ltiUed nticroorgtutisms or ptui of 

Uf~ Scu:ru~s ;WS (2022) 120734 

thei r fmgme.\ts (0 induce inumU\ity possessed s~vernl limimtions. nus 
metbod is often linked witb 1Jlldesimble side effects sucb ru; ollergic 
responses due to iugmdients (i.e. octive substunce ln rP..sidunls fl'Om 
preparation) in the vac-cines [34]. The cold chain is imponant to pre­
seJve vaccine potency therefo:re mass production tmd use of such vac­
cines is not <~ways odtievoble nnd affordable [~:>.36]. 

New generation vaccines kno\~tn as subtmic vaccines {L~, composed 
of carbohydJ"3tes, recombinant DNA, pudfied l>roteins, or peptides) tue 
less or non·i.nununogenic require the nddition of ndjuvnms. The snfety of 
ndjuvttuts in immuoocompromised nnd elcle..Jy pnt ieots sti U needs to be 
elucidated [36]. Besides, antibodies created from tbe induction of im· 
mun.ity nre resrricred 10 huo)()rttl immunity ool y, usull11y without 0 1 only 
weak cellulor imruW>ity being produced [34]. Efficient vaccines sbould 
slgnificnndy en)lOJ\CE! both ce.llulnr and hwnornl immune respons(!S and 
this- can be achieved by using an appropriate particle-b..1s:ed vaccine 
deli\>-eiy system such as liposomes. 

High pnxludion cost ( --100 million USD) from concept to m .. 'U-ket 
nu.d long developmenc priX'ess (i.t., mkes 5 to 18 yeon) still g1eot lim­
itations in vncciJ1e prod\lction [37,38]. Flexible, m pid, and low-cost 
vaccine dev-elopment and ruanufaccuring technologies are required to 
""''" the higb deolllJlds of v'9ccin• supply. especinlly Jtighly-populnted 
regtons [39]. Vaccines that require multiple doses for optimal imnn.l­
nogenicity nod efficncy also moons a time-consuming pwcess [40,41]. 
ThtiS, dose monitoring must be CQnducted to ev~Juare corupli:mce with 
voccination schedules, especially in infants ruld yowtg childl'en. Ne-W 
i11uovative vaccines aim to reduce doses nod uchieve the same efficacy 
nnd optimal disease protection in the population. 

Parenteral vnccination is the gold stand..vd in vaccine immunization. 
however, it requires expen pmc[itioners to handle it and there is n 
needles nnd sytinges issue by \ ... ·ny of needle-phobia or accidents with 
used needles [42]. Altematively, the adruinisn·ation of oral vaccine 
which rue cwre.ntly limited crut be implemented. However, the oro.l 
vaccine can cause a harsh gasttointestinaJ environment and tolerance 
induction nod require a. highet dose of antigen c:ompated to p..1.ceuceraJ 
iuununlz::.ttions. and this requires a solutlon to c.tter to the issues 
( 43-45]. To overcome these linlitntions. Jiposom.es are used to incrense 
immwwgeuictt.y without ndclltionnl side effects. 

3. Lipo.scunes: 

Uposomes hnve nmphiphilic chnrncteristics, oud are composed of o 
hydrophilic hencl and hydrophobic chni.n.s that interoct with the aqueous 
phase, st1ggesting n close resemblance to tbe ceiJ ruembrone [ d7 19]. 
Hyd(ogen bonds and polru interw:tions between the lipophilic penne­
oble membrane and polor bends of lipids conttibute to tbe stabilization 
of liposorues [50]. The lipid moleculnr stt ucture thot pos.se~es both 
water-batins and water-friendly moieties enables liposomes to entmp 
nnd solubilize nwnerous insoluble and wnter·soluble drugs into the 
bilayer and aqueous core of theJiposomes respectively [51 55]. Pbos­
phntid)icholine (PC) and d ipolmitoyl PC ill an aqueous medium ru·e d-.e 
most common bwmm Jipids used in U~me prepnration und these 
substances c.an induce potent irunume responses (56, 57]. OWing to their 
unique versarHe structure, o variety of molecu1es (e.&. procein.<~ . pep­
tides, and nucleic acids, lipids) can be incorporated into liposomes 
[58,59]. 

The size of liposomes ranging from smoll vesicles (0.025 11n1) to 
iru·ger vesicles (2.5 ~m) influences d~e encnpsulntion of dtugs tllld d>eu 
half·li£e [47,53]. Flexible cltaructeristiCB of liposomes include the ability 
of SLu:foce moc:lific.Btion dlat can prolong dle c:ircuJo.rioo time of drugs 
ond vaccines [<>0]. A hydrophilic polymer such as polyethylene glycol 
(PEG) shows higher repulsive forces between liposomes nnd senun 
compon~ms. with [be ~nhonce..u~.u of pe1 nlf!Obility find rett'!ntion (EPR) 
effects and h•lps to prolong tbeir half-life as well as delivery of bio­
molecufes to the site of uction [61 -63]. The size nnd stnbility of lipo­
somes are c1ucial to be maintained to avoid drug leak..1ge that will 
reduce the efficacy of dl'ugs. A proper storage condition in lJ dty smre 
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Tnble. 2 
Cl'I.Ssificntion of liposomes. 
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could mahe dte lipo5ootes last up to three monrh.s upon incubation ~t 
4 ~:c. \Vith the addition of stabilizers (c.&, sucrose) by minimizing free 
d rug concentration ;md reducing the alteration in vesicle size [64-66], 
The use of nppropJ'hLte exdpients \\1idlin the liposon:lal fonnulndon 
protects the liposomes dlll·ing the free.z.e-d tyi.ng process [6 7]. The most 

used excipients in freeze-diying of pharmaceutical products include 
bulkingngems (<!.g, o·ehnlose, mannitol, loctose), buffer stnbilizers(e.g., 
glycine, !l.laniue, lactose), tonicity adju~1ers: (e.g. nmru1i tot glycine. 
glycerol) und collapse tempemture modifier~ {e.g hydroxypropyl­
P·cyclodextrin, PEG and dextron) (68) . 

Tite diversity of m.icroorgrullsms such ns bacteria.. protozoll, fungus, 
and viruses hns been ossociored with severe htuuan infection.s [()9). 
cw,·ent therapeutic drugs have limitations that become a. mtYor dra\\'­
bacl\ in diseore management Thes:efol'e, Hposomes produce a JX)te.nt 
efficacy, overcoming the lim..irations such as in fLmgal disease by 
improving dle loml ~ffe:cts of the drug dtrough o dee~r peneuncion to 
the specific site "'1th sufficient drug diso·ilxttion and good recovery of 
ot'gtUlS [70 72.]. Previous find ings also de•nonstmtecllipooonml encnp 4 

sulation significantly increosed the survi\'3] rote of fungal-infected mice 
wirh t•educec.l fwtgul btudeu in lw1g t~ues (7:3-75] . Moreover, ill a 
protozoru1 study. the incorpor~tion of Uposomes even pJomotes a sig­
nificant thempeutic index:, which could lower the toxicity nnd regulate 
the l ru~ of dl\lg ((} the rru·gec. ce11 site, wherE! the prot'0200 parasites 
reside (76). Certnin d rugs, esf>e<ittlly those against bacteria, bnve low 
p hrumuoodyJ:mmic activities thut n~quin~ u higher- dosnge oonce.ntJ.ntion 

which can induce other side effects. Addressing this challenge, drug· 
encapsulou!C:I Liposomes studies demonstrated t1 grettte.r· immlU1oge4 

nicity effect which rej uvenates the inu11une cells and antibody secretion 
with rather· reduced oomplicnrion tn ]. Thege_ findi.ogs provide :m 
insight into the depletion of inflMlOL.."\tion market-s and longer circula­
tion time by llpooontes to o.djust theil: physicocbe.nlicnl propetties nnd 
8ti.mu1nte higlt ly efficient outcomes in infectious diseases m •. -magetnent 
V 8,79]. Fw-thermore, liposomes are competent as inmtunoo.djuvant 
which elicits strong hwnoroJ immune n-.sponses via in vitro CD4_.. and 
CDS ' T cells (60). This property tt!lov.>s liposomes to enhance the 
stimuhuion of t-"Ytokines (such as WN-y. ll-4~ nnd IL~2) ond HTV-spC!Cific 
antibody production (81,82). Collectively, these findings provide a wide 
reseo:rch plntfonu to exploit 1iposomes due to its ext r:.lordin .. -..ry cnpn· 

bilities and good safety aspects. 
The rnechanisms involved in the intemction of lipo:~omes llfltl cells 

durlng drug delivery m .. 1.y inchnle Uposomal a<lsorptloo to the swf ace of 
the cell membrane followed by the process of releasing the drug. The 
lipid bi.layer of the Hposome d iffuses with d1e lipoidal ceU membiane 
which nl.lo'A'S direct o·onsn1ission into the cytoplasm and results in tbe 
exchnuge of Lipid [16,83]. ln addition, Jiposomes oJso function as 
effective carriers for adjuvants rutd mediators due to their unique 
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Ttt.ble 3 
Advnnmees of liposomes ns druz deJivety .sySU>.nts and tools in vnccine 
development. 
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I<UgC'ri.ng 
Bl«omp:~.tibility :'lllWlll!l rn.Jni.nuun toxicity [112) 

l~o:h 
B!odegr.:~d3billty pr~ve.o~ phy;i.QiogkaJ [113) 
degradalion 

Membrone fiuldHs· tiOO) 
Ven:ltile llv unu:re [;9} 

Po~W: immwt.'l' ~~ow;~ iud~tcer 1>6) 
Vet$OtUe striXt ute tu terms of :::lze. kune1Jo.d1y, (53) 
su.rbu modilk11.tion 

propeJ.'ties which cun be adjusted dw ing the fonnulnrian process. 
through the composition of inunwte-sti.mulotors, incorporation of lipids 
and nntigen lnmtuue-stimulnton: [B4185] . Thlum togetl1erl liposome is a 

promising nanoc-nrrier application in drug and vaccine intervention in 
infectious disease [t'e.lhnent. 

3. 1. Cb.tssification of liposomes 

The.no.tLU"e of nliposome OOJ.lo·system is govetTted bysom.e suu crurnJ 
pornmeters {type o( ~cles> siz(>.$, nnd ~evernl li~lid blluyers), compo­
sition, and method of prepm-ation (Table 2) (47,SIH38). Liposomes are 
djvided into four major groups: i) uni.lameUar vesicles (ULV), ii) multi­
lnrueUor vesicles (MLV), ill) oligo!nmeUnr vesicles (OLV), nod iv) mul­
tivesi.cul.nr vesides (MVV). 11te vorious sizes of ULV indu<le smnlJ> 
medium, large and giant vesicles (89). A diverse arny of liposome 
compositions hM been developed including conventional liposomes, 
cationic Uposom.es, long circulatory (stealth) llposomes coated with 
polyme1ic conjugated, fusogenic liposomes, and pH·.sen.~ itive liposomes 
and immuno-uposomes (direct togging by antibody or ligaods) (90,91). 
Active nnd passive methods are the mnin methods in the preparation of 
Jiposomes [~2,9.3]. Proliposomes lyophiliz.!ltion ts an exnmple of an 
ac:tive pn~ponuion JUetbod. lt ts beneficial in incn~using dte lee subli­
mation rure upon lipid dissolution into tert-butyl nlcohol trBA)/w"ter 
solution to prevent ma.teri.."lls from coUapsing and is highly !mown to be a 
cost-~ffedive technique. (94]. Jn passive loading, methods used are 
mechanical dlspersiou, solvent dispetsion. and detergent removal [ 4 7]. 

3.2. Advantages of Uposome. 

Liposorues have been studied in numerous diseases suc:h as cru1cer. 
nutoim.nmne diseoses, and a..Uergy through 1:\1\•o different stmtegics: 
passive and active targeting [95. 97]. Nevertheless, ~posomes encoun­

ters some o. few challenges such as n. high. production cost, low 90lubility 
mte, reduced shelf-life, chemical imtobility tbot cao affect dte encajr 
sulation efficiency, sterilization towards microbial contam.ination, and 
leakage of the enc~~ptSulated drugs (TuWe J ) [98]. For instru1ce, nld1ougb 
cationic Uposomes possess 3 relatively weak 3djuvaot activity and 
instabili1y, studies showed bener results in the combiootion with othet· 
imnmnostiruulato1-y ::~.gents .sucl1 as trehalose dimyoolate, trehalose 
6,6'dibenehtlte nnd monophoophory! Upid A [!»]. Moreovet, pnssi\<e 
targeting by liposome6 (i.e., involves aw'fnce cooling with polymer) can 
prevent the uptnke of di\Jgs by <he retiruloendothelinl syS<em (RES), 
allowing prolonged circulation of drug-lo3ded liposomes. Active tar­
geting ( ie., through ligand-receptor-specific binding) ndditionnUy inr· 
prov~ specific Ut.'t'UmuloLion [0 d)e site of :letion noaJ miniolizes off­
target •lfects ( I 00 102). Soluble rifampicin incorporoted into upo­
.somes resulted i.o rapid Je livery nnd prolonged ··e1ease of the tln 1gs to 
runcropb.ages \\oi tb nUnimized systemic side effects compru·ed [0 free 
rifampicio dru~ [103]. 
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Fit. 1. Unique propenic:s of hposome and irs npplicntion me.chnnisOls in druzs and vaccines. Liposomc.s benefit fmm thcir uniqUe": properties such as ampltiphHic 
su·ocrure, th.eit vers..'ltile so U('tute iu terms of size, 1.1.0leUtvicy, swface .O.loditic~tio .n.. rullJ goot.l rru·g-etiJ.\~ awillobility by active Md fXJo.SSh'e targeting) plus. Weir 
bioc:orujXltibilily ~1ruJ biodegrOOability propeu:ies. 

11te ndvuntage of liposomes is it hns biocompntibility nnd biode ­
gradability features (Table 3). Significant biocompatibility of liposorues 
is sbown by high reduction of cytotoxici'Y \•li th n minimum levcl of 
toxicity (l M .l 05]. Biodegrnd.,bility (i.e dte obUity of dte compounds to 
be clMred ru:trumlly from d1e bocly) feoc\u·es of Liposon1es is due to rhe 
biodegradable mateJ.iaJs (e.g. chitosan. gelatine, dextran, rutd alginate) 
used to mnke liposorues. These decompose easily ru1d reduce nd"-erse 
e ffects to the host [106,10'1]. Lipids such ns I'C and ilipnlmitoyl PC used 
in liposomes help to in<.luce potem inurnllle responses, n vety etK'Our­
oging finding in the potentiol of lipooomes use in vaccine development 
(56,57]. As in liposomal drug delivety systems. the concentric lipid bi· 
lnyers of liposomes: ::a.s ndjuvnnt aru:l Mtigenic eru1iers in vaccines are 
designed using phospholipids. 

Length choin, saturation degree, DJtd locnrion of hydrocnrbon ( i '· 
influences on membrnoe fluidity) are considered in cr""ting the bilayer 
components [100]. A rigid snuctuml bilayer is formed by a lonse· 
hydrogen chain, while, {I shorcer ttti1 results in nuid bilayer fonuotion. 
Uposome adjuvants enhance the recognition of rellular uptake, antigen 
processing, aod presentation by antigen-presenting cells (APC) and 
antigen-specific immune. responses (both hwnorol and cellulnr) 
(106,107,109 111] 

Taken cogether, liposomes are promising nanocarriers in delivering 
d tugs and vaccines. Unique properties of lipo•omes as a highly p<>tentiul 
ODS and in vaccine develop111eot ru~ illu.$tmted in F1g. 1. 

4 . Wposomes r.md tuherculosis 

1.1. Liposon.e! for tlJbcrt:ulosit tn!atmetlt 

Tuberculosis (TB) is the le.lding rouse of dead·, globolly with 
approximately 1.45 ntiUiou deoths in 2018 (114]. An estimated 1.7 
million people ru·e infected with Mtb, the mycobacteria that cause Til 

[115]. Thus. developing in tewention against. TB represents u crucinl 
global health p1iotity. Prim.ro:ily, TB pathogenesis involves invasion of 
Mtb into the lungs uncl uptake by alveolar DtMroplmges, thus initiating 
infection responses (1 16]. After macrophage phagocytosis, Mtb defends 
itself £rom m.•lCroph::tge killing ond replicntlon \'fa several mech.•\nisms 
(1 !7]. The macrophage invades underlyit1g epithelium and monocytes 
from nenrby blood vessels ond forms gmnulonw. The intrncellulnr 
macrophage signolling chonges tbe cytoltine envimnment, eventually 
modifying the protective iuunune response (i.e.. , leo.di.ng to Mtb toler· 
ance by Lhe bost and intrllCellulur survivol of Mtb over Lime) aa weU "" 
initiating both innate and adaptive inmnme responses (1 18-1 20]. 

A latent TB io(ection exists, in which a granuJocua represents tbe 
stnte of contniruuent of the Mtb i.nfecrion.. Reoctivntion of Intent m 
(active TB) occurs upon the disruption o r grum~om:l wltjch then Jends to 

the rransmisoion of the infection. A bigger concem for glob<tl health 
secw·ity is thedrug·resist.."Ult ofTB. Th~ ptimnry resistru1ce is towards the 
most effective finst·line dmg rifnmpi.l1 (Rlf') end mu.1tidrug·resi~tnnt 1B 
towards RIP nod isoniazid (INH) (1 2l-1Z3]. The ph)~icocheoticul 
properties o£ liposomes offer great potential in the management and 
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prG!ventiou ofTB, botlt ttS ODS nnd ns compou~nts in TB vnccines. Spe­
cificaJly, tbese liposomes are efficient in targeting m.acroph..ws, the 
specific hos[ ofTB. There are n few appHcarlous b.lsed on liposom.es in 
the treaauent ofTB and the next section focuses on the encapsulation of 
dntgs targeting Mtb t•nd dte ndjuvnnt effects of liposonleS for effective 
TB treatment. 

1.2. lipmonl<ll drug encaprularion produors for 7B 

Encapoulat ioo of mt~tiple dn1g lhempies within liposomes in p<il · 
moruuy 1B U'ennuenc is showu to hnve a greater entrapm.ent efficiency, 
effective, sus~'ined and prolonged drug release, plus enhonced recovery. 
tlfiCI uptake of dntgs from the nffecrec.J or torger sile in virn> and in Yiw. 
[1 2•1]. Liposomes4 eJ1Capstdate TB chugs such as RJF, INH, and pyr4 

aziJWUidej could be further nttnched to another tOigeted receptor such 
as mannan, 3 ligand for drug delivery to tbe receptor site, providing 
nULtimwn delivery nnd imemalizotion [1 25]. In addition, <he Uposomnl 
fonuula oho-1 maximum dn~g releaoo in vitro (&ulUlated lung fluid ru1d 
interstitial fluid) with enhanced relative bioavai!ability compared with 
tbe free unenr.opsu!ored drugs. lncrerued bionvnllabillty of INH encap­
sulated in PC and cholesterol-containing 4·(S.pentadecyl·1,3,4-oxadia­
zol424yl) pyridine) liposomesshowed up to 90%teduction ofliw bocilli 
in the lungs of a drug-sensitive or MDR·TBani.malmodels [125). A study 
on R!F·looded dry powder/ freeze-dried liposomes (i e. optimized for­
mula of lecithin to cholesterol ra.tio of 60:40) .showed n greater in vitro 
tlnt i·-tubercular nctivity agninst Mtb H37RV strain tbnn the pure RfF 
alone (1 03). A novel Upo5ome·in -hydrogel S)~tOlll using biodegrad.,ble 
polymers with n derivntive of IN}! (N'-dodecnnoy!isonicotinohydrnzideJ 
for i/) vivo loe!nllied creotmeo.t of bone TB demonsrmr«ln ropid re.leoseof 
the dntg into the synovial fluid [0 reach effe<ti\•e jnhibitory concentrn4 

tlons nfter lom.lized injection wh.ile runintniuing n s ustu.iued dn.tg release 
for several da;~ [126). This sntdy shows a promising window of op· 
ponunity ln the development of bol)e TB tbenlpy. 

A compn1ison study wa.s don~ on th~ odgill!lJ li posomes/hydroge1 
assembly by creating d mg·loaded liposomes entrnpped within a chilo­
sun (CS) physical hydrogel, n "dtug-in·liposomes-in ·bydroger · (DIJ-1), 
alongside o "drug-in-hydrogel" (DH) system [1 27) . RfF wos loaded into 
1,2~lipnlruitoyl·sn·glycerol·3·phosphocholine liposomes, nnd the cu­
mulative release profiles or RI F were ( ouud to be lower from the DLH 
nssembly in comparison to DH systems. Liposomes lllade of lecithin (Cl) 
wereused tocCH!ncnpsul~lte RIP nud INH foL· ljpo50IIml c:lu.1.l tleli\<etyund 
deJ.notumu:ed 90% nnd 59 % enco.psulru:iotl efficiell('y for RlP culd lNH, 
respectively [128]. Besitle:s_, liposomes contnhling lecithin exhibited a 
controlled release profile for co-encapsulated drugs [126). These ob­
se:~votions demon.smn e liposornes· c.opobility ro e.noopsulnte dmgs effi­
ciently, providin g 3 delayed-reletlSe p1-opetty for the dmg. In 3Jlo1Jlel.' 

inOOpe:ndenl snu:ty, the pH·depetldE>.nt release. behoviour of jsonicolinic 
ocid (4·hydroxy·benzyijdene)·bydrazide (INH·HB) encapsulated in CL 
liposomes showed n mpid releose of INH in o.cidic media of up to 100% 
rel..,.e oomp<tred to bosic me<Un with ooly 22% of lNH rele<tSed (I 29). 
These fNH·HB·loaded liposomesseeru to be an am-active pH 4 responsive 
system c.onsitlering du~ Um11. 4 mt1crophnge site of the mycobacterium and 
pH-dependent phagocytic processes involved 

Cardiolipin oo Mtb is shown to be o potenrinl rorget fot resistant 
b.."\cteria and there exists a c..vdiolipjn·based Liposomal form of levo­
flo>«'tcin (LF) [130). Liposomes consisting of cardiolipin (ccmcentrotion 
of 335 1Lf>O alone comple tely suppressed the growth of Mtb and inoor· 
pom6on of LP ro phosphatldyldtolil)e/ cl"'loles:rerol; cltf(liolipin ftu ther 
reduoes the minimum iuhibitoxy conceon·at:ion of m rdjoJipin (i('.. . 

reduced concennntion to 33.5 )Jl\•0 . Besides, the increase of antituber­
culosis nctivity of LP wns din~ctly dependent on tl:te content of car­
diolipin in t.be liposotnes, suggesting d1e greo.ter inhlbitoty effecc of 
cnrtliolipiu in ljposomes Ott Mtbvinbility. 1his js rwtheJ'e\•ldence of how 

the composition and rntio ofUpid in liposomes affects the encapsulation 
efficiency, hence the efficllcy of the dJ ugs townrd.s 111rgeLed sites. 
Overall, the obseJvations represent good enforcemenl in the use of 
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Liposo1r:U2s os 11 drug con·ier in multiple drug th~.t'npy. 

1.3. liposomol·based adjuvaJ~ products for 1B vOtXille< 

Cationic liposomes could be applied as adjuvants for the enhance· 
ment of ruuigenic peptides Lhot ll'lc:rense d\e porentiol of the TB subunic 
vaccine [99]. Several adjuvant strategies and forutU lations using Hpo­
somes how been studied to improv-e rlH!. limitation of th'-' current TB 
vaccine. A study investigating the effects of BCG vaccine using: Mtb 
fusion protein encapsulated in liposomes comprising dimethyldiorta· 
decylonmwniwu/IJ-ehalose·6,6'·dibeheoute (DDA/TDB), showed a 
greater Th l response ut vivo CIFN··r, IL·l2) than the BCG alone, in<ti· 
c~~ting that lipooomes possessed its own i.nuuuoogenicicy, enabling it to 
further amplify the protection of BCG [ 131 ). 

The same e.fficacy uo;ing DDA/fOBliposomes fo1' the BCG VflCcine for 
TB was repotted in other studies [132· 131). Recently, anovelliposome· 
bosed subunit \>nccine formulation (Lipo-AE) based on phosphati· 
dylserine, encapsulating two prominent 1B antigens (Ag8SB and ESA T· 
6) wos developed (1 35]. The Upo-AE fomlU!ntion co111bined with Poly!C 
adjuvant wns obse~ved to boost dte accumulation of resident memory T 
cells in the ltu1gs after the imm uniz.o.tion regimen based on in viD"' sys­
tenUc c.lelive J)' [135). 

More irueresrlugly. d1e Lipo-AE vnccine candidate used on BeG­
immunized mice, .subsequently challenged with a lo\~' dose o( nemsol 
Mtb in vivo showed a significant deple tion of bactelialload in the hmgs 
nnd spleen co.upared to immuntwrion with BCG ttlone. Anotllt!t· 
liposoute·hased adjuvant containing d...O·acyloted li.pooUgooocc:h.:uide 
(dLOS) ilimed ro impfow immunogeokiry nnd pro1ective ef.ficocy of TB 
subunit vaccines [136). It was shown thnt the dLOS adjuvant formtda· 
tion significnmly amplified both humornl nnd Thl-type cellulnt re· 
sponses to the TB subunit vaccine (le. , Ag85A. ESAT·6, and HspX). In 
a ddition, this liposomal adjuvant also proved to be a potential booster as 
portrayed by effective induction of Tbl-type tesponse in the BeG­
primed mouse model. Lastly, prot ective efficacy was demonstrated by 
rhe c.tlOS/clin~d1yl dioctadecyl ammonium bronlide--adjuvanted TB 
vaccine towards Mtb infection in vitro and in 1-ivo. 11Us suggests d1at this 
liposomal udjuvo.nred TB VQ.('dn.e would be o. promising vaccine cruWi­
dare for the establishment of a booster vaccine. 

Thus, liposomes' od"-nmageous ph.)<sit:ocbern.icoJ properties pfovide 
a gre._'\t tool in the development of a new thera1>eutic appmad1 for TB as 
it is pivota.l in substantively mo.nnging d1e e."':pendirure of n·entmen~ 
a-educing i.ntemctions w ith nnti-HJV th-ugS:, noel improving MDR-TB and 
Intent TB. A slUUDlnry of liposorunl <h11gs and vaccines os well ns their 
medlnnisms in TB is presented in fig. 2. 

5. Liposotnes •md n•alft.rin 

5.1. Iiposomes for malaria tream~enr 

Molario is one of rhe most rorot.noo vectOl ·borne diseases, co.used by 
the Plmmodiwn parasite of i.nfected femole Anopbeles nlOSquitoes bi tes 
(malalia vectors) [ 137). World Health Organization (WHO) reported 
ltpproximotely 229 million utn1ruill eases in 2019 nffecring oveJ 87 
malaria-endemic countries [ 138]. The pathogenesis of maL:uia infection 
ocetu·s by the injection of sporozoites whlc.h travel from the snliv!uy 
glands of the mosquito through the bloadso·eam of a human host to t he 
liver , where they invade hepotocytes aud multiply osexuclly. Thousands 
of cluughter merowites tue released into dle blo<Xlstrerun by m:.1tured 
schizonts, invading the red blood cells. ln ce:rrnin infected red blood 
celJs1 the merozoites diffet-entiate into sext.w.l erydu·ocytic st.tges (ga­
me[Ocytes}, which circulru-e- in the bloodstream and ru·e ingested during 
mosquito bH~. Th~ ingested gnrnetocytes develop into mmure sex cells 
(go.metes) and elongated embtyonic forms (ookine!es) that invade 
through the mid-gut waU of the mosquito and fonn oocysts, wbich 
release thousands of acti>-e sporozoites into the salivmy glands of the 
mosquito. The cycle of hu.oum infection will repent dtrough d"te nexr 
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mosquito bite [139]. Trovassos et ttl. elucidated the erythroc).rtic phi1Se, 
where rua.lari'"' symptoms are most likely to be visible, as the level of 
infection th:tt cun be tnrgeted wjth antim .. ·tlarinJ dmgs [140]. 

There are several classes of ongoing antimalalial drugs such as pri· 
runquine (PQ), chloroquine (CQ), IUld nnemisinin that possess adverse 
si<.le effects (1 4J], To overcome this UuUtntion, tmtimalarinl dn 1gs 
encapsulated into liposomes have been showed to have better efficacy. 
This is discussed ln the next section. 

5.2. Lipowmes illt~ora.ted with Wlrimalarial drugs 

Ch.loroc.}uine (CQ). t.he primary nndmnlal'i.o.1 dnJg, inhibits the syn­
thesis of pamsitic protein by polymerizing toxjc he01e tbat was releao;ed 
dwi ng hemoglobin proteolysis in p!BSmodium vacuoles [142). The 
~nergeoce of CQ resistfiflee. bilS led to the identifitation of molecular 
runrlters; Plasmodiwn falciparum chloroquine resistance trnn.sporrer 
(PfCRT) cu1d P1asruodium Jalcipanun amJtitlrug resistnnce Pl·otein-1 

(pjmdr I) mutated gene, which can be targeted using liposomes 
[1 43, 144). Liposome modificarion with polyethylene glycol (PEG) is • 
l><>tenl o~>proach to prolong the half-life of CQ dn1gs ond enltallce tbe 
target efficacy [14!>] . A fonuulnted CQ-PEG Uposorne d• moostrnted 
higher apoptotic bload parasites in c:<>mparison to singl..CQ <b1lgs, with 
ru1 impt oved cleru·ru1ce of parasites within the i.n.fecred m.ice and delo.yed 
the endpoint [146]. Tn a different study, pl:.1tinum·~ c.liphosphute 
dichlolide {PtCQ)·PEGylated liposomes pto moted a mi.nintum leakage 
ofPtCQ cbug [1 47] .. Primaquine (PQ) is a potentdrug}xutner-conunonly 
used with other antimalru:ial cbemoptophylactics, especially CQ. PQ can 
kill garne_(oc_yc0S :ll)d prevent relapses of Plasmodium ovale aJ)d r.iloax io 

malaria [1 48 152]. However, bec::ausePQ pos~es se\•ere toxicity and 
adverse side effe<ts, PQ incorporation wid1liposome.s is highly tecom­
mended [ 153]. Single i.no-avenous injection of natuml phospholipid· 
hosed liposomes containing PQ exh.ibiretl competenr ruui-molnrio.l o..c­
tivhy with low toxk ity, whjdl Jed to f\dl recovery in tl·eatec.l mic:e 
[ l 54, ISS). Higher bioo....Uability of PQ encapsulated liposomes in tar· 
gerfill orgoos with n 1noc:le.rate elimilll1tion when compared to the tJ·~ PQ 
drug wos demonstrated [156). Another experintent that combined PQ 
and CQ into s ingle liposomes s howed reduced toxicity with efficient­
encapsulation in dual drug delivety of notw·al phospholipid-based li· 
posomes [14U, 157-lS9). These smdie• evenrually highligJt!ed the effect 
of liposomes to be used as a potential mal::uia therapy. 

Anothr8' clns.o: of promi.ne.m anrimnlrui nl drugs js ru't~a~:u.isinin audits 
derivatives; isolated from the sweet wormwood Artemisia annua [1 GO]. 
ArtenUsinin i s effective in nll sto.ges (eJ)'throcytes, recrudescence1 nnd 
gnmetocytes) of the mnlorin life cycle by inhibiting tlte growth of Plas­
modiunl spp. [ 161]. In general, runipamsitic heme-iron activates ait e­
mlsiuin via eudoperoxide ring breuliclown, before relensing cru·bon­
centered free radicals which kills the ma!.vial parasites [160, 162-165). 

Ott•g resismnce nod short hnlf-life art! common limitntfons of llJt e­
misinin [1 66). Altemisinin incorporated into PEGylat ed liposomes has 
been shown to pcoduce il rapid absorption with Jooge.l' bioovnilability 
[ 167] . This finding was suppotted by a subsequent study arte ntisinin· 
PEGylnted lipooomes thnt showed • significoot ph.u·mncological effect 
compared to odter contl:ol5 [lt)7]. ln addition, nrtemi:;ilt in in syndJetic 
liposomes also dem.onscrared rather similar results wid:t higher anemi­
sinin e.t'letlpsul(ttion nod rnpitl release of arteruisinio [32,163]. These 
studies demonstrnted thnt attemisinin encapsulated by liposomes 
demonstrated n greuter tlternpeutic effect compru·ed to free rutemisinin 

against malaria. 

5.3. Uposomnl vaccines for malaria 

The compl~x lif(! (-yc.le of Plasmodil..uu, i.n tenns of its biologicnJ 
structure, various development stages, '"'nd cellular immune responses 
has .reuutined the major chnlleuge in the produc:tion of mnlu.-in vaccines 
[1 69, 170). tlnlikeotherdiseaseswhi.ch can be effectively inununi.zed by 
voccioos, malar in vncc::ifles nre tulnble to induce a sreri1e ilmmu1ity and o 
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Fig. 3. SWUUlal'y of Urugs and vacciues iucorpotated iu liposowcs i.u t~ u~atwent of malaria. Liposorues c:nc<~psuJatc: nucim.al1t'ial dlUgs :u1d ta.rgC"t consc=t..,·c:d 
proteins for V::~Ccines sttch as PfCSP, P!s25, P(s2SO, ;~nd MSPI, W!Ubiting ili.fk rcut stag:c:s o f wakuia inkction; li\'o·, blood, and 5t'Xtm1 s.tages (sametocytes}. 

higher chance of reinfection might oc::cur upon the i..niti3.1 reoovery. To 
dote, none of the C\m·e:nt vaccines tu·e potent in trmtiug mnlru·in.. How+ 

et--er, some proteins fractions potential as vaccine candidates. 
The spo1ozoite stnge of Plcu.rnodiwn falcipart.tm i,s laye.ted with cir­

cumsporozoite protein (CSP) .• a vital secreted protein, which interacts 
with sporozoites adhesion to tnrget cells [ 171). A fommlnted re<ombi · 
unntCSP-hnsed vnccine. known ns RTS1S/AS01 vaccine, hnd manifested 
porent inhibition of ptv asites before liver ceU replicntioo [172]. 
Neverthel .. s, tbe adverse effect of the 1\TS,S vacd ne is not good in 
m.alaria·endemic areas~ which, in turn, appeals for liposomal e ncapsu­
lation (1 72,1/:l]. In m·• emiier study, R32NS101 synthetic Uposomnl 
e ncapsulated CSP, had demonstm ted a high level of R32-s pecific serum 
lgG outibody witll minimum systemic toxicity [1'14]. PfS25 :UJd VfS230 
antigen fmgments (i.e., mostly expressed by the gometocytes sexual 
St(lge of humnn rec.l blood c:ells) supptessed dte tr&lsruission cycle and 
ptu·ru;ite growth in Anopild•• mosquito [173,176]. These findings high­
light the potential of liposomes a s a thriving adjuvnnt so·ategy in mn· 
la.ria. A suuumuy of drugs and vaccioes as candidates to incorporate into 
liposon1es is represented in Fig. 3. 

6. Lip<l6oo>es and HN 

6./. Lipo<somes for HIV o-eaanenr 

Htunan iummnodeliciency vims (HJV) is :l blood-borne vin1s tlwt 
uugets QJld alters the inuuwte cells. lbree stages of HlV infection may 
include; i) acute HIV infec:tion, ii) chronic HIV infection, and ill) ac­
quired immunodeficiency syndrome (AIDS) [177]. Infection of HJV 
continues to beumnjot'burdett to society world wide ns itdnim.s millions 
of lives every year and exhausts billions of dollars of resources to support 
people with HIV [1 'lll]. Infection of HIV destroys the bast CD4 T cells 
thus debilit:.ttiug the iuuuune system ;.u1d eventually causing ALOS. The 

structure of HIV is generally comp1ex, encompassing 3 9·kilo00se HlV 
RNA which e ncodes nine genes., yieldiug 15 d jstinct pro teins. '11-se vi.ros 

is persistent, leading to chronic infection, and continues to evolve in the 
in fected host, evodin!r the Mtibody- lllld cytotoxic lytnphocyte· (CTLl 
responses induced [ 179]. 

CwTendy , there is no thernpy that erodicntes HIV infection. How­
eve~·, untiretroviroJ lbempy (ART); the gold s tandard trentmeut of HJV 
infec:-tion, greatly reduces lhe virAl replication to exn·emely low levels 
aud aUow5 restoration of the host immune .system ( 180] . ART 111\lst be 
taken correctly in order to suppress the vir al infection and severn! ap-­
prooches to greatly improve cwrenr ART is widely inv~1igmecl. l...ipo­
somes, with their advantageous propertie~ can be exploited as caniers 
of thern~tic com.pouJlds, os em jomiLU\e moc:lulnto1, or even :ts on 
adjuvant in t<-accine <:and.idates, for HJV-infectioo prevention and man­
ngemem (Fig. 4). 

6.Z. J..iposon11l-based con>~ntiottal dta-apy products for HIV 

There ore severn! clllsses of HIV drugs bllSled on tbcit mechanism, 
including t'everse u·anscriptase inhibitor {botlt nucleoside and uon­
nucloosjde}, proreru:e jnhibitor, fusion, iltld lliUi.chment inhibitol. Usu­
.Uly d1ese drugs are taken in combination. A combin..'ltion of ART dtugs, 
nevimpiJ.-,e, o.nd so.quinavi.r, whidt is conjugated \'1/idt liposomes is 
shown to siguificantJy inhibit viral prolifet-ution compc.u-ed to free dt1.1gs 
nlone [181]. 11te Jiposomes conjugated with nnti-CD4 would selectively 
deliver ART dntgs to tbe HIV-infected cells th L1>ugh the CD4 receptor, 
thus efficiently blocking the viral prolifemtion with n lower concentro· 
tion of dt'\lgs, possibly reducing dntg toxicity :lnd resistance issues:. 
Another antlvi.ra1 drug, SPC3, whi<:h inhibits syncytium formation, is 
found to be 10 t imes Ulo re potent when e.nalpsub ted with liposomes 

[182] . SPC3 is a synthetic p olymeric peptide nnd contains motifs that 
cotn~pond to the V3 loop of HTV sutfoce proteirL Titus, uugeting dtis 
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Pi:g. 4. Lipooomes in HJV infection. Liposorne-encapsu lntetl ART d ruzs dl:.'lt inhibit different stt~zes of retrovi.t·nl repH~tion. ln v:w:ci.t~e development, lipooom es coo 
l'un<:tio.n ~s can·iers co \raccine cnndidnres such as gp120, gp4,1, a.nd MPER ruul ns :.djuw nts that enhtu.)('e the \':lCCines. 

domJ:Lio blocks thee lymphocyte ond lllt\CJ'oph.:lg~ in(~tioo with various 
HIV strains. However, d inical ttial.s for this antiviral dn 1g on.ly showed 
moderrue effects on viral load Hence the liposoJU<>s rue added to 
improve <he effect of SPC3. 

Liposom.e-incotpon:ttetJ J-UV d!ugs de livered as voginol mictobicide 
products showed a greater efficncy rtgninst HSV, HIV, and Neisseria 
gonorrlroeae, compared to the conventional formul1tion [85). In addi­
tion, lipooomes are used fur gene thetnpy appro..1:ches to HIV infection. 
Gene therapy aims to block infection in target cells by allowing virul 
denmnce from cnrriet's or- by pt·eventing infec6on in newly exposed 
individuals, thus eliminating the latent viral resenroirs in HIV-infected 
pet~OtlS nnd dte need for lifelong ART dntgs [J ll~). Gene rhempy 
wbich indudes intrabodies. antisense, and inlllbitoly RNA therapy, is a 
pmmising coocepc: in d\e pre\'-ention o( HIV infeetion ns well os in the 
genemtion of life-Jong i.uuuunity in infected people. Effective deliveLy 
can be achieved by Uposomes that specificolly bind to HIV-1 and al<er 
tbe in(ectiltity of this virus to its t.:uget ceJJs. Liposomes ulso nre used to 
deliver anti-HIV drugs to infe<ted cells [164,165]. Tmusfection of bod> 
HfV tmd di phtltet..:iu toxin A fragment gene;, vitro by rotiorric liposorues 
effectively inhibited vitus production, enabling the porential of Upo­
somes: in HIV gene therapy [1 S6). In onother study, Uposome­
encapsulated viral envelope region antisense RNA displayed an anti· 
HIV effect in vio-o, showing cell-bindlltg of up to 4000-7000 RNA mol­
ecules in t:ugeted liposorue.s and also provides enhanced intr.u:eUular 
bolf-life [167). The same obse!Vntions rue suppotted by several other 
s tudies that show encapsulated antisense oligonucleotides in pH­
sensitive liposomaJ formulations displaying an additional enhanced 

6. 3. Liposomal ••occincs for- HfV 

While ART is the standard treatment agllinst HJV infe<tion, only n 
pot~ion of eligible people received the therapy. Suboptinw adherence, 
toJCidties. resistnnce patterns. and dJ ug inretac[lon pose additiont~l ob­
stacles. Hence, vaccines: are identified~ tbe most promising approach to 
conn·olling HIV infection In vaccine development for HN infection, 
liposomes octs os adjuvants (C'II-"01, AW.1 [190, I 9 1 ). The liposome is 
shown to be a .:nore potent odjuvcuu in HIV vaccine development 
compared to tbeconventionalo.lunlln.ium. Usinglipooome.s, HrY·specific 
ceUular responses are induced tboth Thl and Th2·type immunity) and 
hjgJ\ titers of JgG produced are mointuined for a longer peJi od 
[1 92 194). Furthemtore, liposomes hove the potential to cany anti­
genic peptides of HIV to elicit potent en. responses. Previously, li~ 
ofectin, ~cationic liposome, is demonstrated to effectively deliver f'UV-1 
Gag. Pol, tmd Env ptotelns to dendritic cells ruld stimulated gr&lter nnti­
HIV-1 memory CTL r•sponses in viJro [ 195). 

The membm.ne-prox.i.tnnJ externnl region (Jv1PER) from gp41~ n sub­
\mit on dte vir al envelope, is identified as the most promising antigen to 
be utilized inn HIV vnccine. This peptide is the only Iinenr B-epito?e thnt 
conm.ins flfl HIV vulnembility site, but this J)t;'ptide is poorly inununo­
genic and requires a-;sistance for their d isplay on membrane to achie\:e 
effective confonnntiou o ( the native vitus [196] . L posomes hnve been 
used to protect and specifically display this MPER peptide in HIV va<' 
ci11e cnndjdor.es [1 97,19-'.l] . This 1\llPER peptide encnpsulnred with 
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eeUuJar tmm.uoe !e~oosoo 
• inductd 81tOnt OWJO(l(')' 

~ ... = 

Table 5 
Applica tion of liposomcs as ODS and cuncnt \<ICciuc ck•1dopment in nul::tria. 

Pl:atinu.:n<Q dip~ph"t"" dkMorid...-PECybt~ 
lipooorot:'$ 

f'rlmnquine-diphmph.ue c~u yolk 
pho~phatid)'kbol.kut, ~·ice pbo.$pWtidyh~riue . 

ru:ld choleGtuoO tipO&Omoo 
Print.-.qu.ine-d iphcuph.1 t" ( ph~»plcu idyk holine 

phosphatidyb:!r.ine. M.d cbol«teroO llpNOlUi':S 

Type ofllposo.me~ 

Natm41 

phosphoUpid 
lipooomt.'l 

Natma.l 
pl~t~phoUpkl 
lip~n,~ 

Narm41 

pho!:ph.olipid 
Up(l&()moo 
N:.tuu.l 

phoophoUpid 
lip«oon1~ 

lnvhoo 

lni'II'O 

Primaquine ~chlnroquir.e (JlQ-CQ) {1iSPC. ~holelta-ol Natur:a.l /n l'ltro 
:l.lld DSPE-mPEG) Upow.o.\'8 phosplloUpfd 

lfp~m~ 

ArtEm.l3lnin·PEGyt.:ue<lltpos.om.oo Nann:1l 
pl10llpholipid 

Upooome!l 
Art~:nbWti·PEOyl.a~d Upooomoo Natmal 

pho~h.olipid 

Upo<'..O!Ue!l 

Arlani.sUUn.-c:wt\·~ioual ~ POOylated lip<Nwtt'l's r.fatura.l 
phosphoUpid 
Uposome,; 

RS2NS 1St ~~~ap,.u1:triotl into n;ooopho$p!aotyllipid A lipwomes 

Prtas lneub:lted wl!h rob::dt·porpJl)'dn·phos¢to!lpid (CoPoP)/ 
PHJ\D lipo:100:1es 

Pf:a30 inc.ub.lre:l wirb ~ob.llr·porphrrln-phcupholipid (CoPo P) 

lipO"..ome. 

S!~uthaic 
lfpooomes 
Syndlftk 
liposot:11~ 

ln1•hoo 

/nvi1'C> 

lni'II'O 

liposon>e not only showed high production of MPER-specific antibodies 
but ruso exhibited a durable humoral response ill ,;"" [1 Q9]. 

Another nntigen identified, gp (20, can be inhibited by severn! mol­
ecules (m,..tcrocydic peptide, N4 butyldeoxynojlrimycin). shown inhibit 
vir31 cell ioteractioo with nanomolar potencies [200]. As a candidate in 
vo.ccine development foJ' HIV, these-peptides are enc.upsulo.ted widt li4 

posomes to slowly release the inhibitor for long4 te1m protection against 
l-IIV infection. Tttey demonstrate odditionnl ttmiv im l eff~ts (reduce 
viral secretion, neutralize free vUnJ particles) [201,202] . Extensive 
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• EDhonced th e de"-r.lnce of 
bloOO.p-3.!~i~~ 

• Si~nifi(o.nt delo.yio deadl of 
mice 

• lucrea~d its maximwn. 

(1<46) 

• High~· e.utr:apntii"Zit Lack of 1n YiYO :wd ir~ rit.ro ~~tins l t 471 
~l'f'irlen.ey 

• Mi.n.imum le:~hg-e wi~hin 

2 months of ~ot:lg:e 
• Dc:l.l)'ed dn1g rdc;)Jt! 
• Low o:u:idty levd.t [ I 59) 

• Slowu elinUn~ioa of dru,s 

• High hio:wa.U.,~lity ol dn1g 

3.t the t:ugeted organ 

• EM:m~e:l effican• :u:il furtba- details oc• pharm~inetiu )157) 

reduced toddty profile were not ruU:;- di:x:u&S~ed 
• Del.,)'C'd dn•a rde:ue 
• l.owd' drug mc-:~p$u.btion 
• Efficient eOC~$1.l.l.'l.tion A ~ower rare of d(':'lf',:mce from [173) 

( > 70(16) peritoueum .area 

• Prolonged lullf·llh dme 
• El't~nd the b.1.lf.Ufe o( Loot,· tei'J\l admhll:strtll.lou w~ not [l6i') 

.lrtemhi.ein di~C"-u:aed 

• Hlgbu eoe.:~p subtlon 
efficiency 

• Prolons~ cir<.ubtlou 

• lmn'IWiate nnd.tno.l..uilll 

lnvb'CI • Hith ~'el o f R324lp«ific. ser-um lgO 

aruibody 
• MinJrnutll J.~~emk MXlcity 

• Enhane~ !ltroog tr3nsmJ~n-redudos 

activity 
• Elidt ntioa o flgC ~tibodi~ 

(2:0.:)) 

(1""1 

(1 75) 

[176) 

investigations and promising obseJvations of liposomes use in che 
management and t.re..1tment all these major infec:tious diseases sucb as 
DDS and vaccine development (Table 4, Tnble 5 and Table 6) indicme 
the tnJe potenti:1l of Lhis nrulomateJ·in1 to be further developed into 

marl<etable thempies. 

7. Conclusion 

Recenl advances: in nanotechnology bave opened up the potential of 
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Tnb leO 
Appl.k:)t ion ofl.iposomes as DDS 3nd current vnccine development in HtV. 

1)-p.e of lipoaou:ees llbtfotm OOOe:wd effecu;adv3Mages UmitatlOM Refer~~ 

iLPs ( EU, PC: dtol~stE-rol:OSPE-PEG) 
coJtiug:u:~ wi1h oevitupine nod 

.S;Xtuituwtr 

N:~mrot 
pfiOSpboJipid 
llp09Ciutet 
Nt~r.• r.,) 

phospholipid 
llp<oom .. 
N:~h:n':ll 
phospholipid 
~~(I)e$ 

N:~bero1l 

pho<pbollpld 
Upoo;omcs 
N~tura! 
phoopbollpid 
Up-ooom~ 
N~tur.d 

pOO.pbollpid 

In WD-o • lnhibit ~in\1 prolikrodon with 3 10".\'tt • Oooe·depeodoo.t eytotoxid'f [ 18 1] 

dc».:~te 

Upo.x.n-.«·."t.c.od.:~rc<l Sf!C3 fnvit:ro I O·Fold i:r\hibidoo ol Hl\.t.indu<>ed hui.on • l..o-.l.• ~ru~bility [191) 

• lmpro\·,..d l.Jiti·vira.l dfitxy 

rre VIVO • lntprot•ed dotte!~1 • Excipienb in tOrmubtion [55) 
• .Ab~~o£toxicity e·~duoted xtivit y :IS;Un,:;t HS\' :wd 

lr~.....tro • .MiniJnumroxldty of13tto>blldlli HIV 
HIV·DT·A· c.,tionic ~me fl'l vitN • Co·trnm.W.rion o£ OT·A dk«ivdy in· • Lo·w eAici~ncy of trnn,£ectio.n 11116] 

hiblu virus productioo • Hl_gh. tOX!clty towards H~ ~.-ens 

lnvifro • Suppr u $<:ld tbt 8"'-ll~ ellpi'U~Oil (90 %) 1187] 
Md gp l60producdon ( 1 00~) 

pH-se:u.iti~l.ipo50n.""s c.ttried :wlisen~ 
HIV 

In vd:ro • Eff\"Cthr~ty ~liva-~d ilUlileo~ • Su:ot"Ptibl~ toxidty tow:u-<b HIV· ( l tltl ) 

olitonocleoddE~tlnto HIV·In(-e<'ted lof«-~d n\3-tto_ph~tet 
lipMOmf:.t 

C:Jt!ookllpo£om~l! 

rn.:~noph.,g-ell 

Cltloclic Upoooeue-e~~~ul:ued 

ru:u:is(n:;e.HrV·l t<~.t: 

tnl'ib-o • Effectivel)• lnhibHed p24 w tigeu 1189] 
prodU<doo 

lnYrYo • Enhan«<< eellub.r \lpa.lte foe- ;:uui· Hl\' 
:divity 

Lipowmu U:l \'a«U..es d cYe.lopma lt 

Ttu-geu:d pwtt>lll Uu:OC'portau.d lJUo tlpoo(l(l)U (o>t Type o( U!XJ$o:mtt>$ PJ:uform 
oroecinEG 

Upof«tin Cationielipid 111 l "U'O 

Trlttpe4t o( FJ.Dk'WA ~equ~ ofgp41 ootlz·eo N;;nw t..L phosp0011pld [ It Vim> 
with deferu>iru. io liposome!l lipMOmes 

Mxtocyclk VI?Jllide cd:u.oles fal',J .URCYl~b Natui11 phospholipid I n VJv() 

ene.np::ubu:d in P£Gyt:.t«< U~me.s u~,e$ 

Upo.son.~.s>b,ued :.dju.v:lllt CAFO'l Synth oetk llpowm~ ,,.,.llro 

liposomes to address several limitations in existing thempe.utic and 
prnph.ylnctic t1pprooches to infectious disenses. In (net, nmon.g dle mony 
type$ of nanoruate.dals, Uposomes h.·tve potentially broad ap~-,Lkability 
clue: to its advfUltageous proj)'Yries; they ru~ b iodegmda_ble. biocom­
patible, and ''ers'"'tite. Thi.s is evidenced through tbe muuerous tiposomaJ 
fonuultttions that were !tpproved fo1 indicat ions in severn! diseases. 
Otlu"!:r liposorue-bosed fomtulntions nre tmdergoi ng clinicnl trinls 
including the inf:uuous CAFOI, a liposorual adjuvant candid>te for 
vuccines. Jn infectiousdi.se.:J:;es., tiposomes nreeruployedas tools in drug 
delivery systems and vaccine d evelopment Al though currendy there is 
oolipo90nlfl1 sysr~u th:n h!1Verencbed opproved smtus .for truHc:ltions in 
infectious dise..1.ses, there ls gre..1.t potential for the success of liposome­
bosed dternpies in dtis field ns long as its several challenges thac lim.ic 
its rrans.lation inco clinical practise are st::rotegically addressed. This in­
dudes enhanced petmeabi}jty rerenrioo effect. lipooomes design ond its 
pnylood release, the overcoming of immu11e system bru·1iers and 6olving 
the inconsistencies between clinical results m d e:tperimental models. 
The emergeiK"e o( new studie...; wW ptesent nwty new opportunities for 
liposomes to further ina· ease their therapeutic efficacy os part of a furore 
pnrndigm in infecti<>us diseases tl-eahuent. 

Pundiog 

This work wos suppo11ed by groJ'l.tS comprising the F'und:1meomJ 
ResMroh Groot Scheme (FRGS) (FRGSII/2018/SKKOO/USW03/I), 
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Health Ed ucation ( Ma lo.ysia). 
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O~!"Ved e.f&«./~·tUlcnee. U.nllto..tkwl Rd'etel>«$ 

• Euh:m«d .sp«i£ic n1emcuy CTL • lnu.ubilit y CJ( lipcuuu~ 11 '\Y.l) 

!'~OJlst 

• Hltber leG/fgA dt~r 11\ $trum [1 .. ] 
>lnd muco.ml 'll.uu b.e.t 

• Substwti:l.l h:ttf·llfe !lme 1200] 
• Rceducod oele.vnnce r:.te 
• Simil;s WdUC"ti013 o( CTL • Setf-:~..~gng:lliou ol individual 119Q, I9 l) 

respo.o~:u olum Upid coosdt~ots 
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ABSTRACT 

Lipo~omes are pho!:pholi pi d bilayer vesicles. which a re 

hiocompcui hle. hiode~'fadublc and nontvxic "chicle .. ~uimblc fot 

numerous dmg and gene dc!li\·ery applications. Ln this review. 

we discuss I he prospect of using Hposome lechnology in the 

development of a va<..-cine for luberculosis. Tuberculo~is remains 

'"' inlP<•·tnnt health problem that require< the de•·eJopment of an 
effective Vtlt.'\~ine. especially since the only approved vaccine for it 

•'Ontinues to be ~tc Bacille Clllmcttc·Gcwin (BCGl one develove<J 
100 years ago. This review focuses on the different applications 

of liposome ' toward achieving this goal. Numerous liposomal 

formultltions showing prospect m the researt:h stage- and ia clinic~tl 

I'.~YWORDS: Lipo<omes: Tul>erculosis vaccine: Adjuva nl: 
Delivery system; Tutx..,-culosis 

to currently affect 480000 people annually. wi th only hnlf of 

llX'se pati~nls teccivi ng appropriate lte3Unentsl4]. Mrcobactcrium 
tubert:ulosU (Mtb). the causative agent of113. may be underectable 

in the lung and survive in it for prolonged pffiods of time in a 

donnant >tute. which makes Ute process of diagnosis and timely 

treatment difficult. Latent TB infection and the reactivation of 

i nfection can happen at any tinle.. panicularly fol lo\\ing the immune 

compromise(<L5J. 

~cc-ina.tion is the most desirable means of preventing TB. French 

scientist'\ A !ben Ca.lmette and CamiUe Gul!tin de'leloped ll1e Bacille 

Culmette-GeUiin (BCG) vaccine in 1921. Exactly 1()0 years later. 

!Iris remains the onJy licensed humun vuct.in'= agf1ins1 TB and ba:-. 

been used all acro<s the world for more than 80 years{61. BCG i< a 

live uttcnuatcd strain of Mrcubact.:riwn b.cNis and is used in 80% of 

the TB endemic areaSI7J. Although BCG can prevent dissemination 

ofTB in children. its protective effect is variable and questionable i:n 

adults]8J, 

The advent of ocw technolvgics in vttt'Lin.: Uevclvpment, including 

new adjuvant formulations. the whole-genome sequencing of M til. 

l.lnlroduction and other mycobacteria. ht~s been used to J efine new TB vacxine 

cnndidues;9). Due 10 the ev:tsive nature of Mtb dtning the infection 
Aocording to ~~e World Health 0 1\!flftiztotion (WHO). lllb<.'rculosis p rocess. cheuseof tlle oocte•ial componenK such as lipids. has been 

(ffJ) togecher with human inununodeficietK'.)' virus (Hl V) is one 

of the mosl critical diseases and c.uu£es of mortalities in adult!) 

worldwide. TB imposes u siguificllnl eeooomic burden on most 

count ries around the W<lfld!IJ- Although there has been n decrease 

in the g lobal annual demh rate due to TB dming lhe la'\t J5 ye..'U'S, 

thl!) biti.:letium SCill produce-s an t)lanning IIUillber o( 1.5 llliU ion 

deaths per ye:u'J21. Another important aspect of the TB pandemic 

is the growing :rppe::tranL-e of strain:-. wilh antibioLic r~ist:mc.c:(ll. 

Multidn•g·rcsistant TB (MDR-TB) is defined as TB resistant to 

conmX>n d11JgS. :\UCh us isoniazid vr rifarnpin. MDR-TB h estimuted 

glO "'hocn comspo~.._-e ffilry be :II!~~J. F...-ro:al:. ,..-.nbbttkhr@u.-.m.tll) 
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Ctcttb\e ComnMttiS Annbu!t(ln-!\un Comm<'r<:t.'\1-Sbat~AbL:- 4.0 L1c.:-n sc. Whtcll 
:t!Juw~ mlxn to n:mu.. cv.eat. aflll budd upon Lbe v.·td. OOIK<!tslltlci\:"J.llly. ;u king 
ru. apf"11J>r!aleJ.:~dlt 1t gl\tn .-.d 11te 1\e~A. ~l!l'm>.-ue ltcet~t~ncll:r the ld«tl•e<d 

For ~pin.ts«mact: reprinl:'i0mccl:nov.•.oom 

02022. A.•Y;m i>J.:I(K: Jri(Jrwl crt Tmpu;JJ McdiCIM Pmdl101:~ ">' WolleN KJuwcr­

Md nnl'· All~" men'«i 
tFI.Jw lu til t ~ artid~; Luwt N6\l. Ahmad S. A:dyna ASN. !\\.Tdtn A S..-n•euto 
ME. A~;. A. d al L1posorne~ u.-. nnna1nol~~ n4!U\1Inl:> :t,tlll delu-er)" systcrm 
in lhe &Ydopmeat ofrubet~ulosi.s va«i~ A revk-a· . .'\sian P. .. c J Trop Med 2021: 
15( 1): 7-16. 
Article: bl§k)l'}'! R(';Cd\'ai 1 ~b)' 2()21 ~ 26 May 2(1lt 

•"-·l.'l'f.li!d b ()x.ember 2021 A\'=lf.b~oultne 20hllll:ll)' 2022 



 

 

[Downloaded !reo from http1Jwww apjtm_org on Tu<>Sday, IJGCQOlll<>r 6, 2022, IP· 202170 48 4) 

8 

sn•died imcnscly by lhe researchers •• ooc of the components for TB 

vaccine developn.1ent{IOJ. Here, the use of ti~omes derh·ed from 

lhe tipid components of !he bacterial cell has been considered as a 

spc,;al prospective \'llCcinc <"alldidate af,'<litb t the TB infoction due tu 

their capacity to mduce strong hunx:>rJJ and immune resport-.es(tl ). 

In what follows_ this apprru:b to TB vacci110 de.,.,Jopment will be 

JCvicwed and <fiscussed 

2. M l'Chanisms of infection 

TB is a major lung disea!ie and the Mtb b.1cterium is lheetiologlcal 

togenl[tll. The Jn!lin J~l<i of 0111ry fc.- lite boctcrium is the re.<J>ii'Ut<WY 

tmct. Upon reaching the lung. Mtb becomes engulfed by phagocytic 

cells MJCh as macrophage!> and dendritic cells (0CsMt3J. Tbe lirst· 

lint' defeoc.---e again~l Mtb infection is the innate immunC' response. 

wtriob is repr<-'Sented by macroph(ll!es. DCs, and nanmtl killer (N K> 

cells among others. These cells are activated by interaction between 

the paUtogcn associmcd molecular patterns (!'AMPs), such us 

glycolipid<. lipopt'OICins. and carbohydrates <>n Mtb and !he pattem 
recognition receptors lPRR~) on the h()!;l cells, which include Toll. 

like rect"plor>. NOD-like rec<'Plors. and C't)'P" lectin JWeplorsi13,14J. 

This presence on tlte infected cells allows for the ~itiO<l of Ute 

p::Llhogem., the r~<k:.tiv:alion of the efl'eclor cell!-.. and the up lake of 

Mlb by phagocytic ceUsl13~ 

Afler •he act:ivalion of the innate: irrununc response. a sped fie 
immune response is produced against Mtb. This r~sponse is 

represented by T helper lTh) CD4' :md T cytotoxic cos· cells 

and &~Xompanicd by !he production of spc'Cific ~ltibodies(tS J . Mtb. 

however, enlJ1loys an effecrive strategy to evade both the innate 

and the adaptive immune responses! I fi. 11). With respect to the 

innate immunity. it iutribits npopiO>is w1d trigget~ ne<msis of host 

macroplmgCl', which delays lhe initiation of adapti\'e tmmunil)1l!J. 

The manipuladon of macrophage death pathways L~ one of the 

mectumisms used by MID t(l ewde host defcncesi iSJ, In addition. MID 

uses various mechanisms to inhibit pathways for :.uuigen presentation 

toT cellsll31. The e\'asion mec.:hani'\ms ::dlow Mlb to establish a 

per>istent or latent infection in macrophages_ whkb t-esults itt 

>nhibition of major lriswcompatibility complex class II (MHC- II ) 

molecule expression and antigen presentationll 91. This ability of 

Mtb to inhibit MHC-11 antigen pt'e>Cntati on leads to inhibition of 

recognition of CD4' T cells. II i< important to nO(e that immunity 

to TB depends on CD4' T cells for lhe control of primary infection 

and it is essential for ongoing immune ~mveillanoe to control the 

infeeti<ll1 Ullll fonns the I"CSel"oifs for '""ctivatioo ofTBJI9.ZO~ 

3. l.iposomes 

Liposome) are relatively stroll ~pherica) vesicles whose membranes 

consist of one or n10re piKISJ~l06pid bilay<..-s (Figure 1). liJKIOO!lles 

were firSt reported by Bangham et al. in 1 96~ and !heir usc has 

been established in several me-dical areas of lnrerest, includa.ng 

the oral deli"-e1y of vac;:ciucs. insulin admiaistmtion and cuncer 

chcmotbc-rapypt -.13J. Lip<>some, hu\'e importunl biological and 

technological adv;:mtages over many other types of medication 

l'anien and haYe been used witll sue~ o.;, delivel)' sy~ems for 

biological subs!llnces lxlU> m ""'" and m viv<')24J. 1110 efficacy of 

liposomes as carriers of drugs i.s panly due ro 1hei1' capaclry ro 

release Lhe medication c;.ugo in target ceUst~SI. The interest in the use 

of Uposomes has also been tied to specifi<ilies of UJeir <'Oillpositi0<1 

which i' biodegradable and biocompatibleJl6t They can be produced 

using natur-..1 or synthetic lipids and tule- the form of coocentlic 

bilayered vosicle> in whic h an aqueous volume h cntrapped!27!. 

11Je range of sizes of liporomes enables them 10 reach the targeted 

cells. lncluding antigen-presenting cells such as 0Csl231. Severn( 

studies have shown thul the size o f Jiposomes depends on the 

r.-eparation method!l9!. 11>e sm:Uier si1.ed. .50-250 nm unilamellar 

vesicles (\]LV>) are customiJ.ablc 10.. encapsulation or hydrophilic 

dmgs 31ld have a longer half- life when comporcd to multil:unellar 

vesid es CMLVsl wiUt >'ize mn~.;ng from XI0-5000 nr>(Z7!. At>OliiOr 

itnlXlflant propeR)' is their capacity to protect entrapped bioacth'e 

materials (e.g._ hydrophilic ruJd hydrophobic drugs] from immediate 

degraootion. thus increasing !he efficacy of d1ugs and decreasing 

1heir toxicity1Z9.301. Lipoe;omes have been used to faci litate the 

cellular uplllloo of lhe drugs directly by lhe targcted cells such a. 

mo<'rOJl~~"' and 0CS(3l!. 

J. 1. Slllli>£si.s of lip<JWmes 

The earUes~liposnme was disc:overed and synlbesized by Bangb:tm 

:md colleagues usmg thin layer bydmtion (TLH) techmques. also 

known U~ Brulgham lOChHiQt.teSI2.ll. Due tO ]'n>mising 0(1\'D i tl<l~'\.">S O( 

liposon:K!S m biom..."<..icul and biotechnology areas. m~u1y rese.arcbcrs 
st<ortcd 10 produ<'e liposome using convemional or superctitical­

osslsted techniques. The conventional techniques of liposome 

producfion has occw1'ed earlier than supercritical~as.."is.ted recJmiques. 

which can p....,-rormed at room ternpernttm.:' and high press.w·e system. 

TilC siLo of liposane;; produced ran»'IXI &om I )'Ill up to 300 nn1 with 

poor :;.lability. "1-ereas the encapsula1ion effide-.ncy ranged between 
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2~ to \l0%[3l.3JJ. Supercritical-assisted techniques is a rapidly 

e,·olving 1uodern and green technology for expanding the produc,tion 

of vesicles on a l:.uge scale. TtK- silc of liposome-s ranged between 

20 run and 300 tun willl better dimensiomtl conu-ol as <k.'<lu<"ed from 

the liposon~s heterogeneity measure known a~ polydispers.ity index 

(PO!). and !be higltor cncapsulatioa efficicacy of up to 9()%[31-311. 

Uposomes can be Urilored co possess difrcrem sizes. mnging from 
''el)' small (0.025 ~mJ to la~ge (2.5 ~m), and can be produced using 

different method>[291. Different methods of synthesis of Jiposomes 

t'atl Je"d 10 " v:niety of sizes rutd lllUJt!x•ts of liposomc bilayct~[36J . 

Accordingly, liposomes can be classified according to their size and 

ph06pholipid bil<tyer number (Figure 2}. 

lOnm '"'" I(X)pm 

O&~uneler 

Figure 2. Cl~tSStftcauoo of the hposomes b:u;cd ou thclf ::.1z.e <lnd 

phmpbnhptd bd<:l~c:rllo. 

3.2. Ph):<it;('/,~,,iral prt~JH'rlie'i ufli/N),,onw.~ 

Liposomes have been used in anal)1ica1. diagnostic and therapeutic 

applications owing to their uni(IUe physiochem:ical proptTties(~1J . 

One of the important elcmen's reported witb respect to the 
pby,iochomical properties of liposomes is !be phospholipid bilayer. 

The bilayer <Omposition of liposome> allows Ute imeractioo "iUt 
the biomolecules. such DoxiJ'" :utd Dcpocyt"' uod both of these 

biomole<.'ttlos haw been u>ed ctiJriCIJJiy so far in cant-er thl1ltpyi3&39J. 

Di!Terent ligands such as JX."Jltides. proteins. oX>noclooal anu1xxlies. 

and carbohydrates can be coupled 10 the surface of liposomes. 
leading to the interaction with lhc )pedfic target cells. which 

pronX>tes an increase in the therapeutic efficacyfl&J. The addition of 

cholesterol to the lipid bilayer can inct-.ase their "abilily ;n .WC all() 

:n vttrc1241. Aparl from thnl. the aqueous intctiors of liposontt..'":S c;u1 be 
incorporated \\ith hydrophilic and/or omphiphilic drugs. which have 

beea used with sucress in t"'&"led c'mcer therap)'(<IOI. 

9 

The vesicle ;'ize and the bilayer strucn&re are !he two lllOst impottant 

riK:tOr~ dctemtining lhe phy!'ioctlernical prope11ies of liJ)OSOilll!\ and 

they greatly inOuence 1~ liposomal vac..ine de•igni41J, Lf these two 

pn.>Jl<!flies nrc uppropri~tlc ly tuned, liposoute< cnn p<lSs throogh ijte 

lUO\Ot' \'C!!Sels and cont:emnuc in tl\e targe1 site. Previou;, studies hu\'C 
found Ulnt liposomes v.;th a size smaller lhlln I()() nm in diameter 

cnn circumvent the Ctlf>lure by the retic'uloendiXhctiul >ystem (R.ESJ, 
have ;.1 Iunger half-life in blood m1d uccumuhtiC in 1he hHnoral 

sitC(4ll. iJJ <:OOII"<L'l. tiposomcs of I OJ¥« sizcs did not escape !be RES 

uptake and gnt olirrrinillod 111pidly fl·om tlte blm>d circuhotion!421. 

\~sicle JamcUarity >~so i nflucnces the tnllllune response againM 

lipo>O!ne-aSMX"inted (ttlligensi41J. A ptwious •tudy iuvestig-lted the 

small unilamellar '-"eSi<:lcs fSUV~) "ilh no TLR agonist and showed 

u higher eopncity 10 induce the spJc,'ll IFN-Y response against 

Ov•dbumin (OVA) con~xored 10 onultilamellor ,·csicle> (MUV,)[431. 

ll!C ubi lily of SUVs to induce a potem CD8 T cells rcspome shows 

thai SUV;, the preferred state to potentiate imulle and ad"Plive 
inunuue r~lX>OseS for an improved vaocinecfficacy£43,44). 

Liposornes bavo been cutremly approved os adjuvunllautigen 

deliwry agents and exploi~d to deli\~r thel':tpcutic compound> 
and immunomodultttor:-. for a broad runge of discuseS(45). lt has 

been rt'p<Jlted liuu liposomes c;m int"'l"''"•te wlligens ond turgeting 
molecules to ser"e as potent v;;-.cw;: im .. 'SI4.6}. [n cooU·4l!)l to liposoml>s for 

the delivery of cancer drug$. liposomcs thut get rnpidly cleared Jium 

the blood lllnouglt elimination by phagocytic celb. hepatic KupiTer 

cell>. ond m11cr0phagcs. alongside being uptukcn by the turget ccll>­

ma)' be particularly suitable for tlte awlicatioo in vnccio~(J21 . One 
such prompt prc:sentauon to l.he cc1Js o( tbe immune system wiJI 

increase the delivery e llk iency and in\·ok.e less of the systemic 

toxicity in the organism!4'71. Here it should be noted that lipo!«nes 
produce less toxtcological effecl.s when tbey are injected in low 

doses[47~ Moreover. liposomes also do not cause an antigenic 

reaction by themselveS(3S!. which makes them suitable for lhe role of 

carriers of antigenic loads. 

Tbere ure many benefits of liposomes thru ~tern fium their strucu.ae 

and composition. Liposomes have the ability to lncililate lhe binding 

of the target to the liposo1t1al ~urfure. which make them a truitable 

candid31e for drug delivery in general btu 1hey are also capable EO 

increase the therapeuric efficacy of the drugjl9j. Encapsulation of 

drugs in liposomes impro\o'eS the pll:U1ll3COkineti:cs and also protectc; 

the drug against de::lctivation. which has been exploited in the 
deli"ery or unstable antibiolicsj481. For this reason, encapsulation 
of cipro!loxacin in SUV< significantly imprm·ed the antihaclerial 

acciviry against Francil\ella tularensis infection..'l491. With this many 

advantages~ funher s.tudie~ into liposome!' and d1eir application in 
various 6eldto of medicine must be delved into. 

3.4. lmmuno.Uimulutvr:• properties uf/iposum.es 

Because of their unique properties and advancements. in their 
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Figu-re 3. Ulc use or liposomc:s 1n dc\•clopmcn1 of .t!;r~n.t~mJ!Jbe~el.l!Atts Y:lCCine. 

syothesis.liposomes have been widely used lo stimulate the immune 

response. The enhancement of the immune response is dependent 

Oil the cellulro· uptak~ of fiposon1es by the uuget cell<. However. dte 

cellular uptake of liJl(15omes is affected by t!Jeir <urface charge. A 

previous study fouod that UJC surfuce ch:uge of Jiposomes inlluenres 

the •-elluhu· uptake thr<lllglt the end<>C)'totic pothway in gliobla>loma 

C'eUs!50). Mennwhilt~. the pl:aarmtK.'Okine.tic propt~1ies of liposomes 

can have a <ignit1cant effect on the efficiency of lhe presentation 

of liposomes to target cells such as DCs, m.1crophages.. and other 

..:eflsj24.3 !), DC~ Rl"C J)rOfe~sional anljg._:n.prc;M:nting a!llS thal (Cin 

express C)tokines.. co.-stimulatory molecules lhat regulate the primal)' 

UnmWle ru~punsc. Jn addition. OCs ,u·~ con;,idcn.:d phag<x:ytie ceUs. 

too. since they have lhe ability to take up substances in peripheral 

tiS>-ues, uodctgo maturation and promote the T ceU rcsponsetlll. DCs 

willtxoress lhe antigens and prese-nt them on the cell surface toT 

lymphocyte~ 51,521, Onco tiposomcs are ot:tbly surf.,.,_modilled and 

functionaliz..'d. tlJey cnn be conjugated \vith <<:\'eta! molecules such 

a.' polyethyleueglycol (PEG) aod antigen< to specifically target OC 

receptors to enbance l.be I.IJ'U.l.ke JHld initiate the 'lCJccth'e odaptivc 

immune re:i.ponscl2&1. 

Apan from OCs. liposome; also can oo ru;sociated and upwken 

by orber targeL cells S11Ch a~ macmphageS{3ll. As a )Xlfticulate d rug 

carrier. liposomcs v.i lJ naturally torgct the mononucJear phagot:ytic 

system. Mononuclear phagoc)'tic cells ex~s n mnge of receptors 

nod slimulalion ofT c.llst5~J. \\1lich suggests llutt they can represent 

a versatile delivery vehic Je to enhance rhe immune response. 

TI>e lipid surface of liposorncs can be chemi<'lllly modified to 

increase 1he circulation time. accumularion time at the target s.ite. 
ttnd cellular intem~dizutiou(55j, In a previous study. liposomes 

were modified and nH>dc mullifunctionall>y adding functional 

groups to their surface. The 3ddition of lbe~e fum.·tio1w.l groups 

increased the longevity of liposome.< in blood. favot~~ing the specific 

targeting m response to the local stimuli at the target site. Active 

targeling o( tipo-:omc8 1\Jil) a ISO beetl itt:hieved by cOnjugrati(tO 

with peptides or ligand~ to reduce the in[eraction \\<i th off. target 

~ells155.561, Liposomes with specific >urface ligand> actively 

targeted and intet'acted wi th c.ancer cell surf.1ce receptors in the 

tumor environment. which led lo enhilllCed uptake tmd ther.tpeulic 

effect at the rumor s.itej56J. Other studies h;n-e found that liposomes 

are ~tble to target lhe endoplasmic retkulwn (ER) and ~~s~oc:iated 

membranes specificallyl5i l. Once liposome< are in<ide the ER, lhe 
targeting lipid intercalates with the ER membrane and tnc01porntes 

itself into ER-as<embling entiti~s such os lipid droplets LUid secreted 

protoins[511. These ER-tm·geting liposonrs were found to be c.Jfective 

for prolonged delive.y of lipids aod lipophilic dtugs into human 

cellst5S57.jgJ_ 

>uell as scavenger rereptOl~. mannose receptors. rul<l imcgtins that 4. Liposomcs in TB ' 'acciuc development 
can be Ho-geted by hg1u1<h of li>lOWmes. thus inc!'ea>ing the targe.t 

specificity toward lhe mncrophages. Th.is ~tdvantuge for targeting 

ron'-"Tophage)) using lip~ooles Ct~fl lead lo cell '-!ctivation for the 

tre-.slme.nt of chronic innammation nnd cuJ1rer(311. Be!'lides. 1 he 

addition of amigens in formulated liposornes could enJumcc the 

activation and uptake ca:paciry of DC.~ which increases the ability 

of DCs to induce T cell p'OiifenuioniSl l. A ~~·eviou' Study round that 

mani!OI"yloted liposome.< cau;e a high expression of I'Urfuce mar!<ers 

Uposomes nre vers~ttile und widely used as an eflicienl adjuvant 

;111d delivery system (Thble 1). Alu10ugh the mujority of their 

upplications a..'i ogents for the deliv~ry of immuno:.\timuJatory 

mole<•t!es have been in the domain or C$CCI' itnDIUUOlherapy, tbey 

can be considered as an ideal \'accine carrier candidate. especiaJty 

fO< TB (Figure 3). Titis n1~1licMion "ill be reviewed in Ole following 

section in detail. 
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Table 1. Summ:ll'y of hl)(t\()ffif'S llll'uberculoSJ!i \':ICC'u)C dtovetopmem. 

AdjU.,.;.lllt 

CAFOI 
AS()L 

F..._'\Sf\"C l3~tmg 

At:bVtl~etiUl8, 

Nocle.c OCI£1· Ag85A 

II 

OOTAP 
AdHu5Ag85A 

[67-761 
fl.78.79.L0(>.J091 

jb(i.821 

1~3·><111 U'·c artcnuat«< and kilk.d wholeccU vaccmcs-RUTl 

llll!-911 
(}7.4-!..91.921 

l31.93·9} l 

19<<-1011 

4. J. Llpt).lnlllfS OS <Jdjur (Ill.<.! 

The su·ategy to develop T B vaccine has resulted in several 

different liJlOSOmc-based adju\'lUll cnndidJncs. The word ' adJuvanr· 

comes from the Latin word 'adjuvare' . meani ng ' to help' or ' to 

euhance'(59!. The developmenl of liposome-based adjuvants 

in TB vaccine fo1'1nulalion< is indeed intended to enhance the 

immune rel\J)Oflses againSt Mtb antigenS(OO!. In recent ye.;tn;. it ha"' 

been sho,vn thai catiook liposomcs in combination with olher 

unmurwslirnulal Ot)' faC(OI'S such a~ TDB, MPL nod Poly I ; C Ci.lfl 

induce a solid immune respome af!IJinst Mtb amigenSittJ. Cationic 

liposornes provide long-tenn stm:tge for subunit TB vaccines at 

the injectjon ~i t..: und hiM! b..~n !Jlown w provide u potent ~urfnce 

charge ·when interacting with APCs to promote both humoral and 

cellular immune responsc!\j lt .44j. Cationic liposomcs have been 

combined with dinlc~tyldiootadecyltunmoniwu (DDAl >tubilizM 

wilh glycoliJ>id iuHnunomoduJaror Trehelo<c 6.b·dil>ehcnate 

(TDB}, which is a synthetic vruiant of the cord fuctor located in the 

my"obactCJial cell wall16tJ, Titc <'Ombinotiou of these DDA·TDB 

liposomes with the tn}'CCJOOctetial fusion protein AgX5B- ES,o>.T-6 is 

a novel TB V3Ccine candidate for CAFOI. The s.tabilizing properties 

of CAFO 1 make il ~uitable for use in vtn."cine formulations and 

their safety was dcmonslrotcd in a Phase I uial. Vac-ti.natioo \*lith 

CARll resulted in highly oomple~ immune re:1p0nses wirh strong 

T cell immunity. which indicntc<l thnt CAFOI mightl>e a good 

l"tttK.lidalc fot· fu ture TB vaccine deve IO~)mentf€.?1. KnudSt."tl and 

colleagues peaformed a detailed compruison of five different clinical 

udjuvtmiS, including CAFOI. tllld showed a mixed Tbi1Th l7 

profile in micef631. bl TB. Thl uumw1e m'J)OIISC is required again>L 

.Mtb i:nfec.tion, while Thl7 irnnwnity \\'aS 1·apidJy induced upon 

Mtb infection. \.--onferring protection similar to vaccinalionj63,64), 

The mycobactc•inl plluspholipid from Mycobcc!nium houis BCG 

lipid extract was shown to mduce a po~ent Th I immune response. 

characterized by an increase in I he expression of lgG2a :.tJld 

rFN·<>I65). Fu1ther investigations showe<l thut the fo.-mulation wilh a 

liposomal adjuvant is a promising syste-m lhat success:fuUy induced 

u prolouged uplltke und ac1iv:rtioo of OCs I<> elidt Thl and Th17 

tells in both neonates and udultSf66.67J. This adju\'Outed vat'Cine 

e<~ndtdate "ith CARll manages to induce a t'obo.t5t multifunctional 

mem.ory in T cells. which is maintained for over a year post· 

vnccinntionl€81. Durable protection via T cells induced by CAFOI 

fmmrl~tion 1~-eferentially localized to the lung sire of infection[691. 

Recently, inCOllKlration of addUional imnmnomodulatOI)' adju\'3nts 

such aS monopbospboryl A and Prun3Cys as recognition agonis.ts 

il1101he CAR) I ronnuh&tion led I() n~w lipo:,omal udjuvunl~. ll,e~ 

new fCMmulnti()n_, e tTeclivcly induced n sp&ilic immune t~lJOn~ 

against tile mycolxiclelial DNA and anl.igen. respecti\'eJy. and they 

also provi~--:d nn enhanced ~utd pershtent protection uguins:l the Mtb 

infection[2J, Other studies also found that CAFO I in combination 

with lhe ::tnti-subunit TB vaccine. J-Jj6. result" in an increased 

response tOV."J.rds polyfuoclional CD4 T cells Lhot localize to lhe 

lung parenchyma. Thl< leads to prolonged nnd ""tnined J)l'Oiection 

to infecred antigen preser~tation cells in mice and to d.1te rhis srudy 

is still in clinical developn).;!nl[69,10!. These rmdings de.monslrnled 

llposomc..---s not ooly 10 be a vJable vaccine caJner thai ulduces loog­

term p«llecrion agaimt Mtb. but also a safe and tolerable adjuvant 

producing no adverse or systemic effecrs observed UJX>Il vaccination,. 

rK~withstnlkling tltnt ftll1her ll\OI'e in..<Jeplh safety pmliles need to be 

est1bli!Jledf7l). 

Uposomes huve OOcn studied in t"''mp.:uison with alum ruxJ oil-in­

wawr ''Uiul,ions as udjuv:utt> for TB \UCtines. PredinicaJ !>ludios 

have sl\(lWo tbru b<>th emul>ion-based ood lipusome-based adju\•!ll)tS 

provide protection against mycobacreriaJ chaUenge121. ASO 1 is a 

tipowme-based adjuvwu vaccine cumaining two imzntUlostilnulants: 

3-~esacyl-4. -monOJ>hosph<J<YI li 1~d A ( MPL) ~nd ~~ponin QS· 
211n 1. This liposon>e-based adjuvant such as AS() I caused the rapid 

effect after being localized to the injected muscle and dmining lbe 

lymph node. Besides, ,o>.SO J aJ,;o triggered u ltigher C04" T cell 

response. as indicated by a stronger lFN-y response-, confi rming 
~lltt it is a suitable e<mdidate for au adjuvant in a TB va<;d ne(2,72,73). 

As far as the clinical uiul wu:-. coo:.idered, thi:-. adju vanl ~y~aem 

\V:l.s tL'ed in lhe form of M 72 antigen.. M72-ASO 1 E (E refening 

to reduced dose for pediutJic: use) is currently in Phase 2b c:tinkal 

trial and is <k.--emed safe in heaiLhy adolesccms and adults174.7SJ, II 

induces immu.noge-.nicity :md protection in adults "~A~th active and 

latout Mtb infec1ioot?b.771. 

Anmher l:ipid te~lcd :t.' 1:1 Hpo"'m.al OOju,'Unt in ::u1 anirn~1 l chaUcogc 

study is l. 2-dioleoyl 3-lli methyl ammonium pro1>ane ( DOTAP). 

DOTAP is: a cationic I iposome-.forming compound that has been 

used ns an adjuvant in TB \'~1c:cine devetopmenl. It acts ~L" a booster 

of the immunogenicity of peptide and prorein antigen~ to produce 

1111 iJnmune respoosesl62..7&). DOTAP in combination \\ith a. fu:non 

protcio of Mtb HspX. PPE44. and E,xv elicits u strong immune 

resvonse. ~ilce that received thi> combtnation of DOfAP Sl.'<l'Cted 

more lFN·Y and IL· 12. indicating a strong Th 1 response(781. Aprut 

from tl1at. n previous !>ludy has shown tltol DOfAP e.xhibits mut·osal 

•djuvanr effecrs when ovalbumin (OVA) tOlllbined with ))()1',o>.P 

is delivered via the in1Tan:.t.,..11 mule, a~ indicated by lhe !>trong Th1 

ilmtune te>'(l0nsc!1'>1. Hcmever. further development of DOTAP as n 

owcos.aJ adjuvant for vaccinuli<)n (tg'"dinsl TB is still ueeded. 
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The CUITCnt liposomal adju vants. in fact , arc most nppropriatc 

for iuject:ion. StilL the potential for ~timu lati ng an immune 

response combined ,._;th the ~ssibilily of ·n~dlekss Vat."Cination' 

ha~ provoked an interest in tbcir use in mucohal vac(i.JJation. 

For ex:unple~ the protection achieved by !he intranasal mucos:tl 

immuni z:ttion with AdHuSAg8~A wa!) ussodated wi tJ1 the 

localizalion of antigeo/udjuvaru >PCCi flc T cell s 10 the lung 

airv.•aysjSO.SIJ. A previow; srudy used the rhesus macaque TB model 

to evaluate lhe snfety ef!ects of AdHu~Ag85A. The results showed 

that the mucosal boost immunization was safe in BCG rhesus 

macaque in wh ich an enhanced antigen.specific "r cells response 

wns observcdJ821. Tbe mucosal route for TB vac.cimuion has ul:re~tdy 

reached Phuse I clin•cal trial> and tlte a»e»ment of Ill<; levels of 

prolection specific lO thi' adjnvam is underwayi!Ol 

The clmractcristics of liposomcs to enlmp subslunces such l1~ 

drugs hnve 111ade liposomes an excellent tooJ to explore a.s a ne'"' 

drug delivery sysrem for the ~evclopmcnl of TB vaccinesl251. 

Liposomal fommlations are able to increase the bioo,•ailablliry of 

drugs a nd redtu.·e tbt.> treatm~nt timcj84j. Liposome:> can also be 

mrgeted to specifiC ti~<ues or organs by active 01' passive method<. 

Passh·e targeting i nvol\'es the tnmspolt of liposomes to the target 

tissue) by taiJoring their surface slructure to a desired sy)-lemic 

dislfibution pro fi le. The combination of passive Lall:"Cting in TB 

vaccine developmem with the inhalation route ha• gained imerest of 

the researt"hers because lipuson:Je) owe their ability to re:K'h alveoli 

m~rophage~ lu uu OOequaate :,izc;. Once in the blood circulntlon. 

liposomes are easily taken up by phagocytic cells in lhe mucosal 

pulmonary systcmsiiW-S6J. Ap:rrt from !hal, tlte development of 

Jiposomal fonm~ntions for aerosol del ivery hints at the porential 

ror I heir U>\t; in imranusal TB V(ICCin¢1' bccau:-e J;po~omes can 

thw real~h lhe lung lissues more effectivdy!&6!, T he use of p:.tS~ive 

Htrgecing hn-: hcen e111ploycd by Gaspar .e: a! .• wOO cocapstlltHed 

multi lamellar l'esicles of liposomes wil h rifabulin and IJtus 

ochieved a higher collcentration of the antibiotic in largeted organs 

oomp:u-ed to 01e treabuont "ith free cifaootin1114,1l11. Along this lioc. 

inn<Na.ti"e inhHlation lherapi!,!:~; "A'ith ll)x>:'t(tnlt:S may COI'lllil>UI.: tu lhe 

development ofTB vuccines for pui.Joomu')' adnunislrn.tioo. 

M~.ltlWtrile. for lllc pmposes of :\('five turgeting. 01~ phospholipid 

bilayer uf lipOSOOlCS is coupled I<' latgeLing ligunds. including 

peptides. a ntigens and proreins. so as to make them suitable 

carders for the delivery of drugs to !)ped fic sites with improved 

therapetnic outcome<ll5.841. n.e incorporati<m of anlige ns in 

lipos01nes influences immunogenicity by inducing T cell response 

and indirectly incre~ing the availubilily for anlibod~ or B4 ccll 

l'CCOgnition!41.£.0J. Gern.ld and colleague~ fouud that immunization 

of liposorna l mycobacterial lipid antigens induced proteclion in 

guinea pig~ challenged with Mtb188}. The IOrmul:llion consiMing of 

a lipowotal system wiOllll)CObllCietial lit)id :unigellS 1\.'duccd U>e 

boclcrial lood in the spleen of inoculated animals as compared to the 

unvaccinoued group of anirnals. Ln ::mother srudy, liJXl~On:Je$ based 

on phospbatidylse1ine (lipo-AE1 cmTying a mycob"ctcrial antigen 

were >ho\\n to indtroe tlte ttocumulatiun of mem01y T cell> in the 

lun~ and reduce the bacteoial load in llolh lung and spleen. tl1erehy 

boosting BCG irwuuujzationl31. 1ltese findings >bow thnl tiposomes 

are cooverrient as deliVer)' sy:.~ems for lipid antigens iJl moo. in pa11 

because their phospholipid bilayers are suitable for incorporation of 

an nm]lbipathtc anrigen(88.89). 

Nucleic arid V{t('\.ines lla\'e c~rgOO as allemat:ives lo trndi tionat 

vaccines in inducing an immune response against TB . Liposomal 

delivery systems ent·otpsu1uling DNA plasmids represent Lhe most 

po·omi>ing >ltlltcgy 10 >timulatc Ole immune responses[60,90I. For 

example. lipo,omes encapslllating a My<obru:wium DNA and 

i1x:osporating Ag8.5A cam:ed it subsumtia1 expression of DNA in the 

mlK·os::Ll intestinal epithelium as wcU as in microfold cells. DC's. und 

Peyer's patches of the small intestine. These cellular cornpann1em~ 

play an imponanl role in regulating the immune respunsel91). This 

~tppronch bas resulted in ornl vnccination with liposomai-DNA 

Ag85A able 10 gcncnllc antigen-specific mucosal nod systemic 

humora l immuniry against TBJ90.?lJ. Punhermore, Jiposomes 

iocorporaun,g tJxo s..'UJ\e DNA showed nn enhanct..-•tnent in CD4 and 

CDS T cell response and were capable of prolonging survival in 

mice infected with TBI.!!121. 

Finally. lh·e attenuated ~tnd kiUed whole-ceU vaccines h~lve been 

SlUdicd as Cllll<tidmcs for TB l'l\C<.illi.'S because or their a~vm11ages 

over pro~ein-adjuvam formulations and reeombinaJll viral-vecto.-ed 

onesj93j. li''e wbole"eU vaccines possess th~ abiHty to iodul·e long­

lal)Ling l'n~mory immuoc. res1xu~ses h) cmvJoy;ng u 1)1'ood amigcn 

composition to stimulate the production of 1' cells and n cells 

respouses(93J. Nov.·ad:tys. the live attenuated vaccines have entered 

the preclilri.::ll :lOd cti•tical developmems wilh the recombimun BCG 

and aucnunted Mtbt94J. One of 1hc lill<J"<>rnal thel'OJ>oUlic ''accine 

ctmdidates i.o; n vaccine made of fragnEnted Mtb cells detoxilied ru1d 

liJlOSOillCd (RLITI). a 1X>Iyanli0'<"ric fip(.,.,llal vac<iJIC COill>Wl<l of 

deloxtlied fragmented Mtb cells. Rl!fl is developed to 1~evenl active 

T B in subjects wilh latent TB infections by boosti ng the pre\'ioos 

immunity tbrougb chcmotboropy. wb!Cb has U1ggcrcd a Th 11Th2 

re"!>Onse in infec•ed micci95.96J. Ftnthennoro. RUn hu< been shown 

to rc'<luce the bacillary load aod increase the swviv:~ rote or infected 

animals in !>1101t- and long-tcml voct'inutiOtL respectively[97). This 

vnccine abo focitiwted a resp·onse of Th cells to <~ wide rang~ of 

antigens. along with an increased antibody production . thanks to 

whkb it entered Phase 2 cUuical trial in 201 4193.98]. The ltealment 

willt RUT! appear~ to be well tolerated and I he immunogenicil)' 

protlle in latent TB infections wm be OO!ied on a single injection of a 

ltighest dosel951. As prectinicul re>U!ts w-e siruil:tr or cvon cuhauoed 

... "'nlpUJ'Cd to BCG \'".ted nation. Phase I clinicul 11iaJ of Rlffl hus 

indicated th.at it is a safe rreamx-nl option far heahhy indhiduaJs. as 

il con lidenrly triggers ~1e specific T cell re.sporL~e againsl Mt~99J. 

1lns approach of utiliziug fn~gmcnts of Mtb iJt vaccines has c.lriveo 
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the field to explore other species of mycobacteria. One of them References 

b MrcobacUntJrn smegmrJJu. a non·pttlhogenk Mrcob-acurium 

that shares several glycoHpids with Mtb and that induced specific 

bumoruJ immune response> against Mlb iofectiOil when it w•s 

cn,vrapped in liposomes{IOC4. 

5. Conclru.ions 

Liposomes are esseotiol drug detive>y canier.> chtu'Jlcwriz<:<J by a 

number of ad"antngoous properties. They are goaernlly :IDle to safely 

carry thcmpeutic cornpoond< to tnrgot cells. oftcntime< increa.<ing 

their therapeutic a<..-tivity and preventing any toxic side effects.. Their 

ability to induce specific itmnw1e ~sponses ~er..,es ns a f-undamental 

featu re of an e ffective del ivery system and adjuva nt in the 

de' elopment ofTB '<t<'Cincos. NonetheleS>. fut1h!)l' exteusjve rc.osc:u\it 

and de\'elopment are required ro optimize for a number of varying 

fuctors Lhat delennine the efficacy of liposomes in lheseapplications., 

including the tiposome sizes. 'urfitce charge. and tonrpo>itiou of Ure 

lipid bilayer<. 
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Abstract 
Recently, a considerable amount of literature has emerged around the theme of neuroinnammation linked to neu­
rodegenerallon. Glaucoma Is a neurodegeneraUve disease characterized by vlsual lmpaimtent. Undemanding the 
complex neuroinnammatory processes underlying retinal ganglion cell loss has the potential to improve conventional 
therapeutic approaches In glaucoma. Due to the presence of multiple barriers that a systemically administered drug 
has to cross to reach the intraocular space. ocular drug delivel)l has always been a challenge. Nowadays. studies are 
focused on Improving the current therapies for glaucoma by utilizing nanopartlcles as the modes of drug transport 
across the ocular ana tomical and physiological barriers Tit is review offers some important insights on the therapeutic 
advancements made In this direction. focusing on the use of nanopartlclesloaded with antl-lnnammatory and neuro­
protective agents in the treatment of glaucoma. The prospect of these novel therapies is discussed in relation to the 
current therapies to alleviate lnftammadon in glaucoma. which are being reviewed as well, along with the detailed 
molecular and cellular mechanisms governing the onset and the progression of the disease. 

Keywords: Nanoparticles, OcuiM drug delivel)l. Neuroinflammation, Glaucoma, Retinal ganglion cell 

Background 
Glaucon1a, a prime cause of irreversible blindness, refers 
to a group of ocula r disorders with multifactor ial etiology. 
As of now, it is considered a neuroclegenerative disease in 
both the eye and brain [1 (. In 2020. approximately 76 mil­
lion people suffered from glaucoma and this number is 
expected to reach 112 million by 2040 121. These complex 
neurodegenerative disorders are characterized by optic 
neuropathy whic h is potentially progressive and vi sible 
changes ca n be seen a t the optic nerve h ead (ONH) (3]. 
Glaucomatous optic neuropathy indicates a st.ructural 
damage to the optic nerve with the corresponding loss 
o f function. The structural damage is observed through 
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the neurodegene ration of retinal ganglion cell (RGC) 
axons and deformation of lantina cribrosa with a con­
comitant diffuse and localized n erve fiber bundle pattern 
(4). Undetected glaucoma in th e early stages increases 
the r isk of visual field loss [5). Uie visual acuity may be 
spared at the early stage of the disorde r, but progression 
of the neurodegenerative changes may result in the com­
plete loss of vision (6 (. 

Mechanisms underlying the development and progres­
sion of glaucoma at th e level of RG C a xons at the ONH 
remain unclear 17). However. studies have indicated 
that early neuroi nflam matory response is potentially a 
contr ibuting factor to glaucomatous optic neuropathy 
(Fig. 1) (81. Immunological surveillance in retina medi· 
ated by astrocytes, microglia. and other blood-derived 
immune cells is hypothesized to be associated with pro· 
inflammatory events leading to RGC damage (9, 10] . 
Several studies also found substantiaJ evidence on the 
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Primary injury (e.g .. mechanical alteration at lamina 
cribrosa, vascular dyregulatlon, damaged neuron) 

Glial response In ONH 

Structural changes ONH 

Astrocytes activation Microglial activation 
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Pro-Inflammatory marl<ers t 
(e.g TNF-a, IL-l~. IL-6) 

Triggers secondary injury (e.g., 
ischemia, excitotoxicity, glial 
overactivation, neurotrophin 

RGC damage deprivation) 
A g. 1 Relil!tonshtp benoveeo rrwogha and astrocytes tn gtaucorrorousneurodegeneraoon. Upon tn1ury, they telease rmmuno<ogKal9gnals, whtch 
1nclude pro-mnammatory cytoklne~ subseqtently tnggerlrg seconda:y rre<hanisms eX&:.,bat>'lg the neurmallnjury and evemUillly cell death 
Created with llloRender.com (2022) 

detrimental impact to axons, cell bodies, and dendrites 
of the ganglion cells during Lhe early stage o f exper imen· 
tal glaucoma in animal models (1 1. 121. Interestingly, 
dampening certain pro--intlammatory pathways appears 
to have a n europrotective effect on RGCs, particularly on 
events at the 01\.TH during the ea rly stages of glaucoma , 
further demonstrate the role of neuroinflammation in its 
pathogenesis [ 13]. Regardless of the initiation of insults .• 
the neurodegeneration of ganglion cell axons is associ­
ated witl1 the loss of ga nglion cell bodies via apoptosis 
[14]. Since RGCs arc unable to regenerate their axons. 
their Joss is irreparable~ whic h can disable the eye from 
generating connections to the brain and result in lifelong 
visual Joss [ l4}. However, it calls for a greater concern 
because its prevalence is on the r ise, and unlike in the 
case of cataracts, th ere is no effective th erapy available 
[15]. 

The goo I of any g laucoma treatment is to prevent vision 
loss. Most recent therapies have been focused on lower­
ing intraocular pressure {lOP), as it is the o nly proven 
treatment for glaucoma; elevated lO P is considered the 
pri rnary risk factor for the initiation and progression of 
the disease [3]. However, a signiJicant number of glau­
coma patients show worsetling visual fields eveJ'I when 
the lOP is controlled [16]. Alth ough h igher baseline lOP 

and older age are regarded as consistent and predispos­
ing factors for glaucoma progression, several other r~c­
tors should not be overlooked [17, 18]. In particular, 
individuals with family history of glaucoma , genetic 
predisposition, medications for pre-existing conditions 
such as systemic hyperte nsion and diabetes, h igh myo· 
pia with great disc torsion of the optic disc and thinner 
lamina cribrosa at the ONH, and central corneal thick .. 

ness, are amongst t:hc factors teJ>Orted that can influence 
the developmen t of the disease [19, 20]. Nevertheless, to 
this day, lOP remains as the cardinal modifiable param­
eter in the management and treatment of g laucoma. In 
spite of that, most treatments for controlling lOP are 
associated with adverse effects and none of the current 
anti-glaucoma medications provide retinal neuroprotec­
tion by preventing RGC loss [21]. Although more than a 
few emerging therapeutic agents seem to have the po ten ­
tial to provide neuroprotec tion in human glauco ma, none 
of them have bee n clinically apptoved so far, Thus, there 
rernains a need for thera peutic interventions that can 
provide ma ximal retinal neuroprotective effects in glau­
conla with minima) adverse effects. 

Glaucoma drug th erapy typically employs topical ins til­
lations of eye drops. Alth ough other glaucoma treat· 
ments such as surgical and laser therapy a re increasingly 
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utilized in the clinical setting, conventional eye drop 
remains the primary treat ment for the majority of glau­
coma cases (21J. Owing to various anatomical and physi­
ological barriers in the eye, it is highly challenging for the 
drug to reach the target site [22J. Topical application of 
the glaucoma drug is predicted to reach the ta rget tissue 
at the amount not higher than 5% of the applied amount 
due to Lhe rapid c.learanct- mechanisms at the corneal 
surface (23J. In addition, poor instillation by patients, 
especially the elderly, and the drug overspill are other 
contributing factors to the low bioavailabllity of ocular 
drugs in g laucoma {24). To circumvent these obstacles, a 
new paradigm for glaucoma medical therapy is needed to 
fulfi l the gold standard of the treatment c riteria, includ­
itlg the etlkieru reduction of the lOP in such a way that 
the visual field is not cotnpromised, and the optic nerve 
protected without causing tachyphylaxis and without 
generating other local and systemic adverse effects. It is 
also important to consider a treatrn<·nt that can promote 
patient compliance and applicability in diverse patient 
populations j25J. 

Am ong many new therapeutic innovations fOr the 
treatment of glaucoma, nanoparticlc.s (NPs) occupy a 
prominent place [26]. In this review, we have exatnined 
the potential of NPs in the treatment of glaucoma by 

emphasizing the mitigation of neuroinllammation, all 
to circumvent the drawbacks in the current glaucoma 
therapies . 

Main text 
Modulation of neuroinflammation in glaucoma 
Neuroinflammation in glaucoma can take place at dif­
ferent physiological locations, but it is most prominent 
at the posterior segment of the eye (i.e., retina and optic 
nerve; Fig. 2) and the brain (i.e., superior collicu lus and 
lateral geniculate). It can also occur peripherally in blood 
vessels. Nonetheless, the primary focus has been on the 
RGCs. In the ONH, most research has demonstrated the 
criticaJ concern of glaucoma in which the RGC soma, 
synapses and dendrites show the effects of neuroinflam­
mation and peripheral irnmune responses. Recent studies 
have demonstrated leukocytic recruitment into the ONH 
and the retina, which may contribute to the development 
of the glaucoma (13, 27J. 

ln the pathophysiology of glaucoma, RGC axons are 
the first to be affected. Mechanical alterations to lamina 
cribrosa, neurotrophic signaling, direct RGC pressure, 
and neuroglial activation, such as that of microglia or 
astrocytes, are among the initial stiJnuli for this event. 
MiUier glia, astrocytes, and microglia are tl\e ' resident 
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cells' that stimulate innate immune responses in the ret­
ina and optic nerve. The astrocytes play a crucial role in 
controlling homeostatic <:onditions for neurons by main­
taining neurovascular coupling (neuro nal activity/local 
blood flow) (28, 29). W hen activated, astrocytes undergo 
morphologica l alteration a nd proliferation to the area 
of injury. Severe astrocytosis, an abnormal increase in 
the number of astrocytes that leads to inflammatory 
responses~ has been reported in g laucoma and is known 
to be involved in the onset of the disease )30). Some stud­
ies have reported that ONH astrocytes have a phagocy­
totic effect which are able to engulf synaptic materials 
and cellular debris (31 , 32). Nevertheless, the extent of 
effects of astrocytosis is still the subject of ongoing 
research. 

In glaucomatous pathophysiology, microglia and mac­
roglia are the key playe rs responsib1e for immunoreg·u­
lation in the retina [33). These cells are responsible in 
several key functions includi ng providing nutritional 
and structural support, regulating metal>olic activity and 
homeostasis, phagocytosis as well as leve1s of cytokines 
and neurotrophic factors [34j. 

Major neuroinflammatory cells In glaucoma 
Microglia is the key cell type controlling neuronal func­
tion and homeostasis. They are phagocytes that play 
a vita1 role in the innate immune response. As reside nt 
macrophages, its presence is undoubtedly ubiquitous 
in the central nervous system {CNS) 135]. This cell is 
the fi rst to react toward the site of injury l>y stimulat· 
ing inf'lammatory cascades and recruiting o ther intlam .. 
matory cells. such as astrocytes. In an in vivo study of 
glaucoma, activated microglia were found to increase in 
number in glaucoma; however, it is not cer tain whether 
these reactions are benefi cial 136). Initially, microglia 
were assumed to have ascended from the yolk sac of mac­
rophages that had entered the brai n during the develop­
ment of fetus. However, more recently, il is bctieved to 
have come rrom circuJated monocytes, which later differ .. 

en tiated into microglia 137]. M icrogtia are responsible for 
homeostasis of the neural ci rcuits and angiogenesis in the 
retinal development. ln mature retin a, microglia heiJ> in 
neUJ•onal signaling and integrity of synaptic transmission 
(38- 40). Some studies have suggested that inactivation of 
retinal and ON H microglia using drugs known as m ino .. 
cydine lowers the neurodegenerativc actions )41. 42). 
Ash'Ocytes, mic roglia, an d macrophages are believed to 
be involved in neuronal inflammation, with aging among 
the causative factors (43). 

h\ glauc.omatous eyes. activation of microglia has been 
detected at an earlier stage, whe reas the aggregation, '3-cti .. 
vation and redistril>ution of microglia is seen even before 
RGC injury has taken place in a DBA/21 mouse model 
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of chronic hereditary glaucoma 144). The early phase of 
the glaucomatous model in mice a lso invol\•ed the mono­
cytic recruitment and other patholog·ies with neuronal 
damage [45] . Microglial activation and proliferation can 
lead to cletrimentru effects on RGCs through the secre­
tion of pro-inflammatory cytoki nes. such as interleukin-6 
{IL-6), tumor necrosis fuctor-alpha (TNF-l\) and reactive 
oxygen species (ROS) )46). In another study utilizing the 
same animal model, the transcriptome of ONH microglia 
was seen to change drastically in the metabolic, phagocy­
totic, inAammatory and sensome pathways (47]. This was 
confirmed by another study, which showed an increased 
activity of microglia and thei r density in tl1e retina, 
including the opt ic nerve when lOP was elevated [36). 
1l1is finding supports the hypothesis that the chro nic 
ocular h)'pertension inhibits the homeostasis- regulating 
function of microglia (47). Despite all these findings. the 
role of microglia is still debatable. Few studies have sug­
gested that RGC injury can be worsened by microglia 
when the inflammatory mediators such as TNF-ct, inter­
leukin I~ {IL- t p), IL-6, matrix metalloproteinases, Fas 
ligands (FasL), and ROS arc released 146. 48 ). 

Macroglia are predominantly Muller cells and astro· 
cytcs that share similar transcriptomic profiles and 
functions (49). Out of these two cell types, the prime 
macroglia l ce lls ate MUller cells, which can be found 
across the reti na. Their cell bodies lie in the inner nuclear 
layer, which elongates into two trunks that extend the ir 
ends into the inner limiting membrane. The inner fim .. 
iting membra ne separates the retina from th e vitreous 
body and is one of the most significant barriers for ocular 
drug delivery (50). For a detailed overview of the inner 
limiting membrane, the reader is referred to the work 
by Peynshaerl et al. (50- 52]. Muller cells are essential in 
maintaining the structura l integrity of the retina. They 
are also important regulators for cell metabolism in the 
retina [53). MUller ceJls are anatomical conduits a mong 
the retinal ne urons, includin g the cellular environme nt. 
H ence, they help in maintaining retinal homeostasis. 
Astrocytes are the foremost gtial cells found at ll1e ONH. 
As the domina nt compone nt of glial cel ls in the C NS, 
aslrocytes engage in a variety of critical functions. such as 
ionic balance regulation, metabo1ic supply and its struc· 
rural maintenance. neurotransmitter transmission. and 
synaptic plasticity 154]. Collectively a nd together with 
microglia. astrocytes and MUller cells ensure a smooth 
process for the synaptic activity to occur b}' maintaining 
ion and neurotransmitter levels. 

When an injury occurs to the retina, macroglia can 
be stimulated to release glial fibrillary acidic protein 
(GFAP) and other extracellular matrix proteins [55, 
56[. In the glaucomatous retina, there is an increased 
an1ount of GFAP immunostaining and macroglia display 
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a hypertrophic morphology, suggesting the existence 
of retinal gliosis in glaucoma [5ij. Severa l models of 
glaucoma have showed that the number of astrocytes 
increases with increased GFAP immunoreactivity, and 
this was also seen on the extracellular matrix remod­
eUng on the ONH. GFAP is an intermediate filament of 
the glial cell cytoskeleton that upsurges when astrocytes 
transform into their reactive state [55J. fur thermore, 
some studies have shown that ONH astrocytes play a sig­
nificant role in the engulfment of optic axons, including 
stimulation of axon degradation, which is one of the pro­
posed mechanisms for the sectoria.l nature of RGC loss 
in glaucoma (32]. The inflammatory response in glau­
coma is activated a nd med iated early on through a pro­
cess called astrogliosis. Several inflammatof)' pathways 
were activated by astrocytes when rats were injected 
with hypertonic salin e into thei r episclera l veins, leadi ng 
to a high lOP [58]. The activation of inflammatory path­
ways incl udes tumor necrosis factor a {TNF-a) signaling .. 
nuclear factor kappa B (N F-KB) activation, autophagy, 
and in€1amm asome-assoc iated regulators. 

Inflammatory pathways 
TNF-a a,nd toll-like receptors (T LRs) pathways arc 
-among the crucial complement cascades in glaucoma­
tous neuroinflammation . Furthermore, there are vari­
ous associated inHammatory mediators involved such as 
cytokincs and prostaglandins [59J, and !)athways such as 
~2-microglobulin a nd cluster of differentiation 3 (CD3) 
[60] . Studies are currently focused on the classical path­
way of the comple ment cascade whereby RGCs detect 
stimuli of injuries a nd activates the complement com­
ponent I (CI) complex, a giant proteolytic enzyme (6 1-
63]. This is followed by activation or the C3 convertase, 
whic h can attract leukocytes and further activa tes CS 
convertase. CS convertase would recruit more leukocytes 
and stimulate cell lysis through the membrane attack 
complex. In th e complement cascade in a glaucoma­
tous eye, glial cells such as astrocytes would amplify the 
RGC signal to boost microglia response and even attract 
monocytes, especially in the ON H and inner plexiform 
layer. Rather than killing the RGCs, the complement sys­
tem is believed to protect the n1 from further damage and 
maintain their [unction [64]. Still, based on the previous 
glaucomatous animal model, t he nature of the neuroin ... 
fiammatory mecha1tism is thought to possess an evi­
dently damaging role on the disease (65, 66]. 

Meanwhile, TLRs path way induce glaucomatous 
neuJ·oinflammation in two ways, e ither through poly­
morphism or TLR4 alleles [67] or increase in TLR4 
protein expression in the retina of glaucoma animal 
models {68 ]. Different TLRs recognize diJYerent stimuli. 
For instance, TLR3 detects double-stranded RNA of 
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foreign substances, whereas TLR4 foc used on detecting 
an endogenous ligand, for example, tenascin -C, which is 
eli.'Yated in the glaucomatous ONH [69, 70]. It has also 
been found that monocytes and microglia have more 
detecting TLRs as compared to astrocytcs, Even though 
some studies have examined TLRs in RGC injury, more 
investigation is needed to further delineate the role of 
TLRs in human glaucoma. 

Another critical activator of neuroinflammtltion in 
glaucoma is TNF-a, which is produced by astrocytes and 
especially microglia (71, 72]. Studies have reported Lhal 
polymorphism [73, 741 and increment of TN F-a in the 
vitreous body, retina and optic nerve are associated with 
glaucoma (75, 76]. Parallel to FasL's downstream actions, 
TNF-a also triggers RGC cell death (77, 7&]. In a vitreous 
glaucoma mouse model, oligodendrocyte and RGC dam­
ages are induced by soluble murine TN F-a while TN F-a 
suppression prevented these damages [43, 79J. 1h is is 
similar to the extent of blocking FasL activity by pharma· 
cotherapy JSO J. Although TN F-a inhibitors seem to have 
a neuroprotective property in clinica l setti ngs, further 
reseaxch is needed to clarify this, especially in glaucoma­
tous diseases [74j. 

Several pathways of neurointlammation have been pro­
posed, although more extensive studies are required for 
both in vivo and human glaucoma. Tile continued eluci­
dation of these pathways is essential for de:ftn ing thera ~ 
peutic targets that have clinical benefit. 

Current investigational therapies to alleviate 
Inflammation In glaucoma 
lmmunomodulatory drugs 
\Vith respect to the neurodegenerative potential of neu ~ 
roin flammation, several molecules have showed the 
potential to act as 'neuroprotectors'. Citicoline {cytidine 
51-diphosphocholine) exemplifies a naturally endogenous 
compound that has bee n evaJuate d for its protective 
role on RGC in glaucoma [81J. A number of in vitro and 
in vivo studies have demonstrated the neuro protective 
role of clticoline via increased dopamine retinal levels, 
e nhanced anti~apoptotic effect, restrained thinning of the 
retinal nerve fiber layer (RNFL), regeneration or neurites, 
defense agai nst g lutam ate exc.itotox icity, and minirnized 
RGC impairment. thereby enhancing a betrer visual field 
(82J. A significant reduction in the apoptot ic nuclei path· 
way of cell death with contrasting synaptic loss achieved 
w ith citicoline treatment s howed its efficacy in p rotecting 
against the excitotoxic ncnronal damage and thus delayed 
the progression of glaucoma (83, 84]. Citicoline also plays 
a crucial role in the regeneration or th e axon through 
sphingomyel in synthesis, which stabi~zes the plasma 
membrane of RCG axons, thereby suppressin g free ratty 
acids and protecting against the redox imbalance (851. 
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Experimenta l •iudies in adult male Albino rabbits treated 
with dticoline had demonstrated a higher dopamin· 
ergic neurotrans1nission in the brain compared to the 
untreated group, and high lighted the influence of citico­
linc on retinal catecholamine levels [86), lhe usage of c it­
icoli ne against reti nal damage eventually proved to have 
a neuroprotective effect in ka inic acid-induced neuro­
toxicity in vivo [871. Shuettauf et at. investigated the ami­
apoptotic effect of mitochondria-dependent cell death 
mechanism by deUvering citicoline with Uthium, with the 
outcome being a rise in the RGC density [88). l.n a ran­
domized clinical t ria l. Parisi et at. observed, enhanced 
retinal and visual functions in a g laucoma patient who 
received citicoline [891. A follow-up clectrophysiologi· 
cal ana lysis of glaucomatous visual dysfunction, which 
was carried out in conjunction with hypotensive therapy, 
further confirmed citicoline to be a fitting med.ical treat­
ment for glaucoma within an extended period of time 
(90). The effects of citicoline administered through oral 
and intramuscular approaches were subsequently tested 
on glaucoma patients with moderate visual defects, 
showing improvement in retinal function [91 ). In a 
si milar study conducted by Ottobelli et al. patients with 
progressing glaucoma were supplemented with an ora.l 
citicoline solution and the foJio ,\•-up visual examinations 
showed reduced rate of mean progression by the end of 
the study after the treatment [92). Lanza et al. demon­
strated ncuroprotective effect of oral citicoline, which 
slowed down the progression of primary open .. angle 
glaucoma (POAG). TI1e citicoline therapy assessment by 
stan dard automated white ... on .. white perimetry showed 
a stable and highly significant mean deviation (MD) of 
progression over time in treated patients compared wi th 
untreated patients (93). Another method carried out in 
a different study ack nowledged that intravenous therapy 
can be a means for citicoline to reduce t.he progression 
of glaucoma in conjunction \1\oith d tico line eye drops 
as the lOP lowering treatmen t. Visual field and RNFL 
loss detected were much lower on average (94). Stud­
ies irwolvir'g the encapsulation of cit icoline eye drops in 
a liposomal formulation conducted by Parisi et aL also 
suggested improved retinal bioelectrical responses with 
en hanced visual cortex bioelec tricity (95 ). Overall, these 
findings showed the cmcial role of citicoline as a neuro­
protective compound fo r managi ng glaucorna, yet further 
clinical trials with la rger sample sizes are highly needed 
to gather more u nderstandi ng in relation to the dose .. 
response and clinical e!Iects. 

'Th.e renin-angiotensin aldosterone system {RAAS) is 
a complex endocrine system U1at has a major fu nction 
in the regulation of hemodynamic stability and fluid 
balancing. Upon the occurrence of hypotension in the 
body, granular cells of renal juxtaglo merular apparatus 
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release the renin enzym e, which cleaves angiotensino­
gen to angiotensin 1L (Ang Ill vi-a Ang ll type 1 receptor 
(ATI-R) (96). Recen t evidence sugge•is the prospect of 
utilization of ATl-R antago~>ists as a t reatment for sev­
eral conditions such as hypertension> blood pressure and 
cardiovascular diseases, mainly du.e to the pro-inflamma· 
tory effects of Ang II and aldosterone (97). Studies have 
proven that administration of ATl-R blockers is not o nly 
able to transverse th e blood~brain barrier and commun i­
cate with AT1- R to minimize the infarct volume, but also 
extenuate inflammatory and oxidative stress in the re tina 
and brain (98 ). Yang et al. showed that the ATl-R sign · 
a ling bloc~-ude of candesartan succeeded in averting the 
reti nal neuro nal death in a rat model of chronic glaucoma 
[99). Similarly, the orally active ATI- R antago mst can­
desarta.n inhibited toll-like receptor 4 (TUl4-apoptosis 
signal-regulating kinase 1 pathway), which suppo rt ed the 
activation of RAAS in the innate immu ne response, expe­
diting neural cell death (96). The concl usion is a sign ifi­
cant ne uroprotective effect of Ang II against RGC loss. 

Natural products 
Aside from the standard the rapy used currently, which 
involves lOP reduction through medical drugs, laser and 
surgical therapy, herbal m.edicine is one o f the primary 
alternatives chosen in the management of glaucoma 
( IOOJ. In the nin eteenth century, active compounds \"'ere 
directly isolated from plan ts (101). Plan ts such as ginkgo 
biloba , saffron, and phytochemicals such as epigallocat­
cchin- 3-gallate and resvcratrol arc known as traditional 
remedies used in glaucoma pathology ( 102). 

Among various antioxidative compounds present, 
Ginkgo (Ginkgo biloba), wh ich orig inated from China 
250 million years ago, has been recognized for its thera­
peu tic effects in several pathologies, in cludi ng neuro · 
degenerative diseases (1 03 ). The beneficial com ponent 
of this living fossil tree is found in the g inkgo extract, 
which conta ins polyphcnolic lla~•onoids that stabilize 
the m itochondria at organelle level, and also exerts 
m ultip le the rap eutic properties, including the antioxi· 
dan t, antim icrobial, neurop rotective an d an tiapoptotic 
effects [104, 105). Extract 761 (EG b761), obtained from 
le aves of th e gin kgo plant , has been effective in treat­
ing Alzheimer's dementia and cognitive impairment. 
ll"'e refore, researc hers attem pted to use EGb761 in the 
treat ment of glaucoma d ue to the analogous biological 
an d mechanistic features between th ese two chron ic 

disorders (106). Namely. both Alzheimer's dementia 
an d glaucoma are age... 1·elated pathologies~ expel"iencing 
the RGC dege neration and deposition of extracellular 
fibrils in the exfoliation syndrome~ ind icating that both 
a re likely derived fro m similar misfolding mechanisms 
[107). In previous studies, both short· and long-term 
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effects of the ginkgo biloba extract (GBE) were tested 
and the extract was used to treat pre-existing patien ts 
with normal tension glaucoma (NTG), often resulting 
in a sign ificant improvement of visual acuity (108, 109]. 
However, G uo e t al. who perforn1ed a randomized, 
crossover clinical trial, failed to demonst rate the effect 
of GBE to improve progressing visual defects within 
normal NTG patients, likely due to the smaller sam· 
ple size and shorter time periods applied during the 
study (110(. The administration of GB£ also showed 
an increasing end d iastolic velocity in the ophtha lmic 
artery and NTG throughout clinical cross-over tri­
als , highlighting the desirable effect of the drug on the 
retinal blood flow in glaucoma disorders ( I ll, 112]. 
Sh im et a!. supported these findi ngs by showing the 
escalating MD upon GBE and bilberry anthocyanin 
treatment (113). In a similar study, the standardized 
EGb761 extract demonstrated a progressing pharma­
cological effect o n the oxidative stress with improved 
vascular circulation in both in vitro and in vivo experi­
ments, highlightin g the neuroprotective effect of the 
drug against the hypoxic injury of RGCs (114). These 
findings have emphasized the prospect of this natural 
medicine in trea ti ng glaucoma. Howevc~ its usage has 
yet to become wide!)· recognized in public. 

Saffron, the dried stigmas originati ng from the Cro­
cus sativus flower of the lridaceae family in Greece, has 
been commonly used in cooking as an aromatizing and 
coloring seasoni ng f t l5]. The major constituents in saf ... 
fron are natural carotenoid compounds, namely crocin 
and crocetin l l.l6). Its usage in the medical 6eld has been 
recognized in the treatme<\t of various diseases due to 
the w ide therapeutic spectrum, including neuroprotec ... 
tive, anti-inflammatory, anti-oxidant and anti-genotoxic 
activity [ ll7J. Both saffron compound extracts, crocin 
and crocetin, showed an enhanced neuroproteclive effect 
th rough rep ression of activated microglia neurotoxic ity. 
The development of intracellular ROS and nitric oxide is 
inhibited with a slower release ofT NF-a and IL- 1.~ [I lSJ. 
These beneficial aspects can be obser ved in 3.1\lmal mod­
els of neurodegenerative ocular diseases and patients suf ... 
Cering from diabetic re tinopathy and age-related mac~tlar 
degeneration (AM D). Studies in animal models with reti­
nal damage emphasized th~ role of crocin in saffron as an 
inhibitor of the ischemic da mage and a stabilizer of the 
ocular blood flow, along.side the neuroprotective effect 
provided by crocetin IlL 9(. In a pilot study, Bonyadi et al. 
investigated the intlnence of an aqueous saffron extract 
on the lOP in the eyes of POAG patients and showed 
that the treatme1\t significantly d~creased the mean base­
line lOP compared to the control group by the end of 
the therapy (120]. Dcspit~ the limited studies on saffron 
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in g laucoma d isease, the saffron extract emerges as an 
important therapeutic agent for potential clinical use. 

Epigallocatechin ·gallate {EGCG) is a type of catechin 
mainly found in green tea. It is well known as a robust 
antioxidant with multifunctional properties and has been 
investigated for its contribution to neuroprotection in 
hun1an corneal epithelial cell culture models and an i­
mal models of glaucoma (l 2l. 1221. Earlier findings not 
only demonstn\ted its therapeutic effect on the axon and 
the bodies of RGCs in optic nerve crush and N-methyl­
o -aspartate (NMDA) tox:icity studies, but also showed an 
elevation in the survival rates of RGCs via ora l adminis· 
tration [123. 124). In a simj lar study, which also used oral 
EGCG, the drug was shown to be a potent penetrator 
into the retina, where it reduced both the injury caused 
by ischemia and in vitro white light-induced apopto· 
sis in RGC-5 cells 1125]. Falsini et al. claimed a higher 
amplitude detection in the OAG group compared to the 
ocular hypertension (OHT) group in a pattern electrore· 
tinogram analysis, thus supporting the prospect of short· 
term supplementation of EGCG 1121). ECGC does not 
only provide protection aga inst the oxidative stress, but 
also has the capability to weaken the glutamate-induced 
cytotoxicity by decreasing the ionotropic calcium influx 
I 126). These outcomes showed that EGCG is a suitable 
neuroprotecti ve agent for the glaucoma treatment. How­
ever, there is a need lo perform further studies to deter ... 
mine the long-term benefits, the component activity, and 
the precise dosage requirements for EGCG in the glau· 
coma treatment. 

Resveratrol (RSV)., also known as 3,5,4'- trihydrocysti l· 
bene, a nonllavonoid polyphenol compound derived from 
plant sources such as grapes. blueberries and apples, has 
been developed into an effective phytoalexin (127). It has 
diverse roles in re lation to the well· being of humans, by 
virtue of biological attributes including an tioxidant, anti· 
inflammatory and neuroprotective functions [128). In 
f>OAG patients, RSV was shown to interrupt intraccl· 
lular ROS, inhibit the release of inflammatory cytokines 
and slow down the accretion of carbonylated proteins, 
hence supporting the neuroprotective action of the drug 
against the RGC apoptosis and the abitity to slow down 
the progression of glaucoma ( 129(. Other studies also 
demonstrated this neuroprotective effect of RSV, includ­
ing the delay in the RGC loss upon dosi ng wit h RSV and 
riluzole. Although both single and combi1\ed administra­
tions were effective, an improved and better RGC protec~ 

tion was provided through the combined therapy [130). 
Luo et al showed that sirtuin I {SIRT 1) activation by 
RSV confers neuroprotection in mice with ischemia- rep· 
erfusion injury {IR) via Akt activation and mitochondrial 
apoptotic suppression with a verified concentration of 
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intrnvitreal injection , and thus contributed to the under­
standing of the mechanism of action important for the 
cl inical usage of RSV [131]. Inhibition of endothelin·1, 
a vasoactive peptide in glaucoma, highlighted a pivotal 
effect of RSV [132]. Moreover, researchers have sug­
gested the induction of mitochondria l biogenesis by 
RSV to alleviate glaucomatous retinopathy. This is due 
to the efficiency of RSV in reducing derivative-serum in 
the RGC-5 cell line by subcellular translocation of S!RTI 
dependent proliferator-activated receptor-gamma coacti­
vator J alpha [133]. In addition, Shamsher et al. studied 
the in vi tro and in vivo neuroprotective effects of RSV 
and curcumin nanopaiticle formulations with ...., 70% 
enc.apsu lat ion efficiency (134]. 

One of the exam ples of long-standi ng, well -conducted 
research and development of an anti-inflammatory 
agen t comes from cu rcumin, a major active compound 
of turmeric. Curcuma longa [135]. Curcumin has shown 
exceptional promise for the beneficial modulation of 
numerous signaling molecules (e .g., pro-inflammatory 
cytokines, NF-KB, apoptotic proteins, and C-reactive 
protein) in multiple diseases, incl uding cancers and 
in flammatory and neurodegenerative disorders. Apart 
from anti-inflammatory properties, curcumin exerts 
antioxidant, anti-microbial and anti-tumorigenic activ­
ity. Owing to these properties, curcumin has been 
extensive)}' studied in vitro and in v ivo in the context 
of many inflammatory, autoimmune, and degene ra­
tive d iseases of both anterior and posterior segmen t, 
and has been suggested as an adjuvant therapy (136]. 
In a retinal ischem ic injury animal model, c urcumin 
was reported to prevent ischemic damage to Lhe RGC 
a nd mic.rovascula tuie via suppress ion of NF ... KB signal 
transducer as well as activation of transcription 3, and 
monocyte chemotactic protein l expression [137]. The 
chemical properties in curcumin with anti-inflamma­
tory and antioxidant func tions have been suggested to 
be associated to its hydroxyl and rnethoxy group, which 
deregulates TN F-a and pro-inflammatory interleukins 
which lead to the downregulation of STAT pathways. In 
bo th in vitro and in vjvo experimental gla ucoma stud .. 
ies, curcumin has shown antioxidant effects, as demon­
strated by the improved cell viability of microglial cells, 
reduced intracellular ROS and apoptosis of RGCs (138]. 
These fi nd ings shou ld make an important contribu­
tion to the therapeutic potential of curc umin in clinical 
oph thalrnology, notwi thstanding that th is potential is 
restricted by a few adverse factors, including extremely 
poor bioavailability and water solubil ity !139]. The 
active fract ion of curc urnin detected in the blood is 
often suboptirnal, for which reason increased doses are 
needed to achieve the proper therapeutic effec t [140]. 
To overcome these lim itations, s everal approaches s uch 
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as the use of enhance rs, ann1ogues and nanocarriers to 
provide a hydrophobic environment for poorly wate r­
soluble curcumin have been reported and extensively 
reviewed by other [141- 143 ]. An in vivo study by Davis 
et aL demon.strated < 95% encapsulation efficiency with 
good stability u pon the formulation of topical ~ur· 
cumin-loaded, Pluronic-Fl27 stabilized o-n- tocopherol 
polyethe ne glycol 1000 succinate NPs (<20 n m) [143]. 
Similarly. Cheng et at. de\•eloped a formulation con· 
sisting curcumin-lata.noprost NPs (-161 nm), which 
resulted in a susta ined-release profile with low ox i­
dative stress-mediated damage via ROS production 
and apoptosis in vitro ancl in vivo (144]. 1hese studies 
highlight the potential of curcumin to provide a neu­
roprotective th erapy in glaucoma. Of note, the use of 
nanocarriers is one of the most prospective approaches 
in im provi ng curcumi n de1i very. \X'ith U1e develop­
ment of a nanocarrier suitable for utilization as a top i­
cal formulation, th e bioava ilabil ity of curcum in could 
be drastically improved (143]. One of the promising 
d rug carriers for the delivery of curcumin has been the 
amphiphilic polymer polyvinyl caprolactam-polyvinyl 
aceta te-polyethylene glycol gra ft copolymer, So luplus 
[145]. Although this and other types of carriers must be 
further investigated , they provide important opportu · 
nities for advancing the understanding of curcumin as 
an anti .. in flammatory agent and, potentia II}'• as a neuro ­
protective therapy in glaucoma. 

The above mentioned substances were extensively 
studied in both lOP-dependent and -independent types 
of glaucoma. Outside traditional clinical settings , the 
progressio1\ of glaucoma can be controlled, yet it still 
cannot substitute the conventional therapeuli c manage .. 
menl of glaucoma; hence, further studies are required. It 
is noteworthy that an increasing number of experimental 
studies currently consider molecular targets in the mod­
ulation of inflammatory responses activated by microglial 
cells, RGCs and other retinal ceUs chat elicit downstream 
actions of inflammatory l>athways responsible for g lau .. 
comatous neurodegeneration (Table ! ). Although Lhe 
therapeutic anti ·inflammatory pote ntial of the va rious 
agents seems to be encouraging, Lheir neuroprotective 
effects could be attributed to o ther factors, including the 
route of delivery to the target tissues . wh ich may have 
an impact on pa tient safety and com pliance in clinica1 
practice [3J. Most of the therapeutic age nts also require a 
proper formulation to provide optimal neuroprotection1 

particularly in pro moting RGC survival under glaucoma­
tous conditions. To fully explore the potential of these 
therapies and their biocornpatibility for dle treatment of 
glaucoma in hurnans1 further investigations are neces~ 
sary to develop formulations that can be administered 
non .. invasively. 
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Table 1 Recent the~apeut1c opt1ons on anto·1nftammatory and neuroprolectwe effectsm experimental models of glaucoma and other 
ocular disease· associated RGC loss 

Therapeutic agent Experimental model Route of dellvery Anti4nflammatoty and 
neuroprotective effects 

Refs. 

Mogneslum a:etylraurate (Mg>'>T) Remal Ischemia InJury: rcunal lntravllreaf 11jection • Suppressed ET·1 ·and NMDA· [217.2181 
exc~oroxtcltY lnJ"'Y In rat Induced rettnal and qotlc nerw 

damage through induaiOn of 
INOS. s-lppresslon of Nf·KB p65, 
pSl. P.0-1 (c-Jun/c.fos) S><Jnailng 
pathways. downregulatlon oflNF· 
q L· i)l, IL-6, and caspase-3 
· Preserved RGC Slsrvlval b'f .. ten-
fold In l'l\mA.fnduced group 
· Improved wsual l\sncuon after 
7or 14daysol !featment 

Dietary suppl~ntat1on (combf.- lOP el.evauon 1n m1ce- Oral • Ma1nta1ned 1<:4> at baseknelevel (2 19] 
natiOO offO<skol.n, homotll!Jlne, l V.'€eks before and after supple· 
spearmint. and s vitamins) memauon 

· Suppressed elevared ICI'·tnduced 
Nf·•B si<Jna!ng pathway ~nd 
reduced caspase-3 acn,1ty 
·Preserved reun~ fl¥'CIIOn and 
20% RGC su!Ytval more than lhe 
untrooted group 

l iiQulnlmod tLQl Reunal ~chemla and reperfusl(){) Topkal ·Reduced numbers cf a::rlvil!ed [2201 
injUry In mice microglia 

· Suppressed r~unal Ti'F-Q. IL· lil. 
IL-6.and iNOS ievels 
· Inhibited caspase S and NLRP3 ., 
rerlniJeandm1crogl1a 
·Promoted RGC SUIYival - I.!Hdd 
and p-eservocl mttnal function 

ONL1 .204 ~mall pepUde Fas lOP etevatroo 1n mice lnuavllfealll'\iectlon • Abrogated ml<rogll~ actlvailon [22 1] 
antagonl~t) 1:7t -1.9-fold 

• Downregulated cytoklnes 
and chemokines, maoophage 
lnflammatcry protein (MIP), 
MIP·IO. MIP· I ~.MIP.7, monocyte 
chemoanractant prot.,..l (MCPl). 
Interferon garrma-mduced protein 
IO(IP IO). TNF-a. IL·l lliL-6. and 
IL·1B). caspase-8,components of 
mecompfemem cascade (C3and 
CIQ). TLR4, and Nl.RP3 
· Prevenwcl axon degenerauon 
(P<OOOOl)and preser\'ed ~ 
IUIYIVal !P<-1>.001) 
·No stgnlftcanr d fferenrln lOP 

Apolipoproteln E (ApoE)·mm c 
peptide COG1410 

Op!lc nerve aush injury In mice lntr....,nous Injection • Reduced JNK pho;f'hor)A allon, 
TNf.o, IL-1fl, IL-6,1N05, ind Bax/ 

ll221 

Bd·2 tilll0 
·Promoted RGC su!Yival b-t - 61% 
and reduced opoc net\<? damage 
!P<O.OS) 
· Preserved 'Jisual function 

Calfee acKI pheneth)'l ester Op~l< ner\'1? crush inJurY In rat lmrape<ltoneal ln)ectroo · Downregulated reunatglia<nedi· 
alec! NF-KBactlvatlcn, L·S, L-6. 

[2231 

INOS, COX·2, andil'f'-o 
·Anoouat<ld gllos!S tP<O.OI) 
• Enharced RGC survtval (1' <0.001) 
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Table 1 (continued) 

Therapeutic agent Experimental model Route of delivery Anti~nflammatory and 
neuroprotealve effects 

Refs. 

G,...n '"'extract iTheaphenan E) Remal ischemia and ~~?perfusion intragastrlc admlnistrarlcn · Downregulated TLR4, TNF.a,and [224) 
tn)ury 1n rar IL-t~levels 

· Reduced expn?sslon of druved 
casP?.se-3 and Caspas~s 
. Downregulated expression Supe<-
OXIde dismutase2(SOD·2). Janus 
kinase (Jak) and p38 
· Enharced RGC su!VIvai iJ' <0001) 
In 1sch~m1c retina 

Kaefl'plt~ol ReUflal fSchemla and reporfuslon Inn agastric admlnlsuatlal . Down•egulated expressiO!llewls )225) 
inJUfY 1n miCe ciTLIW,lNF-a.IL-1~ and ll.-6 

· lnhlb11ed acwauon of N.' -k8 and 
l'IK Slgmhng paihNays 
· Reduced aa1ve caspase· 3 and 
caspas~s 

· Prevented I\'I.WI/NLPP3 in0anr 
masomeaaiVIty 
· Prevented IOP·Ind•Jced RGC death 
(P<O.OI) 

MIOO<.ydlne ReUflal vein o:.duslon In rat,ceunal 
ischemla-reperfus!:cn Injury in nice 

lntra·,enous ln)eellon · Reduc~d actlvaaon of mKroglla 
. Reduced RC~ Ioss(-45%, P<0.05) 

[226) 

· Improved vasual funroon 
Cmeg.J-3 polyunsaturated fa~r; Ante<IO< ISG1em1<: optic neve Injury 0!~1 gavaqe . Downregulated TNF-a.IL-1 p. and [2271 
acids in ra1 INOS I....,I; 

·Reduced macrophage polalllil-
tion 
· Survwal of I'GC In central and 
mldpenp"'e<al reunas was- 2.3-
(P= 0.03)and 2.0.fofd (P= 0.03) 
tvghef 
. Reduced po>tlnfara apcptoslsof 
FG:sby --29-fuld(P = 0007) 

SynthetiC sterol [HE3286l ICI' e!e\\ltlon ln r~t O!al gavaqe . Marmalned ICI' dt baselne level [22S) 
(P=0.997) after oral delivery 
· Increased br•ln-de<lved neuro-
trophic fact<X (BDNFl expresSion 
and •educed TNF-o expre<slon In 
tfleONH 
· Reduced retlnalll~ lv1(,\,and 
p75 expresson levels 
·Reduced m:ooglla activation and 
reduced Nf.kB localization 
· Increased NF-1<8 local•zavomo 
netronal nude lin me supe<lcr col· 
Uculus and rPtlna 

4-(Pher,ylsult ~Wilbutan-2-¢ne Op!IC nerve crush in rill Subcutaneous injeetlcn · Inhibited iNOS/COX·2 pillhway In 
microglia 
· Increased RGC survival by- 36% 
In tl1e central retina and - 35% In 

[229) 

the mid-pe<lphelill retina 
· Reduced RGC apoptOSIS by 
- l.Hold 
• Preserved vrsuaii\Jnctlon 
. Nodma on 10? comp<>'lson 

Ciifeme Ocular hypertenSion tn rat Oral . Panially reduced tOP level -1.3- [t.s] 
fold (P<O.OO I) 
· lnhlblled CHT·Induced mKre>;~lal 
actl\'atlon 
. Reduced reunal TNF-« IL· IIJ, and 
!NOS e-xpression levers 
· Preser~~d RGC loss by - 1 s-fold 
(P < o.o>l bc« not RGC retrog,ade 
transpor1 
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Table 1 (continued) 

Therapeutic agent 

GranuiO<)-le cdony.s;lmJiatlng 
factO< IG-CSfl 

(2021) 9:26 

Experimental model 

Op;K nerv>? crush InJUry In rat 

Pagel! of29 

Route of delivery Anti~nflammatory and Refs. 
neuroprotealve effects 

Sub<u10neous lnjectlcn ·Suppressed microglia acovny (7.;()1 
· DownregulatedTNf·a. IL·I !land 
!NOS &)(Jlressions 
. Prmected ~c from secondiJI)I 
degenetatlon IOJU•y tJy- 38% 
(P<0.01) 
. No data on IOPco.npi>'lson 

AP· l = activiltor ptotein 1: Bm>= bcl·2assodated x: 8d-2=b·cell ly~homa·2; Cf = complementc.omponent 1; OQ = complement <omponent 10: COX. 
l = cydooxygenase·2; Ef·l = endothelin-- 1: ICP= intraoa.d.ar pressure; .ll=-intedeukin; iNOS= inducible nitrlc a< ide synthase; JNK= c·Am N-ttnnilal kinase;­
Nf·KB =-mltk'at factor kappa B; M.RP= I\'OO·, LRR·famity pyrin domain; NMDA : N·methyl-o·aspartate;MCP: monocyte chEmotactic rxotein;MIP : macrophage 
lnflan'H"n.1t0fy protein; RGC= retinal g.angUor\ celt TNF= 1umoc neoosis foctor; RR= Toll·like receptor; OHT = OC.ufat hypertei\Sior'l; ONH= optic nerve head 

Potential ofnanoparticles in drug delivery 
Current perspective on glaucoma therapies targeting 
neuroprotective agents 
Nem·oprotection in glaucoma refers to a1\y lOP-inde­
pendent interve ntion t hat preserves the optic nerve by 
preventing or delaying RGC and axonal degeneration 
[146]. Regardless of the various definitions, ne uropro­
tection is a therapeutic approach directed at ~eeping 
RGCs alive and functional in progressive glaucoma­
tous optic neu ropathy (147]. Data from randomized 
controlled clinical trials show that e ven with excellent 
lOP control the disease is still exace rbated in some 
patients (148]. Therefore, the idea of lOP-indepe ndent 
treatment strategies in glaucoma should be extensively 
investigated . 

l11ere is a vast amount of literature on identifying 
neuroprotective agents targeting the mechan isms pro­
posed that underlie RGC damage in glaucoma [149]. 
Glutamate exc.itotoxic.ity antagonists .. neurotrop hk fac­
tors, and oxidative stress suppression are some of the 
studied neuroprotective age nts with favorable neUio .. 

protective activities. For further details regarding these; 
the reader is referred to the com prehensive reviews by 
Sharif and others (3, 150 - 153]. However. results from 
human cl inica l trials have been incondusive and non­
consequential ]154]. Over time, literature reports have 
sh ifted towards inflammatory and immu ne responses , 
supporting the notion that neuroinflammation could 
be the key player in tbe mechan ism underlying retinal 
damage in glaucoma, potentially having a reciprocal 
causative role in the pathology [69]. Since th e media· 
tors of neuroinflammation ac tivate the immune system 
within the CNS, they may have either harmfu l or ben­
eficial e ffects on RGC survival. This justifies a dire need 
for better therapeu tic strategies. As such, the develop .. 
ment of new therapies aimed at modulating rather than 
suppressing neuroi nflammation m igh t also produce the 
highly sought· after neuroprotcctive effects. 

Challenges in ocular drug delivery 
'111e outcomes of clinical trials testing for the safety and 
efficacy of neuroprotective agents demonstrate clear 
challenges in the aspect of drug delivery [ 146]. Poor 
drug delivery could be a factor largely contributing to 
the failure of the drug in eli nkal stud ies. The most com.­

mon administration routes for glaucoma drug deliv· 
ery are intravenous, subcutaneous, topical, and oral 
[155]. However, through these routes, ocular drugs are 
prone to absorption into the systemic circulation, which 
may result in low dose delivery to the target tissue and 
increase systemic risks. The low dose delivery could be 
also due to the poor solubility of the drug entailing high 
degradation rate and the failure to pass through the cor· 
nea and across the blood-retina barrier (1 56]. For topical 
adnlin istration, the corneal and the non .. corneal routes 

control and influence the absorption (22]. The course 
that the drug molecules take towards the target cell in 
the intraocular environment starts with their passive 
diffusion via barriers formed by tight interconnected 
junctions. The components of these barrie no include the 
precorneal pocket, corneal epithelium, the blood aque .. 
ous barrier, the retinal pigment epithelium and the blood 
capillary endothelial cells (choroidal barrier), aU of which 
inevitably restrict the permeation of drug molecules into 
the intraocular chamber where they are to carry out 
their pharmacological action, resulting in an inefficient 
therapy l L57]. Even if it were perfectly efficient, this tra· 
jectory would hardly allow for the access of the drug to 
the posterior area of the eye, where RGCs and the O)>tic 
nerve reside. Ute most common route of administration 
to treat this [>Osterior segment of dte eye in experimen · 
tal studies has been th rough intravitreal injection [ 158]; 
this is an immediate and direct route, which can increase 
the therapeutic drug delivery to the vitreous cavity and 
bypass the aforementioned barriers (159]. The intravit· 
real route is safe and effective. bttt due the invasiveness 
of the procedure, it is accompanied by side effects such 
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Blood vessel 

Blood--aqueous barrier 

Conjunctival barrier 

Renna 

Anterior seQment Posterior segment 
Blood-retinal barrier Vitreoretinal interface 

A g. 3 Schema<lc dragram of the htman eyewnh lwners near filn (precomeal). corn~. conjunar<al. blood aqt1eou; vttreorenml tr.tetface 
to blood·reonal barnerJ and the common route of admlntwanon Pnmary methods ofdrugdel very to the eye are topical (l),locat ocvlar [e.g., 
lnlla1.1tn,al (2) and "-Jbconjun::llval (3)1and ' >"lemlc ~e. om! (4) <n:llr1ravenous (5)]. Topcallnsulla!lon Is tho most •Mdely pn!lenoo nul-InvasiVe 
roue or drug admln!strat!On to tr&Jt dlseasesaffet1tng the ame.torsegmem and potenUillly. 111e poste11cr segment The ocular barriers block the 
entryd themost acnve molecules; hence. effea1ve drug deltverysy;remsarerequtred wfacilna<e thepassageolth-.drug across theseb•mers 
and 1rampon tho gillen f=harmaooutlc..l compound to ltstargl'l S<totoachlo;l?anopllmal thorapeuuc effoa [1 51] (,\dapted from'Anatomy of tha 
Human Eye', by BiORerder.com (:1022/. Retrle1.1ed and edtted from hnps:!/app.blcrender ! Omlblorender-terl'!)lates) 

as elevated lOP, cataract formation, bleedins and the risk 
of ocular infections [159[. This route is particularly prob· 
lematic because drugs can be prevented From reaching 
the target tissue by the posterior vitreoretinal interface. 
including the inner limiting membrane of the retina and 
the vitreous cortex (160]. Figure 3 shows a basic sche­
matic of the eye with anatomical barriers and common 
routes of drug delivery. 

1l1.e eyes are easily accessible in terms of delivering the 
drug into the l>ody. yet the drug distribution is one of the 
most challenging endeavors. Therefore, the developme nt 
of safer and more effic ient drug delivery systems is vital 
for therapeutic purposes. Research conducted to date 
address these challenges and there is a growing con sen­
sus that the characteristics of ideal drug carriers are as 
follows (161, 162]: 

Particle size reduction and direct imeraction with 
target cells or tissues (adhesive properties); 

Improved drug retentio n time in the precorneaJ area 
and promoted drug tissue permeation as well as opti· 
mal tissue absorption; 
Improved solubility of poorly soluble drugs (e.g .. oral 
delivery of lipop!Ulic drugs into the systemic circula­
tion) and prolonged drug shelf-Ufe; 
Biodegradability and biocompatibility: 
Al>sence of irritant features to reduce the drug dosing 
l'egimens and improve patjent adherence to medica .. 
tion; 

Protect ion of sensitive therapeutic molecules {e.g., 
small molecule drugs and bloactive agents) against 
degradation agents such as enzymes; 
Targeted and controlled drug release characteristics 
that provide dose accuracy~ reduci ng o r preventing 
side etfects and being ideal for long-term treatments. 

The above criteria could be achieved by implementing 
NPs as drug carriers in o phthalmic drug formulations. 
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This platform transports the d rug molecules across bio­
logical barriers by physicaUy or chemically attad ting the 
moleC\1les to the NPs (163]. The large surface- to-volume 
ratio of NPs, along with other chemical characteristics, 
enables mucoadhesive properties that uid in drug adhe­
sion to the mucosa of the corneal tissue, hence poten· 
tially increasing the drug contact time with the ocular 
ti ssue (1641. Apart from th e abovemen tioned, NPs have 
been shown to irnprove patient self-care and compli­
ance in terms of reducing the frequency of topical eye 
drop instillations, ultimately reducing the required doses 
and the risk of adverse effects (1611. NPs tor oculax drug 
delivery ca n not only improve the solubility of drugs so 
as to reach the posterior segment of the eye, but also 
en hance the cellular ur take and protect the drug from 
degradation (165]. By formulati ng NPs with currently 
available ophthal mic solutions or in vestigationa] drugs .. 
a greater potential for an effective glaucoma therapy can 
be ascertained in the future. Tabular overview of c urrent 
investigated polymeric and lipid based-NPs with incor­
po rated ophthal mic substances as compared to pure sub­
stances in ocular tissues is presented in Table 2. 

Nanopartides as ocular drug delivery systems 
NPs are ultrafi ne solid structures that vary in morphol­
ogy and have at least one spatial dimension in the range 
between I and 100 nm, and so meti mes up to 500 om, 
for larger particles. In the field of dmg delivery, NPs are 
formulated to enhance the penetration and drug target· 
ing of the active compound . wh ile promoting a sustained 
release (166(. Due to their miniscule nature, NPs can 
o ften easily infiltrate the anatomical barriers in the CNS 
(164(, such as the blood·brain and blood· retinal bani­
ers. and thus directly provide a maximal drug bioavail­
ability to the ta.rget cells [157(. In NPs, the dxug-loading 
capacity is dependent on a few factors, including chem­
istry and microstructure, but also size, especial ly for NPs 
carrying their drug payload on the surface. SmaUer NPs 
in these cases p rovide a higher load ing capacity than the 
larger ones due to their higher specific surface area. NPs 
can exhibit a wide variety of morphologies, which help 
to serve the s pecific purposes to pro ,•ide an effective 
therapy. 

Multiple studies have attempted to develop drug­
encapsu Ia ted NPs for the delivery to anterior and poste· 
rior segments of the eye . Co njugating ocular drugs onto 
NPs has been shown to boost eye permeation, paJ'ticu· 
larly pass through the precorneal barrier (167) . In ncu­
rodegenerative diseases associa ted with inOammation. 
extensive studies have exploited drug-encapsulating NPs 
[ 168 j. Some of the NPs that have been employed in neu· 
rodegen erative experin1ental studies, including polym eric 
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and lipid based ones, have emerged as the key players in 
the do main of anti-inOammatory drug ca rriers (1691. 

Generally, in the drug delivery field for neurodegenera· 
tive and ocular diseases, NPs are most co mmonly made 
of soft carbonaceous materials, s uch as polymers and/or 
lipids (170(. Both lipid and polymeric NPs have success· 
fully delivered drugs for several therapeutic purposes, 
while protecting the encapsulated drugs from enzymatic 
degradation and controUing their release. NPs made of 
natural or synthetic polymers and proteins [e.g., chitosan, 
poly(e thylene glycol) (PEG), polycaprolactone, sodium 
alginate, and album in I usually take the form of finely djs­
persed latexes (171). Co mr ared to otlter nanomate rials 
such as the inorganic ones (e.g., zinc oxide or aluminum 
oxide), the rormer have caused a minimal eye irritation 
and prolonged retenti on of drugs, and thus allow for the 
circumvention of multiple med icatio ns and dose reduc­
tion (162(. However, compared to nanomicelles, a type 
of nanocarrier, polymeric-ba sed N Ps have been unable 
to escape the rapid loss of the instilled sol ution from the 
precorneal integu ment and the nasolacrimal drainage 
system. To overco me th is limitation, NPs with mucoad­
h esive properties (i.e .. chitosan and hyaluronic acid) were 
developed [172). Of note, botlt polymeric- and lipid­
based NPs have successfully delivered drugs for a nu mber 
of therapeutic purposes, while protecting the encapsu­
lated drugs from enzymatic degradation and controlling 
their re lease [166]. Figure 4 shows the benefits of drug 
loaded NPs admjnislered through the corneal and blood · 
retinal barriers. 

In the begin ning of the application o f NPs in ocular 
drug delivery, different carbon-based NPs were devel· 
oped with the a im o f pro ducing a sustained drug release 
in the precorneal pocket. This was due to the majority 
of ophthalmic formu lations being administered as eye 
drops. which in their conventional forms are (>Oorly bio· 
available on the corneal sur face and in traocular tissues. 

Among the earUest NPs were those made of acrylic (>OI· 
ymers such as poly-alkylcyanoacrylate (PACA), which 
extended the time of drug contact with the eye surface. 
1l1ere was in creas-ed drug action duration, however, this 
resulted in ocular toxicity. later, polyacrylamide NPs 
began to replace PACA for the same purpose ( l73J. 

Polyester Nl's (e.g., polycaprolacton<·) have em<·rged 
in the recent times as a key biodegradable material for 
ocular drug delivery, largely thanks to the acute toler­
ance of the ocular surface to them. At the same time, 
polyester NPs can increase drug efficacy. For example, an 
ophthal mk betaxolol, a beta-adrenergic blocking agent, 
displayed its optimal pharmacological effect when encap· 
sulated by polyc apro lactone (hydrophobic NPs) owing to 
its gradual release. NPs made of biodegradable materi· 
a ls such as hya luronic acid or compos-ed of hydrophilic 



 

 

Table 2 Polymeric- and lipid-based conjugated NPs as carriers of ophthalmic substances ~ 
~ 

" Nanoparticle's Substances Size ofNPs (nm) Surface charge (mV) Route of delivery Platform Advantages Refs. "' ~ formulation 
~ 

Poi)TI>erc-based NP'l .!;!' .. 
PLGI>. SparfiOY.ilC!n 18110 232 + 22 Top<cal tnstll~tron cna!'(>SUS- In Vltro RedU<ed IOP. Imp<'oved [231) 

g 
Q, 

pension) In vivo pnxomeal reslden:P s; 
time. enhanced oculo: 5· 
peneuauon. al)() good eye :> 

tolerance 

PLGA coated -<hi tosan gel SparRoxacln 181 NR Top<cal lnstllaoon (la:len In '"'o Reduced I<Y.Il'nJl'Oved [232) ;:; 
In situ gel} drug peoetratlon. JXDmOted t 

sustained drug relea>e, and ~ po'.onged drug retenuon "' time 
PLA coated-PEG Aryc!o'vtr 51.2!0131.5 - 147 Top<cal lnstllaoon (con1unc- In Vltro Reduced lOP. p-ofonged [233) 

ll\lillsao lnVI\'0 retenuon ume. t'lld 
Improved drug effcacy 

Po!)'(;vnldoamlneJ Bnmon1d1ne tanr~tE: !lmolol 258 - 288 Top<cal lnstllanon lnVltro Redu:ed lOP("' 18%), [234) 
(PAMM1) coated-PLGA rroleate lnvl\'0 non-toxic fX'OOnged ume. 

increased dru~ bloavall~ 
ablllzy, contto led and ~ON 
release (- S wee!G) 

PLGA-vt1lmln E-tocoph- Bnrronldlne ranrare 11572± 4,18 -1 1.80± 2.24 Toplcal lnstUiaoon (In ~lU lnVltro Redu:ed lOP ( - 8 h), [235] 
er11 ~'<ll)-eth)!ene glycol gel) fxvlvo lmiJ(oved precomeal 
HXlOsuconate In vivo r esklence lnle, norrtrrttant. 

and suSla<ned cOt'neal 
retease 

PLGA-phosphatldylserine Brir120!.:mk:le 571 00±27.02 -2745 ± 2.96 Subccr>Junctlval onject>on lnvmo Aedu:ed KJP, enhanced [1751 
<PSI-l (cOt'e shell NP) txVIVO cownral drug penetratiOn. 

lnvl'VO su'talned release, high 
encapsufatlon efficiency, 
and non-toxiC 

Chit05if1 Brlmooidlne tar1mte 270 10 370 + 26.210 + 29.8 Top!cal onstdlanon lnvtHo Redu:ed ICP, non-1rr!tan1 )236) 
In VIVO ard safe_ pl1)'11ded mucoad-

hesi"" effect, prolonged 
r&tentlon time, ald sus.-
tal"led drug releas~ 

<llltosan roateckar Pilocarpine 294 + 55.78 Topicallnstl lotion In vitro Prolonged drug release (2371 
bopol In VIVO w•h h1gh bioavallablllty 

(unloaded> 9QlV drug In 
-4 h) 

Olllos.Yl coared.f'LA R~IJ'lmyCin 300 +303 Topical lnstllaoon lnV11ro High precomwl retentlrtl [238) 
In vivo time (SO% •Mthin 12 h), 

prolonged drug n>lease, and 'J? 
~gnrtic~nt lmmu!'(>Scpp<es- ~ 
Sfveeffects :;; 

s. 
ll! 
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" Table 2 (continued) "' ~ 
Nanoparticle's Substances Size ofNPs (om) Surface charge (mV) Route of delivery Platform Advantages Rek. ~ 

.!;!' formulation .. 
g 

Chrrosan CO<lt~LGA Tn.;rr.crnolone aceronlde 334 00 ±6795!0 + 26 iO + 33 Top.cal lns.llatlon In vitro H1g~ drug encaps<Jaoon [1851 Q. 
s; 

386.00± 15.14 (55-57%) and controlled 5· 
drug released (27 hl :> 

Chltoszt\ coo1ed-m1urn GatiOoocrn 205 tO 572 + 17.610 + 47.8 NR In vitro Rapid drug release In the [2391 
alginate fi"l hou but prolonged ;:; 

'"'''""over 24 h t 
Chnosan cooted-cycto- Econazole nnrate 90!0673 + 2210 + 33 ConjunCIIval soc (lnsulla· in vitro Prolonged drug release [2401 ~ dextrin tion) lnvlw (- SO%wilhln 8 h) and high "' booavailabtlity 
011tOSarKOilled m lum S·Fiuomuracu 32910 505 + 18.5 10+28.9 TopKal instllaoon In vitro lnoeaseddrug bloavallabll· IW I 
a!ginmelchllosan In vivo lty and prolonged rel;,ase 

(-Sh) 
Lecithin coated-chlwsan ~tamyclr\ 2il +43 ConiJncuval ~~ 11nsUIIa· in vitro lnoe.JSed drug retentton 12421 

"on) In woo rime (> 6<\% released over 
- 7 h). reduced deztance, 
imp-oved mu:oadhesive 
properties, and r ......... doses 
required 

HA·modrlied chltos.Y\ Tlmolol milleate; dorzald· 1184101439 + 290±a7 Top<cal lnstdldnon lnVltrO Redcced ICP.Imptoved 12431 
mide hydrochloride tx'IIVO mucoadhesM! propertieS 

In vivo (-91 %}, p•o,ided contrdled 
drug del&wry, slow but 
suru1ned releas~. and non· 
irntant 

Pdyjy-glutamlc acid) D&xaml?thasooe iOO -2S Toplcaltnst[lanon lnVttro Effclenr drug uptake by cu~ [244] 
ly·PGAHpherl)llalanlne In ViVO tured macrophagelfrrlcro· 
<-Phe} gha and Inhibited microgha 

at 2o1 h pos.t-trecrrrert 
Ethykellulose Melatonin 147.4101 796 - 25 to-30 Top.cal instalauon lnvi'VO Greater cOfnea penetration 

and RGC st.r\1val at 9 days 
[2451 

poll-treatment 
Eudragit Brimooidine t.:Jrtrate 143.9 to 702.2 NR Top:cal inst!laOOn lnvitro Reduced lOP (- 2 to 3 h (2461 

Be vivo longor·than I h of com-
In VIVO merCialiZed e)'!! drop} and 

protonged drug wlease 

"J? 
~ 
<;; 
s. 
ll! 
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Table 2 (COntinued) ~ 

" "' N•nop•rtlcle's Substances Size ofNPs (nml Surface charge lmV) Route of delivery Pl•tform Adv•ntoges Refs. ~ 
~ formulation 
.!;!' 

Upld·basecll'l's 
.. 
g 

Top<cal lnS<IIatiOn (loNer Prolonged drug release and [247] 
Q. 

SLNs Tcbra~on 70t080 NR lnVlVO s; 
COO)UfiCtiV<i SOC) 1etenuon (-4 h) arr.J htgh 5· 

bfoa;adabllllY :> 

Ba1ea11n 9142 ± 102 - 33 50± 128 Top<callnS<IIaoon lnvnro Prolonged drug release [248] ;:; 
In vivo (-61%afie, 3 hand ihe t rermimng gradually w1thn 

10 h) and high corneal ~ 
permeability "' 

SLNs-coated modified Merhazol;mlde 143 9<0 702.1 + 31 3±1.7 Toprcal lnS<Iiaoon In VITro High ocular penetratiOn, [249) 
Chltosan Exvtvo surulned drug release 

lnv!vo (-8 h). fewer doses 
r>.qulred, and enhanced 
patlems: adherence 

SLNs mod1fied phospho- llmdol mJieate 37.7 to 47.2 NR NR In VItro Enhanced drug b10avafabil- )250] 
IIJ:idS 1-\Jm;r~ comea construa 1ty and encapsulation rate 

(>44'16) 

SLN-PEG')'Iated Latancprost 105 to 132 -29 1 i0-26.7 Torxcal(cont<lnlens) lnV11ro High drug uptake. sustained (2'> 1) 
In vivo drug release, and safe 

TravCJfYOSt 21 1 to 257 -17 3 [Q -20.4 Top!Gll (contact lens) lnviuo High d1uguptake, sustained )178) 
lnVIVO release(> t 44 h), safe and 

non-Irritant 
SLN· coated Poloxamef Olloramphemcol 248 -8.74 NR lnVtiiO Increased en:~sulatlon (252) 
188aodgl)'(erol ~ efficacy(~ 83%) controlled 
a.tearate (sohd lipid) and prolonged drug reletlse 

(>48h) 
SLN-coated glyce<Ci Br.mtoprost 148.4 ± 1.25 - 20.8!0-14.1 Top!calli\S<IIaoon nn srtu tnvtuo ProlOnged drug release. (253] 
mone&tearat~ geQ Ex'ltvO lncr~ In prec.orneal 

lnVNO resldenO? ume, norwmant, 
safe wQttlow corneal toxiC-
lty. and stable (> 1 momh) 

SLNs-coated Compmol lndometha<ln 140 ± 5 + 210± 1.8 NR In Vitro Increased drug stabilitY. (2:,4) 
888 encapsuliliOn (72%), and 

corneal permeability, stable 
(> 1 month) 

'J? 
~ 
o; 
s. 
ll! 



 

 

Table 2 <continued) 

Nanopartlcle's Substances Size ofNPs (nm) Surface charge (mV) Route of delivery Platform Advantages Refs. 
formulation 

NLC5 Mangtfenn 51.39 - 365± 1.5 Probe lmplamatiOn lnvnro Prolonged drug release [2551 
In vivo (-3 mmtl'>). lncreased 

corneal permeolbd~y and 
pencomeal retenuon ume. 
high encapsulation efficacy 
(>88%), Mld bioavatlab!ity 

Brlrnonidlne 10010 140 - 31.110- 33.7 ToJ)(cal (conract l""'s) In vitro High drug uptake. sustJined [1771 
In vivo release (> 144 h), and sofe 

NLC5 coated-Lwol F 08 Tnamclnolone 19873 -293010-4560 Con)unrliVal soc (lnstllla· lnVlVO 1\\:l YgnsofoculartcXfcny [2561 
C$U'famml. squalene Uon} and irrprowd enc<pstJo-
~tpld) and Pmclral ATO rlon officacy (94 S2 ± 1.12%) 
s Qlpld) 
NI..Cs-<oated Miglyal812, Flurblprofen 2283 -333 Topleill tnstllaoon tnvluo Prolonged drug reiNSe, Jl57) 
castor o(, and steaNc <>:ld lnVlVIJ hrgh encapsula~on efficacy 
a1p1d1 l-90%) and mlnlrnal lrrlta-

rlon 
NI..Cs-coated ChrtoSilll, Ofloxaan 244 - 4.630± 0.259 Topical (CXularln~errs 1n cui In Vltro. miCrobiologiCal t€st Enha11ced f"&a<neal [258) 
with eth<r~ol (co-sur- de sac) E<viVo permemklt\ retentiOn time 
factant), Tween 80 (sur- In vivo (- 24 h) and emanced 
lactantl, o!eK acid (hqu<l drug efficacy, and reduced 
lipid), and Compr I tal HD frequoocy application 
5 ATO (solid lipid) 
Upld NPs coared-pi10S- DKtofenac sodium 276 -l l t0 - 42.6 NR lnvuoo lnoe."Sed drug encap- [259) 
phollplds t-Lma~ romea construct sulation(-94%),comeal 

penerrauon. and p<olonged 
drug release 

Up<l<Tflirlo acid-modified Connexln43 nimetk: NR NR 
NPs peptide 

lntra..,itreal injection In vivo Enh<YJced neuropcotedlon 
after retrnal lsd'lemla 

(2601 

A10= atomic 9'ade lOP= intraocular pressurei NPs = nan<JparticiES; NR= not reported; PEG= poly{eth~ene glycoi};Pl.A = potyUacti<} acid; PlGA =poly laa ic·<:o-gtycolic acid:-MC.S= nanostructure.d i pid earners; 
.SlN=sold lipt::J NPs 

~ 
~ 

" "' ~ 
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Increases drug interaction 
with target cells 

Increases drug retention 
time in the 

precorneal area 

Enhances drug tissue 
permeation as well as 

optimal tissue absorption 

Improves drug 
biodegradability and 

blocompatib11ity 

Improves time for drug 
release characteristics 

wfth high dose accuracy 

Protects therapeutic 
molecules agaillst 

d<9radation agents 

Reduces local irritaion 

Fig. 4 Overview ol nanopanide-medlated oc.Jardrug deliwry thrrugh 1he eo<neal banter (a) and blood-!Etn~l barrier (b).lh<> potenlial 
advantages of the use or nanopartlcles as an approao\ For trrprovtng C\Jrrem glaucoma medrcauon (c) (Adapted from "Maromy of the Human Eye", 
"Strucrure ci the Renna· and'Tear Film Structure~ by BtoRenciet'.com (2022). Remevedand edited rrom https:l/<~i>p.blore--der,com/biore·nder·templ 
ates) 

polysaccharides (comp onents of the vitreous body) have 
also been proven safe for incorporation into ophthal­
mic solut ions. Other N Ps composed of polymeric-based 
materials have also improved the drug delivery interac­
tion with the cornea, and thus allowed for the contl"olled 
drug release a nd the treatment of the ocular diseuse of 
the outer segment. It was postu lated t hat nanocarriers 
coated with bioadhesive polym ers (e.g, PACA and cyclo­
sporine·A) can enhance the (>enetration of the embedded 
drug and improve the stability in the lacrimal fiuid, which 
has been shown to prevent the enzymatic degradation of 
the delivered drug [173). 

Recently, several studies have been performed to 
upgrade these standard NP formulations by reform ing 
NP surface properties such as coating with functional 
groups ( 155). One e.'"mple is lectm, a glycoprotein that 
exh ibits extremely high bindi ng affinities for spec ific car­
bohydrate groups presen t on the surface of corneal epi­
thelial cel ls [ 174-l. Accordingly, better tissue penetration 
was demonstrated for positively charged NPs, unlike in 
the case of negatively charged NPs, which get electro­
statically repelled from the cell membrane. To improve 
the adhesion o n the mucosal surface e.g., at the perio­
c ular and oral mucosa, for a sustained drug release and 

efficient absorption, NPs were formulated with different 
bioadhesive polymers [173). 

Due to their opt imal size for the penetration of ocu· 
lar barriers, NPs usuaUy do not impose eye irritation, 
thereby lim iting the frequency of drug administration as 
well as ma intaining sustained drug release (161), Lately, 
there has been an increased emergence of reports on NPs 
(e.g .. polymeric [175, 176) and ~pid-based [177, 178]} 
for drug-eluting contact lenses and corneal implants. 
Such commercialized medical devices provide a sus­
tained and burst drug release with high bioavaila biliry 
to the anterior and posterior seg.ments of the eye, which 
may improve patient adherence as compared to eye drop 
medications {179]. Fur thermore, contact lenses are typi­
cally used to correct refractive errors (e.g., myopia and 
hyperopia). which may positively impact patients' adher­
ence towards their treatrne nt regiment, particularly for 
those with both errors and glaucoma. Despite potential 
benefits, this approach is associated with potential safety 
risks and other llmiting factors per taining to production 
and storage [I 791. As a result, topical eye drops con ­
tinue to be the preferred first-line treatment option for 
gl aucoma. Nonetheless, a substantial increase of stud .. 
Jes is n ow being conducted to address the drawbacks o f 
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drug-eluting contact lens, making it possible for deliver­
ing medications to the eye a nd commercialization in the 
future. Among many others1 Chauhan et aL have been 
working extensively on developing novel loaded contact 
lenses employing diverse NPs formulations. W hile this is 
an intr iguing topic, it is beyond the focus of this review. 
For further information on this subject1 refe r to the c.ited 
reviews by Chauhan and others (180- 1831 as well as their 
recent published works on the fabrication of ophthalmic 
drug-eluting contact lenses using various nanomaterials 
(180- 182, 184-!88). 

In the posterior eye segme nt, prolonged drug delivery 
could be achieved with the application of NPs, depending 
on their size and characteristics of the surface. In addi· 
l ion, prolonged a nd effective transscleral drug delivery 
through intravenous administ ration ( bl ood and. lymph 
circulation) could be achieved by conjugating the right 
moieties o nto NPs. lntravitreal administrati on, for exam­
ple, enables macromolecu lar drugs to reach the retina 
and reduces systemic toxicities. Through this technique, 
the e ncapsulated drug molecules can be accumulated at 
the ret inal pigment e pithelium layer, a nd th us maximize 
the th erape utic effects (1 58). Dexa methasone-loaded 
poly lactic-co-glycolic acid (PLGA) NL's administered 
intrnvitreally in rabbits_, for example, elevated the cellu­
lar uptake with stable bioavailability in the vitreous fluid, 
chorioretina, and plasma compared to the unconjugated 
dexamethasone [189]. Th e same features were observed 
for human serum albumin NPs, where the conjugated 
drug molecules s uccessfully infiltrated the retina layers 
through specific pathway in tl1e MUller cells, relying on 
endocytosis and exocytosis [190). Of note, more investi­
gations are needed to ascertain Lhe ocu]ar tissue penetra .. 
t ion of NL's loaded with high molecular weight drugs, 
especially through the vitreoreti naJ interface, \~o:hich is 
one of the major obstacles to reach the inner retina upon 
int.ravitreal administration. Indeed, not all N Ps aUow 
the drug molecules to be efficiently dispersed through 
the vitreous tluid or pass through the inner limiting 
membrane. The efficiency of the therapeutics to cross 
this membrane are highl y dependent on their ability to 
migrate from the injection site towa rds the retina, which 
is often determined by the size of the NPs a long with 
their other physicochemical proper ties. For further read­
ing on this subject, the reader is referred to the rece nt 
and o ngoi ng work by Pe ynshaert et al. (50- 52). Never­
theless, in vie'\v of a ll that has been mentioned so far, one 
may suppose that N Ps have the potential to serve as an 
effective intravib·eal drug de.livery system. 

A few studies have been dedicated to th e attempts to 
lin1.it the drug clearan ce, g iven that most administered 
NPs pool in the tiver an d spleen and are removed by the 
reticuloendothelial system after the administration (19 1). 
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Interestingly, NPs tu e. flexible and can escape opsoniza­
tion by the macrophages if coated with extra surface lay­
ers , such as PEG [192]. By controlling properties of NPs, 
i t is possible to achieve maximal therapeutic effects, m in· 
imal side effects as well as highest solubility for targeted 
dr ugs [1921- In order to prolong the drug reten tion and 
e nhance its corneal permeability and bioavailability, it 
is importa nt to select appropr iate N Ps in terms of their 
chemistry, size, shape, surfac e charge and other physico· 
chemical properties (193]. Herein, the suitable biocom­
patible ocular drug delivery system depends on the target 
tissue, the route of administration, and the characteris­
tics of the drug to be incorporated into the N Ps. Despite 
all of the advantages, however, the high permeability of 
NPs pose a high risk, as shown in several brain studies 
[194(. For instance, zinc oxide NPs an d the an atase phase 
of titani um dioxide can easily i>ypass the blood-brain 
barrier via multiple routes and induce neuroinflamma­
tion with the potential to be ne urotoxic [195]. Hence , the 
careful selection of carriers is of prime importance when 
design ing the drug delivery system utilizing NPs . 

Application of different nanopartldes 
as anti-inflammatory drug carriers 
Polymer-based NPs 
['olymeric NPs have played a. major role in the advance­
ment of NP-mediated drug delivery, give n that they 
have proven successful for alleviatin g numerous diseases 
[155]. Polymeric NPs can form nanocapsules (surface­
\'esicular systems) or nanosphercs (matrLx systems) 
depending on their internal structure and preparation 
me th od (Fig. 5). While the former systems contain a drug 
encapsulated within a liquid core cavity, the latter ones 
contain a structural polymeric matrix where the drug is 
phys ically and uniformly disp ersed (196) . In addition to 
being incorporated inside a polymeric matrix. the drugs 
can also be adsorbed on the N P surface. These biode~ 

gradable Nl's ranging from 10 to 100 n m are the most 
commonly studied in the ocula r drug delivery field [173]. 
Polymeric Nl's have been proven superior compared to 
other types of N Ps for ocular application primarily due 
to their properties in cluding biodegradability, lesser tox­
icity, similarity in stiffness compared to the soft tissues, 
good encapsulation capacity as well as controlled release 
manner1 alongside biocompatibility and mucoadhesive­
ness [170j. Different ty pes of polymeric N Ps can be pro­
duced by directly processing different monomers or by 
using derived polymers obtained through polymerization 
[173 ). They are also applicable in p roducing many differ­
e nt N Ps, which can improve drawbacks of conventional 
drug delivery systems. 

Polymeric NPs have been shown to improve the 
stability of easi ly volatile substances and rnay act as 
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Fi!J. s Genoral view at d'ug-loaded pofyrrRnc (nanospher• and nanocap<ule) and lipid (solid llpd nanopartlde and nanostructured lipid carrier) 
nancpartkles. Created with Bi~etcom (2022) 

preservatives in op hthalm ic solutions [ l97J. This resul ts 
in a greater efficiency and effectiveness in transporting 
maximal concentrations of active pharmaceutical ingre .. 
dients to the targeted site, making them an ideal choice 
for modifyi ng drugs in cancer therapy. Apart from drugs, 
polyme ric NPs have been Ltsed as gene delivery carriers 
[173J. Furthermore, high bioavailability of polymeric NPs 
is related to their ability to concentrate at a targeted spot 
via passive or ligand .. mediated mechanisms. l11is method 
offers the possibility for reduction of required dose(s) and 
the side effects associated with them. Despite all these 
advantages, these types of NPs may stiU potentially cause 
toxicit)r due to the organ ic solvents incorporated in the 
final formulation and deterioration of the poi)'Iller, which 
may p roduce syste mic pernicious aftermath effects ( I 7 I ]. 
Nevertheless, most polymeric N Ps provide beneficial 
properties required for the use in drug delivery in oph .. 
thalmology, fundamcntaUy relyi•tg o n the capability to 
retain drugs in ocular tissues. By interacting \vith mucin, 
mucoadhesive polymers help to minimize the elimination 
of drugs from the surface of the eye and therefore can 
increase the drug bioavailability at the precorneal area. 
Several ex:unples of these types of polymers with modi· 
tied surface chan\cteristics are t>LGA, PEG. poloxamers. 
poloxamines. hyaluronic acid, ch itosan, sodium alginate 
and polyacrylic acid [170). 

One of the widely utiUzed materials for polymeric 
NPs is PLGA [198). PLGA has bec1t approved by the 
United States Food and Drug Administration (US FDA), 
owing to its high biodegradability and biocompatibiliry 

demonstrated by long-te m1 clinical trials [199] . In in vitro 
studies, dexamethaso•te-encapsulaled PLGA has been 
shown to successfully bypass the human placenta with 
high bioavailability [200). An empirical study conducted 
using pred nisolone on C6 cells, a type of cancer cell 
resembling astrocytcs. has sltown that prednisolone­
encapsulated PLGA NPs attenuated pro-inflamm atory 
cytokines including TNF-a and nitric oxide. surpassing 
the effects of na ked prednisolone [201 J. On the otl1er 
hand, in a glallcoma study using the rabbit's cornea. a 
contbination of dexamethasone and meJatonin loaded 
PLGA Nl's has bee n observed to significantly reduce 
the level of lO P JI89J. This study associated the neuro· 
protective elfe.ct with the enhanced corneal penetration 
and sustai ned release of dexamethasone and melatonin 
by NPs. Interestingly, PLGA NPs are capable of encap­
sulating severaJ active pharmacologic drugs simul .. 
taneously such as dexamethasone and melatonin for 
further improvemen t in delivering the drug (202]. For 
example, in an ex vivo rat brain tissue study. PLGA NPs 
coated with PEG exhibited rapid infiltration compared 
with uncoated 1\'Ps. indeed suggesting that coated NPs 
improved drug permeation [202J. 

In addition, prolonged delivery of therapeutic drugs 
is one of the most significant factors for successful neu· 
roprotective therapy in glaucoma. To reach its target, 
NPs should be able to avoid the uptake by the mononu· 
clear phagocytic system (MPS) of the host [203]. which 
is responsible for opsonization and phagocyt osis. Upon 
delivering the drugs. NPs are often specially designed 
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to avoid or harness the MPS to reduce inflammatory 
effects, subsequently improving the payload delivery 
and the drug therapeutic efficacy (203). It is established 
that PEG-coated PLGA N Ps improve drug uptake and 
clearance. For instance, hydrophobic PLGA NPs coated 
with hydrophilic PEG exhibited an antagonism against 
opsonization and phagocytosis along with prolonged cir­
culation time in the blood compared with NPs prepared 
without PEG [204). Moreo\•er, in a study done using 
anthocyanin, a phenolic compound w ith a h igh antioxi­
dant activity, PLGA-PEG NPs encapsula ting this com­
pound were shown to effectively abolish the expression 
levels of inflammatory markers including NF-kB, TNF­
a, and inducible nitric oxide synthase (iNOS) as well as 
apoptotic markers such as bcl-2 associated x (Bax), b-cell 
lymphoma-2 (Bel-2), and caspasc-3 protein against amy­
loid beta peptide 1·42 (A~ I -42)-i nduced neurodegenera­
tive effects in SH-SYSY cell lines [205]. Taken together, 
these PEG-coated PLGA NPs can improve therapeutic 
drug delivery by inhibiting both neuroinflammatory 
and neuroapoptotic pathways. Although the deliver)' 
of anti-inflammatory drugs with PLGA has yet to be 
studied in glaucoma. this highlights its strong poten­
tial as a nanocarrier, particularly for the t reatment of 
neuJ·oinAammation. 

lipid-based NPs 
Lipid-based nanocarriers arc at the forefront of the rap­
idly developing drug delivery systems for various dis· 
eases. Here. we hypothesize that the lipid· based NP 
system is also one of the most promisi ng drug delivery 
systems for treating glaucoma, improving drawbacks 
associated with the conventional treatment. TopicaJ lipo .. 
somal nanocarrier is o ne widely used lipid-base.d nano­
carrier in preclinical and early clinical studies, efllciently 
delivering ophtl1almic solutions such as timolol maleate 
into the vitreous and retina (206]. In many respects, 
lipid NPs are superior carriers compared to liposomes 
and polymeric NPs. The main be nefits of these N Ps are 
that they do not require organ ic solvents, which generate 
toxic degradation products, to be formulated unlike the 
polymeric Nl's . As a result, they exhibit low in vivo toxic­
ity as well as protect and stabilize the loaded drug mol· 
ecules from degradation. while offer the controlled drug 
release capacity. 

lipid NPs are composed of o/w (oil-in-water) emul­
sions, which is a com bination of a lipid nucleus with an 
amphiphilic surfactant acting as the stabilizer. As sucl1, 
they are able to transmit both hydrophilic or hydropho­
bic drugs [207]. Lipids in a liquid state can transform to a 
solid state of various structures (e.g ., steroids~ mon og1yc .. 
erides, diglycerides, and trigl)•ceridcs) and be dispersed 
in an aqueous solution at room and body te1nperature. 
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In this context, lipid NPs are the aqueous dispersion of 
spllerical vesicles made of ionized lipids with a positive 
charge at the neutral pH. They range in size from 40 to 
1000 nm and can be classified into two categories: solid 
lipid NPs (SLN) and nanostructured lipid carriers (NLC) 
(fig. 5) [208]. 

Initially, SlNs were formulated to in1prove the avail· 
able drug delivery systems such as polymeric NPs and 
liposomes. SlNs are made of solid lipids derived from 
water, co-emulsifiers, and emulsifiers . As the more 
improvised version of drug carriers than the aforemen· 
tioned ones, SLNs deliver severa l advantages. in cluding 
the improved drug loading capacit), prolonged duration 
of drug release, higher drug bioavailability with a better 
stability for unstable molecules against chemical degra· 
dation. improved safety as well as good cost-effectiveness 
ratio, particularly for high -scale production (207]. SLNs 
also enhance the corneal absorption and conjunctival 
uptake, as shown in studies done on anterior and pos­
terior eye tissues, and thus extend the drug retention 
period {209- 2 ll]. These studies have shown the potential 
of implementing SLNs formulation in clinical pracricc. 

Nanostructured lipid carriers (NLCs), on the other 
hand, were designed as the alternatives to compensate for 
the prom_inent dr.m·backs ofSLNs, such as their very lim­
i ted drug-Joacling capacity [2121. NLCs arc formed from 
a mixture of solid and liquid lipids that adopts an amo r­
phous solid matrix state at room and body temperature. 
NI.Cs exhibit high drug tolerance due to the physiological 
and biodegradable lipids constituting them. Moreover, 
NLCs offer a higher drug loading capacity and extended 
drug release time compared to the SLNs, which includes 
both hydrophilic and lipophilic drugs (207). In general, 
ther~ are three types of NLCs: the imperfect, non-shaped 
(amorphous) and the multiple structures. ll1e imperfect 
type refers to a mixture of fatty acids blended to create 
several lipid formations in a crystal structure {disorgan .. 
ized matrix) with gaps which provide the spac~ for lipo· 
philic drugs to enter the pa rticles. On the contra ry, the 
amorphous t)' pe docs not have a crystalline matrix. hc11Ce 
it prevents premature drug ejection. Lastly, the multi­
ple structures type consist of several compartments of a 
liquid lipid in a mab·ix of a solid lipid. This NLC type is 
utilized to avoid drug decomposition caused by the solid 
lipid. The development of NLC formulations has been 
demonstrated in ocular drug delivery to both the poste­
nor and anterior parts of the eye [213]. For example, Luo 
and co-authors reported NLC chitosan-coated genistein 
formulation delivered via a topical adn 'linistration, which 
enhanced the transcorneal penetration wirh an increased 
bioavailabi lity of the drug molecules in the aqueous 
humor compared to the conventional sol ution [214]. 
Furthermore, triamcinolone acetonide encapsul3.ted 



 

 

Lambuket at Eye and IAsion (2021) 9:26 

NLC showed enhanced therapeutic efficacy in mice. lhe 
developed formulation was able to reach the posterior 
segment of the eye via the corneal and non-corneal path­
ways upon topical administration [215)- These studies 
prove that the NLC formulations are good candidates for 
ocular drug delivery for treati ng glaucoma. 

Overall, in comparison with o ther particulate systems, 
lipid NPs provide many advantages. From the com mer· 
cia! perspective, lipid NPs are feasible and easy to engage 
in a large-scale production (216). Since lipids are bio· 
compatible, lipid NPs are highly tolerated by the body. 
Furthermore, drug formulations with emulsifiers could 
have a better stability profile for both hydrophilic and 
lipophilic drugs, meaning they would be able to control 
and extend their retention time in the body. Besides , the 
important characteristics of lipid NPs including the opti­
ma l particle size, surface charge, d rug entrapment effi ­
ciency, drug encapsulation and elimination, which enable 
them to protect the incorporated drugs from e nzymatic 
degradation in the eye. This eventually provides a good 
adhesion onto the cornea/periocular tissues. Since they 
are composed of lipids, these NPs help to reach the lipid 
layer of the tear fi lm, which directly improves the drug 
delivery and drug bioavailability for topical instiUation. 
The natural affinity of lipid NPs for the lipid layers can 
be further augmented by endowi ng the given fatty acid 
chains with a posit ive surface charge, given that cationic 
lipids and surfactants extend the retention time of emul­
sion drops on the epi thelial layer of the cornea (207]. 
Interestingly, studies done on the cytotoxicity of both 
SLNs and NLCs demonstrate that they are well tolerated 
and do not cause irritation to the ocular tissue. Still non­
ionic surfactants are occasionally required to minimize 
the toxic effects of the drug conjugated to lipid NPs (212]. 
Yet, these NPs can facilitate the passage of non .. ionized 
drugs across various barriers, such as the precorneaJ film, 
while maintaining the neutial form of the encapsulated 
drug in its active form (212]. 

Conclusion 
Several biologkal and nanoparticJe .. a.ssisted agents have 
been evaluated in the experimental models of glaucoma, 
but none of them have passed the clinical trials. This 
possibly has to do with the complex molecular processes 
governing neuroprotection that are yet to be elucidated. 
Thrbulence in the irnrnnne response snrveillance is 
regarded as the pr ime source of the disease progression, 
including that in autoimmune and other neurodegenera­
tive diseases. \Yle, therefore1 have discussed th e prospect 

o f tackling the inflammatory response at the early stages 
of glaucoma. Traditionally, the absen ce of the syrnptoms 
rarely prompts a clinical evaluation, kt alone a treatment 
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for the disease, notwiUtstanding the fact that most forms 
of glaucoma are asymptomatic in the early stages. It is 
also conceivable that lOP-lowering treatments may not 
be effective in circumventing the progression of the 
disease, as they lead to the progressive damage to the 
RGCs. The ineffectiveness of t he available treatments 
has contributed to the improvement a nd development 
of severa l drug delivery systems. In ocular drug delivery 
systems, NPs have a vast applicability and poten th<l to 
improve the efficacy of the current available treatments 
for gl aucoma. NPs may en hance lhe curren t therapies by 
modulating drug solubility and subsequently enhancing 
bioavailabi1ity. The}' may also assist th e drugs to perme­
ate the critical barriers ett route to their ocul ar target, 
but also extend the drug delivery timescale. The adverse 
effects at large may be minimized too as targeted deliv­
ery and improved bioavailability reduce the need for 
higher doses. Therefore, combining Nl's wit h biological 
or small- nlOiecule agents with the ab il ity to counteract 
the inflammatory response in glaucoma tous neurode­
ge neration can potentially move the field of glaucoma 
therapy forward. 
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ABSTRACT 
The current outbreak of monkeypox (MPXl infection has emerged as a global matter of concern in the last few months. 
MPX is a zoonosis caused by the MPX virus (MPXVl, which Is one of the Orthopoxvirus species. Thus, It is similar to 
smallpox caused by the variola virus. and smallpox vaccines and drugs have been shown to be protective against 
MPX. Although MPX is not a new disease a nd is rarely fatal, the current multi-cou ntry MPX outbreak is unusual 
because it is occurring in countries that are not e ndemic for MPXV. In this work, we reviewed the extensive literature 
available. on MPXV to rummarize the availabll' data on thl' major biological, clinical and epidemiological aspects of 
the virus and the important scientific findings. This review may be helpful in raising awareness of MPXV transmission, 
symptoms and signs, prevention and protective measures. It may also be of Interest as a basis for performance of 
studies to further understand MPXV, with the goal of combating the current outbrl'ak and boo<ting hl'althcare 
services and hygiene practices. 
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Introduction 

Monkeypox virus (M PXV) is a member of a subset of 
the Poxviridtte family called Ortllopoxvirus. This virus 
causes i11fcction with clinical presentatio11 resembli11g 
smallpox (SPX), which is caused by infection with the 
variola virus (VARV). MPXV was first isolated in 1958 
from laboratory monkeys with a pox-like disl>ase in a 
Copenhagen research facility in Denmark [ 1,2 J. Geno­
mic s tudies have characterized MPXV into Central 
African/Co ngo Basin and West Africa clades with 
differentia l epidemiology and clinica l ma nifestations 
[3). Most MPXV o utbreaks outsidl• Africa come 
from the West Africa clades with less severe disease 
and primary infection [41. 

Since M PX infection has a s imilar presentation to 
many pox-like diseases, diagnosis based on clinical 

observations alone is insufficient. Thus, real-time 
PCR is used to distinguish the two MPXV cL~des 
irom o ther orthopoxviruses [5,6 ). Coincident immu­
nity against MPXV has been achieved through SPX 
vaccinatio n due to shared genetic and antigenic prop­
erties. Since SPX eradication and hence vaccine cessa­
tion, waning herd inuntmity to o rthopoxviruses has 
c reated an immunologically na·ive population 1~h ich, 

along with several other factors, has led to resurgence 
ofMPXV [7). 

Since the beginning o f 2022. cases o f MPX from 
several regions have been reported to the World 
Health Organization (WHO), indicat ing an alarming 
re-emerge11ce of MPX. On 13 May 2022, the WHO 
co tlfirmed a multi-country MPXV outbreak in Africa 
and non ·endem ic cotullries worldwide, especially in 
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Europe. By 13 Ju ne 2022. the Pan American Health 
Organization (PAHO) and WHO (PAHO/WHO) 
had recorded a total of 1423 confirmed cases of 
MPX in 31 non-endemic countries with no deaths. 
Around 87% of these cas<.'s were reported in 23 
countries in the European region [8]. Concern has 
grown about the ongoing MPX outbreak as there is 
a shortage of new reports, and this has led to prolifer· 
alion of misleading information. The goal of this 
review is to examine the origin of MPX and its evol· 
ution, transmission, pathogenesis, diagnosis, epide­
miology, host inunw1ily, treatment and prevention. 

Molecular basis of MPXV activity 

The MPXV has a double-stra nded DNA genome of 
196,858 base pairs {bp) with around 200 genes (9]. 
As an orthopoxvirus, its genome contains two telo· 
meres composed of identical but oppositely-oriented 
sequences of shot·t t.1ndem repeats [ 10]. This regio n 
of inverted terminal repeats (JTRs) makes up arow1d 
3% (6379 bp) of the MPXV genome and is involved 
in the replication and encapsidation of the genome 
(11,12]. Further details of the genomic organization 
of JVlPX V are shown i11 Figure I. 

MI'XV encodes all transcrip tion and replication 
enzymes needed for the viral genome (14]. It has 
been hypothesized that the progressive loss of genes 
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not essential fo r human pathogenesis led to the emer· 
gence of a highly adapted virus that causes serious dis· 
ease and L~ capable of efficient and rapid human-to· 
human transmission [15,16]. According to a study 
by Elde and colleagues, gene copy number variation 
may be a key element in regulati11g virus fitness [17]. 
Among the JVlPXV alignments. polymorphism in the 
noncoding region of the ITR with 12 variants was 
detected. four of the 23 ( 17.4%) whole genome 
sequences displayed significant genomic instability 
just upstream of the right ITR. A 625-bp deletion 
between bases 189,820 and 190,444 was present in a 
coUection of samples (genome loca lions based on 
Ml'XV-COG 2003 358). MPV-Z-N2R and the first 
I 03 bp of the genus Orthopoxvirus major histocom­
patibility complex class !·like protein (OMCI') are 
both removed by this dele tion. The function of 
MPV-Z-N2R is u.nknown, as neither the VARV nor 
the West African MPXV genomes contain any similar 
genes. OMCP is a secreted protein that binds ro 
NKG2D and prevents natural killer cells from destroy­
ing infected cells [ 16]. 

Although MPXV is a DNA virus, its entire litecyde 
occurs in the cytoplasm of infected cells, in which a 
variety of proteins needed for the replication machin­
ery are encoded from open reading frames (ORFs) of 
lh<' MPXV genome (Table 1). These ORFs have more 
than 90% sequence identity with those of other 
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Figure 1 . General structure of the MPXV genome. The genome is made up of double-stranded linear DNA (approximately 197 kb). 
primarily composed of hairpin loops, some open reading frames (ORFs), and tandem repeats, while the ITRs are made up of tan­
dem repeats, hairpin loops, and some ORFs [13]. The ends of the genome form direct repeats called ITRs, and the genome has a 
tenn lnal hairpin loop (no free ends). Most of the essential genes are located in the central part ofthe genome, and there are ~250 
genes In the genome 114]. The upper box reveals a 625-bp deletion dire<:tly upstream of the right ITR (red box), which completely 
removes MPII-Z-N2R (locus 201) and truncates OMCP (MPV-Z-N3R,Iocus 202). The central part contains the following genes: 01R: 
large subunit of mRNA capping enzyme, 02R and 03R: internal structural proteins of intracellular mature virions {IMVs), 04R: viral 
DNA glycosylase, DSR: ATPase, 06R: subunit of early transcription protein, 07R: subunit of RNA polymerase, 06R: membrane 
protein of IMV, 09R, Dl OR, Dl lR: nucleotide triphosphate phosphorylate, 012R: small subunit of mANA capping enzyme, and 
013R: core protein of IMV (14). 
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Table 1. List of the most important ORFs in the MPXV genome 
and their functions. 
ORF S~e FunctiO<lS 

DSR 242 Zinc·binding, virulence factor and inhibition of UV· 

PH 11 7 
Q( 375 

CBI 1St 
CI6L 439 

OJR 101 
FlL 479 
F3L 153 

F4L 259 

FBL 1006 
QlL 108 
IlL l12 
/Jl 269 

14L 771 

IlL 423 

G4l. 124 

HSR 213 

ESR 785 

AIIL 891 
AI3L 190 
AI9R 492 

A.l<L 300 
ASOR 55Jl 

irw:hxed apopcosis 
Secretion of virulence factor 
Syntl1e;ls of serine protease inhibiiO<·Irke (SPI·31 arret 

prevents cell fusion 
Oeoxyutidine tripllos~ataM! productloo 
Encoding serineJtiYeoni1e protein kinase 2 and regulation 

of virion morphogenesis 
Virion core ONA binding phosphoprmelo 
Poly(A) polymera>e and Cdlalylic ><Jbunil 
dsRNA binding inhibits dsRNA-dependent protein kinase 

and 2-5A·synlhetilse 
RNA polymerase, JO.kDa sublllit and intermediate stage 

traflS(tiption factot 
DNA polymerase 
Virion-associated glutaredoxin 
Virosomal protein needed f()( virus ~n.~ lt!pllcatlon 

ssONA·binding P-prutein lnlerociS w~h R2 ><Jbunil of 
ribonudeotide reduaase 

ssONA·bWlding P·protein intetatts with Rl subunit or 
ribonudeotide reduaase 

Virion core protein, DNA topoisomerase II homologue 
from 

Virion-associated glutaredoxin, required for disu1phide 
bonds and assembly 

Virosome-associated, late gene tram<r~tion factor, VLTf. 
41 (a2""·binding motif 

Nucleic acid.ind~ndent nucleoside Hi phosphatase, 
required for ONA replication 

Ma,i« vi lion core protein p4a 
Virion core pmtein 
DNA he!icase. post replicative negative transcrj)tion 

elongation factor 
DNA packaging into vwion and NTP·bmding motif A 
DNA ligase 

Source: Adapted from Shchetkunov et al. 191. 

orthopoxviruses. The majo rity of species- and strain­
specific differences between orthopoxviruses are in 
the left and right terminal regions [9). 

Some viral proteins have been folmd to be essential 
components of MPX. l hese proteins are classified into 
three categories: (I) viral entry proteins that facilitate 
MPXV entry into host cells through receptor binding 
and membrane fusion; (2) viral proteins that fadl itate 
release ofMPXV copies from host cel ls; and (3) essen­
tial proleins for modulation of tl1e host cell and 
immune modulation. These proteins are swnmarized 
u\ Table 2 and their roles in host cells are further dis­
cussed in the next sections. 

Like other orthopoxviruses, the p:tllem of MPXV 
gene distl'ibution has the genes that encode for house­
keeping functions conserved a11d clustered in the cen­
tral region of the genome (Figure 1), whereas those 
that encode for proteins uwolved in virus-host inter­
actions are less conserved and located in the terminal 
regions [13,18- 23 ). It has been hypothesized that 
MPXV is a direct ancestor of V ARV based on the 
similarity i.n the clinjcal manifestation of the two dis­
eases [24- 26]. Later studies confirmed this hypothesis 
by detecting high similarity in genetic material 
between the two viruses using genomic restriction 
endonuclease maps [27,28] and nucleotide sequencing 
[29,30). However, other studies have postulated the 

independent evolution of the viruses [27,31). Whole 
genome sequencing bas shown that MPXV is not a 
direct ancestor nor a direct descendant of VARV [32]. 

T he genetic diversity between the West African and 
Congo Basin clades has been documented in several 
studies of the evolutionary relationships between the 
clades 133). The clades are 99.4% identical at the 
protein level, but include several functionally unique 
genes, non-functional ORF regions and additional 
ORFs [33). 

During the multi-country 2022 outbreak, several 
preliminary phylogenetic analyses of MPXV genomes 
were performed from samples collected in Portugal, 
Belgium, France, Germany, the Netherlands, Italy. 
Spain, Slovenia and Brazil. The data confirmed that 
the West African MPXV genotype is central to the 
ongoing outbreak. A total of 117 MPXV sequences 
were identified up to 24 fune 2022 (Supplemental 
Table 1) using the NCBJ database related to the cur­
rent outbreak of M PXV outside the endemic area. 
Notably, detection of MPXV was correlated with indi­
viduals who hatl returned from the Canary Islands 
[34], Slovenia [35), Italy (36[ :md France (37[. 

T he sequences from Slovenia were from two 
patients who presented with anogenital skin lesions, 
swoUen iltguinal nodes and malaise. Skin sampling 
was used to isolate the MPXV genome from the 
French sample. Nasopharyngeal swabs, lesion crust 
and vesicles were used as viral genetic material har­
vested after one week-onset of mild symptoms, includ­
ing fever and odynophagia, from the sample ft·om the 
Canaries. Sequences we re also obtained from a 30-
year-old male who p•·esented in Belgium with pe1ianal 
papules and a i -on painful inguinal adenopathy bilat­
erally after travelling to lisbon, Ponugal [38]. A 4 1-
year-old male patient was diagnosed with MPX after 
a lrip to Portugal. Spain and Brazil [39[. 

T he greatest. number of sequences (50) was from a 
study in Germany, in wh ich whole genome sequen­
cing was used for samples from a 26-year-old patient 
who presented with acute symptoms of orthopoxviral 
infection [40] . A further 28 sequences were detected 
using the paired-end sequencing technique in Portu­
gal [41[. 

M.ost M PX V sequence iso lates have been obtained 
from male patients from Belgium [38], Portugal [42]. 
Italy [36,43], Brazil [39] and Spain [44]. In fection 
with human immunodeficiency viJ·us (HIV) was 
reported in two cases: a 31-year-old Spanish man 
[44] and a 39-year-old Italian man who had HIV 
infection with a history of unprotected sex with male 
parLncrs [36[. 

A number o[ novel single nucleo lide polymorph­
isms (SNPs) among newly-detected MPXV sequences 
have been identified during the 2022 outb reak. includ­
ing 46 SNPs in newly-discove•·ed MPXV sequences 
from Spain , in comparison with genomes from the 
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Table 2. list of known MPXV proteins, their encoding genes and host target protei ns. 
Gene Protein 

Entry proteins 
MJR Pr()(ein L 1 (virion membrane protein) 
E8!. £8L (c~l st.rfac:e-binding protein I 
HJL HlL (envelope protein) 
E.xit proteins 
AJBR lEV (transrrembrane phosphoprotein) 

C23R Core phosphoprotein Fl7 

C18L Protein F12 
tmmunomodulatory proteins 
J3R CheiT'Oicim'! tinding protein 
JlL ( ytokine response-modif)ing prorein 8 

D9L Ankyrln repeat domain containing protein CP77 
(type I interferon (IFN) evasion protein) 

FJL RNA-binding protein E3 

Hli OIJal spedlicity protein phosphatase H1 
DJR EGFR linding protein (MPXgp006) 
DilL Pr01ein (6 

Clt Pr01eln Fl 

816R Solu~e IFN·alpha rcceptO< 
CIL IFN arotagoni•t KIL 
81JR PrO!ein 813 
89R Soluble IFN·v recept<>< 88 
PIL Protein Nl 
C6R Protein K7 
A37R MHC modulating protein 
A4'l. Protein A41 (chemoldne binding protein) 
A47R ltR ;,.,aivating protein (MPXgp 157) 

Host t<Jrget proteins 

P>obably binds to ho>1 cell entry receptors 
Cell surface chondroitin su~hate proreoglycans (CSPG) 
Cell wrlace hopat"' sulphate (HSJ 

NO< adaptor protein I (NCKI), kinesin light chain I IKLCII. intersectin· l (ITSN II and 
epid<Ymal growth factor recep<or substrote15 IEPS15) 

Rapamydn-inrensitive companion of mTOR (R1CTOR} and re~latory-associ.ated 
protein of mTOR (RPTOAJ 

Kine~n light cham 2 (KI.C2) 

CC and CXC chemokines 
Tumour necrosis fac:tor·alpha (INF-o), TNF-(l, CC motif chemokine li90nd 28 (CCL28), 

CCL25, CXC motif chemokine ligand 12 (CXClll). CXCL 13 and CXCl14 
Cullin-1 (CULl) In the SKP 1-CUL1 -f-Sox (SCf) complex 

Interferon-stimulated gene 15 (ISG15), e~ryotic translation initiatioo faaor 2 alpha 
kinase 2 (Eif2AJC2)/pmtein kinase R (I'KR) and Z-ONA blnd019 prot" n 1 {ZBP1 1 

Signaf transducer and activator of transcription 1 (STAll) 
Epldem1al !JCOwtll faae< receptor (EGFR) 
TRAF family member associated NF-•6 activator (TANK), TANK-binding kinase 1· 

bin<fng prorein I (T8K6PI), 5-alacyti<fne·induced prorein 2 (AZil ) and STAT2 
8<~2-llke protein 11 (6Cl2L 11], NLR lamlly py~n domaon containing 1 (NLRPI) and 

Bcl-2 homologous antagonist/killer (BAIQ 
IFN-a 
IFN 
IK8 kinase ~ (IKK~) 
IFN·y 
llc~2-associated agonh t of cell death (BAD) and 8c~2-a>SO<iated X protein (SAX) 
DEA~x helicase 3 X·linked {DDX3l0 
Maje< histocompacibi ity complex (MHC) class II 
CCL2 1, ((L2>. CQ26 and CCL28 
Myeloid differentiation fac:tor-88 (Niy088) adaptO<~Ikc and TIR-<Iomain containing 

adapter-Inducing lntetferon-P ITRIF)-related adaptDr molecule (TRAM) 

Data were collected ~om https:/Mralzone.expasy.org/9976 and https://wwov.uniprot orgl. 

201812019 outbreak 134]. Six SNPs were idenli.fied 
between the two d raft genomes from Madrid [441 
and 6 from Italian seque.nces, in comparison to 
other· MPXV genomes detected during the 2022 
outbreak. 

Microevolution of MPXV may explain the newly· 
detect ed clusters of viral genomes during the 2022 out· 
break caused b)' the emergence of 7 SNPs leading to 
further subclusters and sub-bt·anching from the com­
mon ancestor (41 ]. A frameshlfl deletio n of913 bp in 
the viral genome has been rcp011ed in two sequences 
from Portugal [ 4 I]. The effect of the number of 
SNPs detected in this genome compared to tl10se iso­
lated in the UK during the 2018- 2019 outbreak led to 
S)~lonymous. missense, slop-gained and intergenic 
variants (41 ]. These microevolu tion events enhance 
the evidence of human-to-human transmission of 
MPXV strains evolved from the West Afric<tn ancestor 
of the M PXV current!)' detected outside the endemic 
arro [16]. The MPXV isolated from the 2022 outbrrok 
seems to have more mutations, but many of these 
newly acquired mutations have unclear funcHon and 
significance (45]. These mutations could be the under· 
lying cause of the sudden emergence of MPX cases in 
non -endemic areas. However, dtis can be ruled out 
because DNA viruses have lower per-site mutatio n 
rates due to the extensive interactions between viral 
DNA gcnomes and ct'llular pathways tl1at detect and 

repair DNA damage, compared to RNA vi ruses (e.g. 
HIV and SARS-CoV-2) (46 ). Therefore, further 
studies ar e required to determine the mechanism of 
action of these mutations. 

Pathogenesis 

The pathogenesis and mechan ism of action of MPX V 
are simil;n to those of VARV and Vaccinia vi rus 
(VACV) (47]. l\llPXV, like other poxviruses, probably 
infects a wide ra nge of mammalian cells without the 
need for specific host receptors and molecules for 
cell e1ttry and replication (48]. The infection proc<.'ss 
begins with binding and entry of the extracellular 
enveloped virus (EEV) virions into the host cell 
through interactions of M PXV surface proteins with 
primary allachmenl receptors (glycosaminoglycans) 
on tlte cellular membrane of host cells 149]. Infor­
mation on specific MPXV proteins involved in host 
cell entry and the receptors on host cells is currently 
lacking, but three proteins have bt't'n identified as 
viral entry proteins that mar facilitate MPXV entry 
into host cells through receptor binding and mem­
brane fusion. The first is protei.n Ll , a virus membrane 
protein that probably hinds to host cell entry recep­
tors. T he specific roles of protein LJ during MPXV 
entry arc unconfirmed, bu t studies on V ACV show 
that this envelope protein binds to the cell surface 
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through the entry/fusion complex (EFC) and is 
required for merging the virus membrane to the 
host cell membrane during v iral penetration (50- 52]. 
E8L is another MPXV cell surface-binding protein 
that is suggested to bind to host cell surface chondroi­
tin sulphate proteoglycans (CSPG) and mediate 
adsorption of intracellular matltre virus (IMV) virions 
to cells [53). The Ml'XV envelope protein H3L has 
also been studied in in-vitro and in-vivo on V ARV. 
indicating important roles for this prote in in virus 
adsorption to cell surface heparan sulphate and IMV 
morphogenesis (54]. Despite th<' variability in surface 
glycoproteins and the number of wrapping mem­
branes between the IMY and EEV virions (55], 
J.MVs that exit infected cells through budding can 
also penetrate the cellular membrane and infect 
other host cells. but less efficie nUy than EEV (56]. 

After fusion of MPXV EI'.V or I MV with the cellu­
lar membrane, the internal virion components are 
spontaneously uncoated with loss of viral membranes 
and enter the host cytoplasm [57]. All poxvintses 
replicate their nucleic acid exclusively in the cyto­
plasm and encode proteins that facili tate genome 
replication and gene expression ]58]. The C)'toplasmic 
replication cycle of M PXV is a com plex sequence of 
event~ that 11eeds ftuthet· investigatio n, but the lntra­
cellular ~-yde of MPXV can be visualized based on 
understanding of V ACV replication as the best­
studied poJo.-virus (Figure 2). 

The first attempt at understanding the pathogenesis 
of MPXV was made in 1969 by Wenner et al. [63]. 
Cynomolgus monkeys were infected with MPXV 
intt·amuscularl y and the virus started to multiply in 
local cellular components at the injection s ite. In 
addition to detection of MPXV at the site of inocu­
lation, an intense inflammatory immunoresponse is 
seen in cell necrosis, phagocytosis, vasculitis and 
local replication of MPXV [63]. Primary viremia 
then developed based on detection of the virus in 
regional lymphatic and vascula1· chan nels. MPXV is 
transported in lpnph to reg io nal lymph nodes and 
very likely in blood to the splee11, tonsils and bone 
marrow. These organs, among others, comprise sec­
ondary sites of virus multiplication and with further 
release of the virus, there is a consistently measurable 
le,•el of viremia. At this stage, it is likely that the virus 
is transported to tertiary target organs, including the 
skin and testes, resulting in clinically recognizable 
disease. 

The difficulty in understanding the pathogenesis of 
MPX V is due to the lack of ideal animal models with 
routes of MPXV transmission similar to those in 
humans, similar pathways of pathogenesis, and similar 
rates of infection, morbidity and mortality (64,65]. 
The main challenge is d1e resistance and non-infectiv­
ity of the virus in commonly used animal models, such 
as guinea pigs and go lden hamsters (64,66]. However, 

in-vitro investigations of the kinetics of the poxvirus 
replication cycle using different cell lines have indi · 
cated similarity of MPXV wi th VACV and V ARV in 
the produc tion of viral antigens, patterns of cyto­
patbological change and formation of it1dusion 
bodies, and release of new virions from host cells 
[67-7 1]. Despite some differences among poxviruses 
based on the type of cell culture lineage and cell 
growth conditions, a better understanding of MPXV 
has eme rged based on V ACV studies. 

T he first step in MPXV replication following inocu­
lation is virion attachment to the target cells, wh ich 
has been investigated in 1titro using rhesus monkey 
kidney cells or kappa cell lines, in which up to 85% 
of virion particles are found to at.tach within 2 h 
[n]. Synthesis of messenger RNA has a vital role in 
the uncoating p rocess (47). 

Using 2 plaque-forming un its (PFU)icell to infect 
CV -1 cells reveals a 6-h period o f partial eclipse, pre­
sumably representing the period of attachment, 
uncoating and synthesis of the m rliest virions. The 
pattern of incre-ase of cell-free virus follows closely 
with that of cell-associated virus, with a lag of 3 o r 
4 h between intracellular maturation and extracellula1· 
release (72.73]. The newly synthesiud virus relea~es 
from kappa cel ls at a rate o f 1% (721 and from CV-1 
cells at 10% [73]. MPXV antigens can be detected in 
nuclt'llr region or long cell ular bridges of infected 
cells using cytoplasmic immunolluorescence [73) . 

Cytopathic effects of MPXV have been observed in 
primary and secondary lines of kidney cells derived 
from rhesus, cynomolgus and African green monkeys 
[72- 75], bovine, rabbit and guinea pig kidneys, mouse 
liver cells [33,72] and human-derived amnionic and 
ltmg fibroblas ts [75,76]. Cytopathic effects have not 
been reported for all cell lines, but a few lines in 
Hela cells. chicken embryo and other cell cultures 
have shown these effects [72,76,77). Granulation, 
rounding up and cell ular condensation have been 
reported as cytopathic effects cau~ed by MPXV. and 
monolayer cells detacl1ed from the side of the glass, 
leaving microscopic visible "holes." Affected cells in 
monkey kidney and human amnion cell cultures are 
interconnected by thread-like syncytial elongations. 
but such cellular bridges are not apparent in He!..~ 

cells [75]. 
Depending on the size of the inoculum, CPE- of 

MPXV -infected CV -I cells (a con tinuous line of Afri­
can green monkey kidney cells) may be observed as 
early as 8 h or as late as 10 days or more (73]. When 
a suspension of pustular material from infected mon­
keys is inoculated into such tissue cultures, the CPE 
usually develops in 2-3 da)'S. Complete destruction 
occurs after 5 days of incubation (75]. ln tissue cul­
tttres, the infectivity til res of most passage flu ids vary 
between 10-• and 10- 6 for the 50% tissue culture 
infective dose (TCID50) (73,75]. Th<' physical 
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Figure 2. Steps of MPXV enrry into host cells [13,14,59-62]. (1) Schematic of the structure of MPXV. (2) Both the EEV and IMV 
virions penetrate the host mm~brane by binding and macropinocytosis. MPXV virions use glycosaminoglycans as host receptors. 
(3) After the Internal virion components enter the cytoplasm, core uncoating occu10 and this process leads to delivery of the MPXV 
genome and accessory proteins to the cytosol. (4) The released MPXV genome is used as a template for DNA replication. (5) Early 
viral DNA transcription followed by translation into the host ribosome occurs to encode essential protei ns. Early proteins aid In 
DNA replication. (6) These proteins interact with host sensor proteins resulting in internal and external modulations. The major 
intracellular modulations include prevention of viral genome detection, induction of cell cycle arrest, apoptosis inhibition, in hi· 
bition of the antiviral system and modulation of some host cellular signalling pathways. Ea rly proteins play essential extracellular 
roles as immunomodulatory agents and as growth factor-like domains that stimulate onset of mitosis in neighbouring cells. (7) 
Early proteins are used In production of intermediate proteins. (8) These proteins are involved in late transcription and translation 
processes and aid in DNA replication. (9) late proteins are essential components for viral assembly. (10) Viral morphogenesis 
occurs by formation of Inner tubular nucleocapsid structure folding and assembly of viral glycoprotelns to generate MV virions. 
(11) Except those released via infeCted cell lysis, MV virions transit to the Golgl apparatus along ml<rotubules for double mem­
brane wrapping. (1 2) The resulting EEV virions exit the infected cell by two routes: by the actin tail assembly, which provides 
enough force to propel the virions out of the cell or by budding from a cellular membrane (Created with BioRender.com). 
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characteristics ofCPE prod uced by MPXV in monkey 
kidney-cultured cells cannot be distinguished from 
those of VARY (77) or VACV [73 ). 

In addition to cytopathic effects, plaque formatio n 
with MPXV has been detected it1 various cell culture 
lines [72,73,78). The plaque formation assay is a quan­
titative method, in which mono layers of monkey kid­
ney cells infected with MPXV are allowed to overgrow 
and then stained using neutral red to demonstrate 
well-defined plaques of 2-3 mm in diameter 
(72,73,79). Previously, MPXV was differentiated 
from V ARV by the smaller size of the plaques [78) 
and by the ability of li-1PXV Lo form plaques in chicken 
embryo fibroblasts [78 ,80]. 

As viruses a re intracell ular and host-dependent 
microorganisms [81), survival inside infect~d host 
cells is critical for virus propagation, and this is 
based on manipulation of host cel l signalling path­
ways. ThL~ manipulation enl1 ances the \~raJ replicatio n 
cycle and determines disease outcomes [82), mainly by 
targeting cell growth and immunoregulation (83). 
Thus, otthopoxviruses can inhibit cell apoptosis and 
the ant iviral host defence, and exploit the host cell 
machinery [84 ). 

MPXV immunomodulatory proteins and 
related immune responses 

As shown in Table 2, a variety of MPXV proteins are 
implic.~ted in host immunomodulation after being 
encoded in host cells. The chemokine binding protein 
encoded by tbe MPXV !3R gene binds to CC and CXC 
chemokines with h igh affinity, regulating leukocyte 
trafficking to tissues infected with MPX V and thus 
reducing ' 'ira! ~rulence and inflammatory response 
(85,86). Protein A41 is another chemokine binding 
protein that is encoded by A4IL and targets the CC 
motif chemokine ligands CCL2l , CCL25, CCL26 and 
CCL28. Bahar et al. (87[ suggested that A41 forms 
sufficient interactions with these ch~mokines to pre­
vent chemokine-glycosaminoglycatl int.eractions at 
the cell surface, thereby destroying the chcmokine 
concentration gradient and t~timately resulting in 
decreased neutrophil migration in tissues infected 
with MPXV (87,88 [. The MPXV-encoded cytokine 
response-modify ing protein B (Crml~) helps the 
vi rus to evade host immune defence by b ind ing to 
host tumour necrosis factor (TNF) as a soluble 
decoy TNF receptor (TNFR) (89]. Thanks to its C­
terminal domain, CrmB also binds Lo CCL28, 
CCL25, CXC motif chemokine ligand 12 (CXCLJ2), 
CXCL13 and CXCLI4, '~th binding affinities compar­
able to those of TNF [89 ]. 

MPXV also encodes Ank)•rin repeat domain con­
taining protein CP77, which plays an ear~· role in 
evading the anth>iral state ind uce<i by type I interfero n 
(JFN) by binding to cullin-1 (CULl ) in the SKP1 · 

CULL·P·Box (SCF) complelt (90]. The SCF is an ubi· 
qu ilin·p rotein ligase complex. il has been suggested 
that, following C -terminal phosphorylation, I FN regu· 
Jatory factor 3 (IRF3) is recogn ized by CULl, which is 
part of the SCF complex (9 1). This leads to its polyu­
biquitination and targeting of the proteasome, indicat­
ing a significant role for the SCF complex in 
controlling IRF-3 stability [9 l ].IRF3 controls multiple 
IFN-inducing intracellular pathways that are triggered 
by RNA and DNA sensors (92]. Two MI'XV genes, 
B16R and B9R, encode proteins that mimic the soluble 
lFN-a and IFN-y receptors, respectively. These two 
proteins bind to lFN-a and JFN-y to block the time­
Lions of IFNs, thereby inhibiting defences against 
MPX infection [93,94). Also, the MPXV K7 protein 
binds to DEAD-box helicase 3 (DDX3) and inhibits 
IFN·P promoter induction [95]. DDX3 is a multifunc· 
tiona! prote in involved in RNA metabolism and plays 
an essential role in key cellular biogenesis processes 
[%). A recent study showed that DDX3 has a cl'itical 
role in promoting IFN-P transcription formed by anti­
viral signalling by enhancing IRF·31p300 holocomplex 
binding to the IPN·P promoter [97). 

I FN ant.1gonist Kl L is another protein encoded by 
MPXV that inh ibits tl1e IFN-induced antiviral system 
[98). KIL may not block TFN signalling pathways 
directly, but it prevents acetylation of the p65/ReiA 
subunit of nuclear factor kappa B (NF-KB) [99). NF­
KB signalling is involved in regulation o f major 
immune functions, especially by inducing antiviral 
genes such as IFN and IFN-stimulated genes (ISGs) 
[100]. l'viPXV also encodes the Bl3 protein that 
binds h<B kinase ~ (I KK~). which contributes to 
ltd3a phosphorylation :llld NF-KB activation (WI], 
ultimately resulting in blocking the NF· KB signalling 
pathway by inhibiting IKK~ dimer trans·autopho­
spho rylation as part of the activation mechanism 
[102]. 

MPXV encodes the dual spec ificity protein phos­
phata.~e Hl (HI L), which is involved in viral replica­
tion [103) and also has a role in immune evasion by 
blocking IFN-induccd antiviral immune responses 
by dcphosphorylating signal transducer and activator 
of transcription I (STA Tl). It has been suggested 
that HI L can also block expression of STATL-depen· 
dent and STATI·independent genes [104). STAT! 
has an essential mle in controUing express ion of 
human ll' Ns and thus the severity of v iral infections 
[105), STA Tl is also involved in immunoglobulin 
(lg) class switch recomb ina tion (CSR) and in pro­
duction of memory B cells that contribute to tissue­
resident humoral immunological memory by control­
ling the lgG response against viral reinfection [l06). 

M PXV protein C6 works as a ~iral immuno modu­
Jator by binding to tl1e t ransactiva tion domain STAT2. 
This association decreases STAT2 phosphorylatio11 
and results in blocking of IFN signalling pathways 



 

 

( 107) and forms an integral part of the transcriptional 
responses to ff'Ns [ lOS). MPXV protein C6 also binds 
TRAI' family member a$SOciated NF-KB activator 
(TANK) and inhibits IFN regulatory factors 3 and 7 
(JRF3 and IRF7) [109]. IFRs are transcription factors 
that play crucial r oles in several innate and adaptive 
immtule responst'S, including the antiviral state and 
regulation of inunune cell differentiation. T hese pro­
teins are key regulators of induction of IFN gene 
expression downst ream of pathogen recognition 
receptors (PRRs), such as Toll-llke receptors {TLR~), 
whicl1 recognize viral nudcic acid [92]. The nature 
of the signalling complexes formed on regulation by 
l RFs leads to further targets for MPXV protein C6. 
Thus, C6 binds to TANK-binding kinase !-binding 
protein I (TBKBPl), which is an adaptor protein 
that binds to TBKI and inhibits activation of 1RF3 
and IRF7 ( 109]. Since TBKBPI is part of the inter­
action network in the TNF and NF-KB pathway 
[ 110), protein C6 may contribute to MPXV immune 
evasion via other cellular pathways. 

MPXV A47R protein also inhibits the TLR signal­
ling pathway by targeting myeloid differentiation fac­
to,·-88 (MyD88) and TIR-do main containing adapteJ·­
inducing interferon-P (TRJ F) -related adaptor mol­
ecule (TRA2v!), which are well-known as adaptot'S 
for inflammatory signalling pathways downstream of 
members of the TlR fan1ily [I ll]. MPXV evades 
host inunune defence using the A37R protein, which 
targets MHC class II and suppresses the MHC class 
II antigen presentation pathway by affecting the stab· 
ility or intracellular sorting of these proteins II 12]. 
Class II MHC proteins facilitate the presentation of 
viral proteins found in the cytoplasm and exocytic 
compartments after mac.roautophagy by antigen-pre­
senting cells (APCs) (1131. 

To counteract the viral inllammatory response. 
MPXV encodes RNA -binding protein E3, which inhi­
bits ISGJS (I 14] and targets eukaryotic translation 
ini tiation factor 2 alpha kinase 2 (EIF2AK2)/protein 
kinase R (PKR} [1 14] as a crudal enzyme for regu­
lation of the integrity of newly synthesized IFN 
mRNA [115]. E3 also targets Z-DNA binding protein 
I (ZBPl), also known as DNA-dependent activator of 
J FN regt~atory factors (DAI) I I 16], which works as a 
cytoplasmic DNA sensor and functions in the devel­
opment of immune 1·esponses [I 17). ZBPI plays a cru­
cial role in controtling virus replication, and deletion 
of ZBP 1 is significantly associated with severe viral 
infections 1117.118 1. ZBPJ binds to the receptor-inter­
acting protein kinase 3 (RIP3) to form a complex that 
mediates virus-induced programmed necrosis II 19]. 

.l\11 PXV uses protein F I in targeti.ng the nucleotide­
binding domain {NBD) and leucine-rich repeat (LRR) 
receptor (NlR) proteins and binds NlR family pyrin 
domain co11taining I (NLRPI) [120]. NLRPI is 
involved in tl1e formation of inflammasomes as 

EMERGING MICROBES & INFECTIONS @ 2607 

important cytosolic multiprotein oligorners of the 
inna te immune system (I 21]. Caspase-I cysteine pro­
tease activation by inflammasomes is a crucial 
immune response to viral infections, as it stimulates 
production of IL- l~, ll-18 and high mobility group 
box 1 (HMGBI) protein to initiate pronounced 
inflammatory responses. Caspase-1 also triggers pyr­
optosis of host cetls to elin1inate the virus (122]. It 
may thus be beneficial to MPXV to hijack the inflam­
masome machinery and inhibit caspase-l activation 
by targeting N LRPt with protein Fl. 

MPXV proteins Fl and N 1 target the B-cell lym­
phoma 2 (Bcl-2) fan1ily of proteins that control cellu­
lar apoptosis. Through the proapoptotic Bcl -2 
homology 3 {BH3) domain, PI binds host pro-apopto­
ticBcl-2-like protein J I (BCL2Lll) and Bd-2 homolo­
gous antagonist/killer (BAK) [1 23], while N l binds 
Bcl-2-associated agonist of ceU death (BAD) and Bcl-
2-associated X protein (BAX) (124,125]. Since 
BCL2Ll l , BAK, BAD and BAX are al l involved i11 
altering apoptosis and autophagy by elimination of 
BH3-only proteins 1126-1281, both Fl and Nl may 
have anti~dpoplot ic ro les in MPX infection. Bcl -2 
has also emerged as a regulator of innate immu ne 
responses [129]. 

MPXV encodes protein MPXgp006 containing an 
epidermal growth fuctor (EGF)-like domain that tar­
gets the EGF receptor (EGFR). This domain binds 
an ErbB protein containing four receptor tyrosine 
kinases and is structurally related to EGFR 11301 . 
The EGFR signalling pathway is among the most cru ­
cial in mammalian ceUs and involves complex pro­
cesses that regulate a wide range of essential cellulaJ­
functions such as apoptosis, differentiation and pm­
liferation. This pathway also has a role in regulating 
inlercetlular conummication (131 ). 'fl10s, .MPXV 
relies on EGFR-regulated pathways to invade host 
cells and tum them into virus-making factories 
[132]. A previous study on VACV confi rmed that pox­
viruses hijack EGFR-induced cell motility to enhance 
efficient virus spread ru1d pathogenesis [ 133]. 

MPXV inummomodulatory proteins can be subdi­
vided by fwKtion in to th ree distinct categories: viros­
tealth, virotransduction and viromimicry (Figure 3). 
The virostealth proteins act int racellularly, reducing 
detection of signals of MPX infection by interfering 
with host signalllng processes, which results in a 
decrease in the capacity of cell-mediated immune 
responses {cytotoxic T c.etls) to recognize and destroy 
virus-infected cells. The \irotmnsducer proteins also 
act it1tracellularly to inhibit innate antiviral signalling 
pathways and apoptotic responses to MPX infection. 
Viromimetics (virokines and viroceptors) are the 
only type of MPXV proteins that have extracellu)a,· 
roles [ 134,135] . Both types of viromimicry proteins 
are involved in regulating antiviral imrmme responses. 
Viroreceptors are e:~:pressed as cell surface 
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figure 3. MPXV proteins (red) that participate in virostealth, viromimicry and virotransduction are responsi ble for immune evasion 
mechanisms of MPX infection 11 34-1371. In viromimicry, MPXV mimics host receptors that inhibit binding of IFN, ll·l~ and TNF as 
well as MPXV-encoded chemokines and growth factors. In virotransduction, several antiviral pathways including IFN, Nf-KB, IRF3 
and apoptosis are interfered with by intracellular MPXV·encoded proteins to inhibit their functions. Vlrostealth is achieved with Fl , 
an anti-apoptotic host range protein that helps whh viral replication and the spread of MPX infection (Created with 
BioRender.com). 

glycoproteins that resemble host immune-related 
cytokine and chemokine receptors, and bind with 
them and dysregulate thei r functions, while virokines 
mimic host cytokines and chemokines and inhibit 
their functions 1136,137). MP;"\'V immunomodulatory 
pro teins act syne•·gistically to evade th e host antiviral 
in nate immu ne respo nse through different st•·ategies 
to allow for viral replicat ion {Figure 3). 

Following MPX infection, PRRs such as cytosolic 
DNA sensors recognize viral DNA and engage defence 
mcchan.isms in the host, including p rod uction of 
interferon (I r:N) and other pro-inflammatory 
mediators {l L-6, I L-8, G·CSF) in infected ceUs and 
immtme cell~. and activate the complement cascade 
( 138,139]. Upon MPX infection, the concentration of 
APCs such as monocytes along with natw·al killer 
(NK) cells that directly kill infected cells increases sig­
nificantl y ( 138,140]. Macrophage-secreted IL- l" and 
lL-p are elevated in the mild stage of MPX infection, 
and lL-10, GM·CSF and JL-2R are strongly elevated 
in the severe stage of infection [1 41 ). Both CD4+ 
and CDS+ T cell.~ are activated v ia T cell receptor 
(TCR) stimulation to recognize APCs and virus­
infected cells, respectively. CD8+ T cells are activated 
on recognition of epitopes derived frorn E'BL protein in 
MPXV-infected rhesus macaques [ 142[.ln these an i· 
mals, ge neration of humoral and cellu lar immtme 

responses against the virus is characterized by 
increased levels of B and T cells and production of 
MPXV-specific lgG and lf'N-secreting T cells (143[. 
These modulations show the immune response to 
MPX infection, in which pro-inflammatory mediators 
a re sec1·e ted to promote migratio n of immune cells to 
the s ite of infection and immunosuppression occurs at 
tht> end of aggressive infection through dampened 
immune responses. 

Similarly to other vin1ses, MPXV has several strat· 
egies to evade immune responses. lmmtmily· related 
and d isease-specific path\>'ays a 1·e overexpressed. 
MPX i11 fection caused by int racellular pathogens or 
in flam matory processes involves leukoc}1e chemotaxis 
or activation of inummc cells (84). MPXV selecth,ely 
inhibits the expression of genes responsible for cell 
signalling pathways that activate innate immune 
responses fl44[. lf'N is o ne of the main iJmate 
mediators after viral infection, and susceptibility to 
and severity of the infection are increased when lFN 
is insufficient 1145]. MPXV interferes with IFN signal· 
ling pathways through several strategies. It and other 
poxviruses express a Vdl'ia nt form of lFNa/~ bind ing 
protein, Bl8, that bi nds to the cell surface of surround­
ing uninfec ted cells and protects cells from the anti· 
viral effects of IFN before cells become infected 
fl46,147]. Studies on VACV have shown that Bl8 



 

 

attaches to the cell surface by interaction with glycosa­
minoglycans, an interaction shared by the IFNa/~BP 
encoded by MPXV ( 147,148]. like VACV, MPXV 
encodes F3 protein, a homologue ofVACV £3 protein 
that, although truncated, is capable of blocking acti­
vation of innate immune cells, thus evading the anti­
viral IFN system ]149]. This truncated £3 protein 
binds to double-strand RNA (dsRNA) of the virus in 
infected cells and sequesters it from recognition by 
PRR, thus inhibiting activation of the protein kinase 
R (PKR) pathway and supporting viral replication 
(149). £3L-spccific T cells derived from SPX-vacci­
nated individuals ellectively kill peptide-loaded target 
cells and V ACV -infected cells in vit-ro and theepitopes 
are shared with MPXV, suggesting E3L as a target 
protein in vaccine development ]150]. 

In an innate immune response, IL- l~ produced by 
monocytes and macrophages binds to IL- l receptor 
and stimulates TNF, fl-2 and otl1er cytokine receptors 
[ 15 1). A truncated version ofBR-209, an !L- IP bind­
ing pro tein, is present in MPXV [49]. BR-209 pre\'ents 
IL- l ~ from binding to IL-l recepto rs and inhibits the 
inOammatory cascades. Another host imm1tne defence 
mechanism, the complement system, is dysregulated 
by MPXV through genes that encode complement 
control protein. The MPXV inhibitor of complement 
enzymes (MOPICE) modulates d1c antiviral immune 
response against MPX, as observed by enhanced 
viral replication in vivo and dampened adaptive 
immune response in a primate model of infection 
lacking MOPlCE expression [139,143). MOPICE is 
only expressed in Central African MPXV and is 
hypothesized as a virulence factor for increased patho­
genic properties of this clade compared to the West 
African clade. Chen eta!. (331 compared the sequences 
of MPXV isolates from West Africa with Congo Basin 
isolates and identified several possible virulence genes 
(DlOL. Dl4L, BIOR, BI4R, BI9R) with D14L that 
encodes MOP ICE as the leading candidate. MOPlCE 
inhibits tl1e early steps of the host compleme11t cascade 
by acting similarly to the mammalian regulators of 
complement activation (RCA). lt mimics the biologi­
cal activity of complement regulatory proteins that 
interact with C3b and C4b to inhibit C3 and C5 con­
vertases in the QlSC.1des ]1521. MPXV also encodes a 
secreted chemokine binding protein (vCCI), which is 
abtm<iandy expressed and seaeted from MXPV­
infected cells. veer binds to macrophage inflamma­
tory protein-! (MIP-1) and inhibits lvUP-1-mediated 
chemotaxis in-vivo and in-vitro (1531. 

Although 96% of the MPXV genome is the same as 
VARY, marked differences in the regions encoding 
virulence and hos t range factors have been idenli.lied 
(321. BR-203, a v ir ulence protein in orthopoxviruses, 
has a role in avoiding apoptosis of infected lympho­
cytes. BR-203 is tnu1cated in the West Africa MPXV 
clade, whereas the full-length gene is found in the 

EMERGING MICROBES & INFECTIONS @ 2609 

Congo Basin Ml'XV and is speculated to play a role 
in its higher virulence. Kindr.tchuk et al. ]154) 
observed that West Africa and Congo Basin MPXV 
differentially modulate host cell signall ing, as por­
trayed by the ditfere11tial virulence of the two clades. 
Congo Basin MPXV selectively downregulates path­
ways related to apoptosis and cell proliferation, bnt 
enhances cell survival compared to the West Africa 
clade. BR-203 encoding retains MHC-1 in the ER 
and evades lbe antiviral activity of CDS+ T cells. How­
ever, in contrast to interaction with MHC-1, the hom­
ologue of BR-203 in .MPXV provides immune evasion 
by inhibiting activation of CD4+ and CDS+ T cells 
after cognate interaction with infected cells [155 1. It 
is I his homologue that is responsible for rendering T 
cells non -responsive and is identified as MPXVI97 
(156]. Instead of interfering with antigen presentation 
o r the ability of T ceUs to respond, l\llPXVJ97 direc tly 
inh ibits T cells th rough TCR stimulation. Another 
mechanism is infecting primary human monocytcs 
that are poorly recognized by antiviral CD4+ and 
CDS+ T cells 1155 1. However, studies have identified 
several virulence factors ofMPXV that simultaneously 
regulate hosr range and immtmomodulatory genes in 
which no individual gene is solely responsible for 
palhogenicity (157). Genomic deletion of two particu­
lar r<'gions in MPXV effectively inhibits 'ira! replica­
tion, tissue spread and mortality i11-virro and in-vivo 
with no greater inhibition in either single or dual del­
e tions [1571. 

Clinical presentations 

MPXV incubates for 10- 14 days followed by an inter­
val of 1- 3 days, during which patients s tart to suffer 
from general signs and symptoms of viral infection 
and the SPX-Iike skin rash develops II 58,159]. MPX 
disease begins as nonspecific symptoms such as back­
ache, headache, chills, fever, fatigue, myalgia, letha1·gy 
and lymph node swelling ( Figure 4). After three days, 
the fever decreases and the rash spreads centrifugally 
over the body [161,162]. Similady to SPX rash, it 
first evolves as macules for 2-4 weeks, and then trans­
fonm into papules, vesicles, pust11les and finally crusts 
and scabs [1631. These types ofrash can be seen sim­
ultaneously during disease progression and last 
around two to four weeks. The numbers reach up to 

the thousands, with diameters of 0.5- 1 em and start 
from the tnmk and then spread across the body with 
a centrifugal pattern of distribution. A centripetal pat­
tern has been reported in a minority of patients 
[161. 162]. Severe lymph node enlargement in the 
neck, axillary and groin regions are observed and 
can d istinguish MPX from othe1· infections (164]. 
Onset of rash has been suggested to be the starting 
point of the infectious period, but the Cente1-s for Dis­
ease Control and Prevention (CDC) have stated that 
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Figure 4. Common symptoms of MPX according to the WHO [160] {Created with BioRender.com). 

thls period may start before the ap pea ranee of ihe rash 
dtu'ing the prodromal symptoms [165,166). 

In severe cases, complications may include con­
junctivitis, eye damage resulting from corneal infec­
tion, d iarrhoea and vomiting resulting in 
deh ydralion , encephalitis, tonsillitis, pharyngitis and, 
uncommonly, bronchopneumonia 116 1,167,168). 
Most reported deaths have been in immunosup· 
pressed patients, young adults and children, with a 
rate of L- 10%. Some changes have occtu-rcd regarding 
the clinical features and complications after the emer­
gence of vaccines. Higher fa tality, more robust rash 
and more severe clinical presentations have been 
reported in unvaccinated patient~ [167,169 ). T he 
endemic source also relates to the nature of the dis­
ease, as African patients show clinical pictures tha t 
are similar but more severe than US cases (162). 

Given the nonspec.ilic signs and symptoms of MPX, 
other diseases should be considered during differential 
d iagnosis, including rickettsia, anihrax, syphilis, 
measles and scabies, SPX and chickenpox (caused by 
the varicella-zoster virus (VZV)) 1170]. For instance, 
SPX shows more severe clinical manifestation and 
evolves as a monomorphic rash (vesicles o r pustt~es), 
unlike MPX, which emerges polymorphically [171-
173). The lesions of chickenpox are smaller and more 
superficial than M PX and distributed on the trunk 
rather than the limbs [170,174). Lymphadenopathy dis­
tinguishes l\llPX from both SPX and chickenpox. 

The \inolence of MPXV varies based o n the o rigi n 
of the isola tes. The Congo Basin clade has ihe highest 
virulence 13 ,33). The median lethal dose (LD50) of 
West African MPX is 1.29 x lOs, while that of the 
Congo Basin dade is 5.9 x 103, which was more viru­
len t in the prairie dogs based on morbidity and 

mortality. Intranasal or intraper itoneal inoc.ulation 
of adt~t ground squirrels (Spermophilus tridecemli1lea ­
tus) with 105

·' PFU of West Afric.an MPXV leads to 
anorexia and lethargy with in four to five days ofinfec· 
lion. Inoculation wiih Congo Basin MPX is assodated 
wilh acute severe respiratory tract infection and death 
with in a few week~. The mortality ra te of prairie dogs 
after inoculatio n with 105

·
1 PFU of West African 

M PXV varies based o n th e I'Oute of viral adminis· 
tration, wiih a rate of I 00% by intranasal and 60% 
by intraperitoneal inoculation 164,175,1761. Further· 
more, in cases infected with Congo Basin clade, 
MPX caused more frequent skin lesions and cutaneous 
e l'tlptio ns [1 77). 

Transmission modes 

Despite the name, MPXV is mainly fow1d in rodeo11s, 
wh ich are ihe likely an imal reservoir, and ihis might 
have co1ttributcd to its emergence in luuuans [ 178 J. 
However, the natural reservoir of MPXV remains 
unknown. The human outbreaks in West Africa and 
elsewhere were tmnsmitted from rodents and other 
animals due to climate change, r•inforest exploitation 
and highly mobile populations [7]. MPX infection was 
recognized as a zoonotic disease that infects a wide 
range of animals, including chimpanzees, lesser and 
gre-.oter while-nosed monkeys, grivets, red c.olobus 
monkeys, African brush· lailed porcupines and the 
Gambian sun squirrel 1179,1801. Since MPX is a neg­
lected disease, the pathogenesis in humans is not well 
studied [lSI]. MPX is being recognized as an epizootic 
disease in humans, and is sometimes regarded as a 
lethal infection 1159), with the risk o f transmission 
from human to human ]159,182). 



 

 

There are two possible modes of Ml'XV trans­
mission: h uman-to-human and :mimal·to-human 
(Figure 5). Human-to-human t ransmission is possible 
through direct exposure to respiratory droplets and 
body fluids from infected patients [65,161,162,183-

185]. Thus, MPXV can spread through any form of 
dose contact with someone who is infectious, includ­

in g sexual contact. Also, a p regnant woman can pass 
the disease 10 the fetus during pregnancy, or to the 
newborn after pregnancy by close contact. St11dies 

have shown nosocomial and sexual transmission of 
MPXV [65, J86-188j . Zoonotic iltfections occur by 
direct contact with mucocu taueous lesion content, 

body fluid and blood of infected animals, or even by 
consuming undercooked meat of an infected animal 
(65,161,1 62,183- 185]. 

Human acquired MPXV in most cases is linked 
with the handling of infected a nimal tissue [ 189]; for 
example, the aetiology of 91% of cases reported in 
the I 970s (43 of 47 patients) was di1·ect contact with 
iltfected animals in comparison with only 9% (4 of 
47) following contact with infected humans 129,1821. 
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Reynolds et al. 1190] found a significant correlation 
between the route of MPXV transmission and cl inical 
manifestation. Complex exposure that recognizes 
g roups of patients who were scratched and birten by 
infected animals, in addition to exposure to non-inva­

sive virus transmission such as touchin g or standing 
close (within 6 feet) to an infected animal or fomite 

transmission were significantly associated with serious 
systemic iUness and the need for hospitalization, in 
compa rison to non-invasive exposure [190]. Complex 
exposure is also associated with a lack of f~brile pro· 

dromcs and short incubation periods (9 days i11 com­
parison to 13 days in non-invasive CX1'osure) 1190]. 

The .Ml'XV transmission rate, mortality and route 
of transmission vary based on the vir us strain, with 
the Congo Basin strain having a high transmissibility 
rate than the West African strain 1159]. Congo Basin 
isolates are mo1·e virulent in h umans than those iso­
lated from West Africa (33]. Circulating MPXV 
strains in West Africa and the US have been reported 
with no fatalities and no h umau-to-hwnan trans­

mission [1911. 
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Figure 5. Transm ission routes associated with MPXV according to the WHO (160] (Created with BioRender.com). 
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Epidemiology 

In the last centwy, the incidence of huma n MPX disease 
was rare and only sporadic cases were reported in sev­
eral cotmtrks in Africa. The first htunau case of infec­
tion with MPX was identified in 1970s in the DRC 
and linked to a nine-month-old male child 12.192]. 
This was followed by other sporadic cases reported in 
11 other African countries: Cameroon, DRC. Nigeria, 
Benin, the Republic of the Congo, the Central Africa n 
Republic, Gabon, South Sudan, Cote d'lvoire, Sierra 
Leone <md Liberia [ 160,193 j. A large .MPX outbreak 
was reported in the DRC from February 1996 to Febm­
ary 1997 and involved 5.1 1 infected cases [194]. 

In 2003, an MPX outbreak occur red in the US with 
47 confirmed or probable cases.lt was thought that the 
infected patients were e.'<posed to the virus thmugh 
infected prairie dogs kept in a pet distribution facility 
with other mammals, including d1e expected first host, 
Africa n rodents from Ghana (195]. Petersen et a!. 
(161 1 reported that 116 conJirmed cases with a mor­
tality rate of 6.7% and another 280 suspected cases 
occurred in Nige•·ia at the end of 2018, \\~th most 
cases in people below 40. 

The incidence of the disease has increased dramati­
cally and the DRC reported a 20-fold increase in the 
number cases between 1981-1986 (7.2/100,000 popu­
lation) and 2006- 2007 (144.2/ 100,000 population) and 
a 5-fold increase from 2001 (0.64/100,000 population) 
to 2012 (3.11/100,000 population) [196]. Bunge et al. 
[ 1971 extracted data from 28 peer-reviewed published 
articles a1\d I S grey lite1-ature reports on htunan MPX 
disease and found that the munber of cases has 
increased since the 1970s, with an increase in the 
median age of infected cases from 4 years old in the 
1970s to 21 years old from 2010 to 2019. 

In the previous outbreaks, MPX w~s reported in 
ch ildren and adolescents in the endemic regions and 
it was believed that tl\e clinical picture and severity 
of symptoms arc the same as those in adults. However, 
the WHO has recently reported that severe MPX cases 
occur more commonly among children and are related 
to the extent of virus exposure. Furtht·rmore, patient 
health status, nature of complications and underlying 
immune deficiencies may be associated with worse 
MPX outcomes (160). Adults who were born after 
the 1980s are at increased risk because vaccination 
against SPX. which may protect against MPX. ceased 
after eradication of SPX in the 1980s 1.71. Moreover, 
it was believed that MPX infects males and females 
equally, but many cases of MPX have occurred in 
men who have sex with other men (MSM) in the cur­
rent multi-country outbreak. The CDC reported that 
MSM make up the majority of MPX cases in the 
2022 outbreak, whicl1 puts gay, bisexual and transgen­
der people at increased risk of tvfPX infection [166j. 
Uncertainty remains on the sexual transmission routes 

of MI'XV between MSM and further studies are 
needed to better understand this risk. 

Coinfection of MPX with other sexually trans­
mitted diseases (STD) and blood borne pathogens 
has been reported [198), but patients with hmnan 
immunodeficiency virus (HJV) have the most concem 
since infection with HIV is considered to be a risk fac­
tor for MPX during the current outbreak [ 199,200]. 
Lack of appropriate immune response in cases of 
advanced or tmcontroUed H IV infection is signifi­
cantly associated with a poor prognosis, longer du r­
ation of MPX signs, delayed curing of self-limiting 
MPX infection, other comorbidities, and complicated 
treatments (198,201[. Therefore, screening of MPX 
patients for HJV is highly recommended in MSM 
[198] . Infection with MPX has also recently been 
recognized as a factor that increases the probability 
of HJV infection [202-204]. A recent cross-sectional 
descripth•e study from Madrid, Spain found tl1at 
44.3% {225/508) of confirmed MPX cases also had 
HIV infection [201]. Another study from London, 
UK showed that 35.9% (70/195) of confirmed MPX 
cases had concomitant HJV infection [205). Also, 
mild MPX infections among HIV /AJ DS patients 
have been reported from Portugal and ltaly 
[206,207], espt-cial ly among individuals with increased 
T-helper cells count, undetectable HIV viral genetic 
material, and under auti-retroviral therapy [208). 
Patients with immunosuppression caused by HIV 
h<~d a disti.nct wide spectrum of clinical manifest<~tions 
concurrently \\~th typical MPX lesions. Exanthema, 
fever, genital ulcers ;md inguinal lymphadenopathy 
were significant in MPX patients du1·ing the ongoing 
outbreak in Portugal (206]. Papules, pustules, umbili­
cated with a necrotic central lesion in the perianal 
area, genitals, mouth, trllllk and face were reported 
in a 24-year-old bisexual man with acute HIV infec­
tion [209) . Furthermore, during the 2017- 2018 MPX 
outb reak in Nigel'ia, more than half of MPX deaths 
were in patients with uncontrolled H IV with AIDS 
manifestations who were not receiving antiretroviral 
therapies [210). Another study from Nigeria found 
that HIV -coinfected MPX cases had more prolonged 
illness, larger lesions, and higher rates of both second­
ary bacterial skin infections and genital ulcers, com­
pared to HIV-negative MPX cases [211]. Coinfection 
with another STD was also reported among HIV I 
MPX patients. A patient with undiagnosed advanced 
HJV was recently reported with syphilis, and pre­
sented with nasal necrosis, severe penis and oral 
mucosa infections, and MPX lesions distributed over 
the whole body [2 12[. 

Active MPX disease surveillance was conducted in 
nine health zones in central DRC from Novembe•· 
2005 to November 2007 and 760 laboratory-co11fi rmed 
cases of MPX were found, with an overall annual inci­
dence of 55.3/ 100,000 population. Male gender, age 
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<15, no SPX vaccination and living in forested areas On 5 August 2022. the CDC reported 28,220 

were major risk factors for infection [213]. In 2017, confirmed cases in 88 countries since 1 January 2022 

a large outbt·eak of MPX was reported in Nigeria, [238]. Most of these cases (27,875) were reported 
with over 500 suspected, over 200 confirmed cases, from 81 countries that have not historically reported 
and a mortality rate of 3% [214] . 1n another study, MPX [238]. Furthermore, one mont11 ago, the WHO 
Beer and Rao [215) analyzed 71 donm1ents describing reported several outbreaks of luuuan MPX in regions 
MPX cases and outbreaks between 1970 and 2018. The including the Americas, the Eastern Mediterranean, 
reported outbreaks were fow1d to have increased since Europe and the Western Pacific, with a total of 1285 

1970, with a total of 35 reported outbreaks outside the laborotory-conflrmed MPX cases. while 1536 sus-
DRC, including 2 0 between 2010 and 2018. Table 3 pected and 59 confirmed MPX cases with 72 deaths 
provides data on human MPX cases and deaths b)' occurred in Africa from Janmu·y Lo June 2022 [2321 . 

country from previous outbrt'aks. Table 4 provides data on global MPX cases and deaths 
by country from the multi-country 2022 outbreak. 
Several ecological and environmental factors may 
have contribu ted to Lhe emergence or re-emergence 

Table 3. Number of MPX cases and deaths from 1970 to 2018. of MPX infection, including exploitation of ra in for-
Total ests, climate change. geopolitical and armed conflicts 

lime suspected Total in disease regions, waning herd immunity, highly Coon try hame cases deaths Refe1ences 

Democratic 1970 1 1 PI mobile populations, and the end of SPX vaccination 
Republic of the 1981- 338 33 )179) (7.239) . 
Coll90 1986 

1996- 773 [216] 
1997 
2001 388 13 [196] Table 4. MPX cases and deaths reported by the WHO during 
2002 881 14 [196] the multi-country 2022 outbreak (as of 8 June 2022) 1232]. 
2003 755 16 [1961 WHO Confirmed Suspected 
2004 1024 29 1196] 
2005 1708 26 [196] Region Country cases cases Deaths 

2006 783 20 [196] AFRO Cameroon 28 
2007 970 11 ]196] Central Afrlan 17 
2008 1599 67 [196) Republic 
2009 1919 27 [196] Republic of 
2010 2322 26 [196] Congo 
2011 2208 15 [196] DRC 10 1356 64 
2012 2629 34 [196] liberia 0 4 0 
2013 2460 37 [196) Sierra leone 0 2 0 

2016 155 11 12171 Nigeria 31 110 1 
2019 3794 73 1218] Ghana 5 12 0 
2020 4594 171 [218] AM.~O Algentlna 2 0 0 

Cenual African 2001 {219,220) Canada 110 0 0 
RepubHc 2010 1219] Me.:ico I 0 0 

2015 [220] United States of 40 0 0 
2015- 62 [221.222] America 

2016 EMRO United Arab 13 
2017 8 [193) Emirates 
2018 33 [223) Morocco l 

Repwlic or the 2003 12 [224] EURO Aus:ttia 1 
Coll90 2010 11 12251 Belgium 24 

2017 88 [193] C"'ch Republi:: 6 
Sudan 2005 37 [226) Oenmart 3 
Cameroon 1989 1 [2271 Finland 3 

2018 16 [223) Fmn<e 66 
Gabon 1987 1 [228] Germany 113 

1991 9 [193] Hu119ary 2 
NigQ-ri.t 1971 2 1177] Ireland 9 

1978 1 (177] Italy 29 
2017- 228 [65] Israel 2 

2018 Latvi.a 2 
Sierra leone 197;)- [177] Malta 1 

1971 Nethetlan& S4 
2014 1 [193] Norway 2 

2017 1 11931 Portugal 191 
l.Jbel'iil 1970- 4 1177] Sloveni-a 6 

1971 Spain 259 
COte d'lvoite 1971 1229] Sweden 6 
USA 2003 47 {230.131] Switzetland 12 

2021 2 [2321 The United 321 
UK 2018 [233] Kingdom 

2019 [234] IWRO AustJah 6 I 0 
2021 [235] Cumu&ative 36 countries 1344 1537 72 

Singapore 2019 1236] AFRO, Africa; AMRO, Ameritas; EMRO, Eastern ME!-diterranean, EURO, 
Source: Adopted from Brown and legg>t [162t Beer and Rao [2 1St Adeg- Europe; WPRO, Westem Pacific: The ORC, O.mocraoc Republk of the 

boy<> et al. I162,21S.2ln (01190 
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The Ml'X epidemic threshold is <!, representing 
the average mtmber of cases caused by an infected per­
son. Thus, MPX infection is likely to be limited to 
small outbreaks, instead of affecting the whole popu­
lation. However, the worldwide dedine of general 
orthopoxviral immw1ity has increased susceptibility 
to MPX infection [189.2 13). In addition, there might 
be new genetic mutations, leading to widescale out­
breaks of MPX [240 ]. Trend monitoring in 2011-
2012 showed Lhat the epidemic threshold of MPX 
had increased to 1.25 new cases, posing a h igh risk 
for health security. Yet, the exact transmission period 
of MPX. in which it might have been spreading for 
months or years, remains unknown. MPX has 
occasionally been endemic in the West and Central 
Africa areas, wilh a high number of cases being 
recently reported. This virus and other orthopox­
vi ruses were commonly controlled through a com­
bine..i containment strategy [24 1], and there is 
reliance on previous and current findings to contain 
the outbreak. 

Laboratory diagnosis 

Rapid diagnosis is crucial to eradicating an outbreak. 
but clinical manifestations are not accurate enough 
to give a definitive diagnosis. In M PXV -endemic 
art>..ts with limited resources, a serological test for 
MPXV -specific antibodies was used before real-tiine 
PCR became available (2421. "rherefore, the n(>ed for 
diagnostic tools has appeared. Specimens should be 
taken from skin exudate, vesicular lesions. or crusts 
and kept cold in a sterile and dry tube. To date, detec­
tion of MPXV DNA from exu·acted nucleic acid using 
real-time PCR assays is the preferred laboratory 
method due to its high sensitivity and accuracy 
( 160). Diagnosis can be confirmed by virus isolation 
from nasopharynx and orophar)'UX secret.ions 1161]. 
Skin biopsies can be obtained from the intact lesion 
roof or vesiculopustular rash. Certain sera a.re required 
in serologic tests to detect the specific immunoglobu­
lin M and G (lgM and IgG) of MPX within 5 and 8 
days, respectively (161). Although this type of testing 
gives evidence of viral exposure, it also reveals an 
immune response following vaccination or exposure 
to other orLhopoxvirus<:s ]243). Developing new tech­
niques witl1 more immunological sensitivity could 
enhance the diagnosis. Some diagnostic tools require 
large and well-prepared laboratories, but many 
countries. especially those wilh the main burdens of 
Lhc disease, caJUlot offer these facilities. Accordingly, 
point-of-<:are tests are needed without high levels of 
training suitable for basic laboratories. 

lmmunohistochemisuy (IHC} and histology of 
common lesions revea l acanthosis, dermal perivascu­
lar infiltration, basal vacuolization and keratinocyte 
necrosis. Spongiosis, ballooning degeneration, 

epidermal necrosis, viral inclusion, gia nt cells with 
neutrophils and eosinophils, and signs of vasculitis 
are also seen in vesicu la J· Iesions. Electron microscopy 
shows intracytoplasmic structures that are sausage­
shaped and oval-to-ronnd inclusions (161]. 

Haematoxylin and eosin (H & E) stains are used to 
examine formalin-fLxed, paraffin-embedded skin 
biopsy specimens of MPX infection [244]. Hwuan 
MPX is histologically characterized by ballooning 
degeneration of basal kera tinocytes and a mild 
acanthotic spongiolic epidermis that develops into 
full-thickness skin necrosis of a markedly acanthotic 
epidem1is. containing several viable keratinocytes 
[245]. The epidermis and superficial dermis are com­
posed of moderat e inflammatory infiltrate cells (lym­
phocytes and neutrophils) with lhe presence of large 
multinucleated cells and rare eosinophilic viral 
inclusion bodies [246]. The keratinoc)•tes exhibit mul­
tinucleation with nuclear moulding due to clll'omatin 
margination in the epiden11is region [230]. In one case 
report, the papulonecmtic. stage of MPX showed early 
evidence of vesiculation with minimal pustulatioiL 
Cell necrosis destroyed the s tratum basale layer, 
while marked hyperplasia and intracellulat· oedema 
of stratum sp inosum aggregated the papule, leading 
to formation of spindle ceUs (244,247]. 111e rete ridges 
surrounding the dermal papule were four times deeper 
with doubled cell layers and an extended area of 
affected stratwu spinosum, in comparison to normal 
skin. Sh•tllow incomplete stratum granulosum devel­
opment under the stratum comeum has also been 
observed [247] . 

In a novelt·espiratory model of infection with MPX, 
the histologic manifestation of the progressing inflam­
matory l<mg was correlated with the dose of adminis­
tered virus. The animal model which sutvived longest 
after MPX infection showed distinctive necrotic areas 
with multi focally fibrin · filled alveoli in the lung, pul­
monary fibrosis and oedema, tracheal congestion 
and fibrous pleural adhesions [248]. The orthopox 
v iral antigen has been detected in degenerating kerali ­
nocytes and follicular epithelium of skin biopsy speci­
mens by rabbit anti-VACV polydonal antibody IHC 
staining ]245]. These findings are supported by the 
presence of spherical Guarneri intracytoplasmic 
inclusion bodies located at Lhe affected keratinocytes 
and their absence in the uninvo lved epidermis at the 
edge of the bullae (230]. A dual IHC staining study 
of Lhe virus in two animal models showed the presence 
of abundant viral antigens in most organs and high­
lighted the co localization of apoptosis with poxvirus 
antigen ]249). Both immature and mature s tages of 
assembled virions within the cytoplasm of kemtino­
cytes of glutaraldehyde-fixed skin biopsy human 
specimens have been observed unde1· transmission 
electron microscopy. The cross-sections of mature vir­
ions have dumbbell-shaped features, and brick-shaped 



 

 

virions with regularly spaced, threadlike ridges on the 
exposed surfaces have been viewed on negative-stain 
elecrron microscopy (Figure 6) (250). In general, the 
lesions of MPX are identical ro othe r vi ral exanthems 
such as cowpox virus (CP.li.'V), VARV, VZV, tanapox 
and herpes simplex virus (HSV) [251] . 

Current treatment and prevention protocols 

Dttring the MPX epidemic in d1e US i.n 2003, the CDC 
stated that taki ng an SPX vaccine up to two weeks after 
MPX exposure could reduce the symptoms but not 
prevent disease [252] . However, the SPX vaccine is 
neither available to the public nor given to infected 
patients. This is a ttributed to concerns over giving a 
live VACV, its cost and the unknown adverse events 
among immunocompromised patients [187,252,253]. 
Patients with low immunity are at high risk of serious 
side effects from vaccination, including c.ryptococcal 
meningitis, cardia-related complications. pnew11onia 
and progressive V ACV. which is a rare side effect lead­
ing to tissue and skin destruction <md can be fatal 
(254- 257). Second and third generations of SPX vac­
cines ACAM2000 and lnwamune have been devel­
oped, (258] but ACAM2000 has cardiac side effects 

.... ········ 
... 

Monkeypox infection · .. 
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similar to those reported with the first-generation vac­
cine (259] and there is no in formation about its safely 
among HlV patients [256]. In 2015, the CDC slated 
thai H!V patients and rhose with a CD4 cell counr 
of 50- 199 ccUs/nun3 who were exposed to SPX should 
take Imvamune, while ACAM2000 should be given to 
those with a CD4 cell counl of >200 ceUs(mm3

. Ani· 
mal studies have shown that ACAM2000 offers higher 
viral suppression than lmvamune [256 [. 

There is no specific approved treatment fo r MPX. 
Management is limited to treating secondary bacterial 
infections, reducing the symptoms and giving suppor­
tive care 1161 [. However, there are two drugs, 
CMXOO I and ST-246, developed for the treatment of 
SPX. ST-246 (tecovirimat) has been approved by the 
FDA for SPX and has shown efficacy against MPX 
[260] . Berhanu e t al. [261] reported thai ACAM2000 
alo ne a.fle.r MPX exposure was less effective than ST· 
246 alone or combined with ACAJ\12000. In a study 
of the overlapping eftects of ACAM2000 and ST-246, 
the efficacy of the vaccine was largely unaffecttrl, but 
the humoral response was reduced. Thus, ST-246 
should not be given concurr enlly with ACA.M2000 
(262]. CMXOOJ (Brincidofovil·) has shown promising 
results in animal modeL~ with various poxviruses 

Large 
multinucleated cells 

Non-viable 
kerallnoeytK 

Eosinophilic 'ground glass' 
appearance within the 

centr1l area of 1he nucleu1 

Histotogy of monkeypox virus 

NegaiiW!· staln electron microscopic view of monkeypox "'""' 

Figure 6. Histology and negative-stain electron microscopic views of MPXV virions (Created with 8ioRender.com}. 
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TableS. Ust of clinical trials of drugs and vaccines against MPX. 

Product 

IMVAMli~E· 

ST-246• 

Identifier Type 

NCT02977715 SPX v<>ccine (attenuated live viM) 

NCT03745131 SPX: vaccine (attenuated live virus) 

NCT00728E89 Anti-<XtllopoX\Iirus compound inhibits 
release ot extracellular virus: by 
targeting the f1 3l W protein 

Developer, Countly 

Bavarian NO<d~. 
Donma<k 

Bavarian Nordic. 
Donmatk 

SIGA Teclvlologies, 
tnc,. lklited Stat~s 

Trial 
location 

DRC 

United 
tcingd-om 

United 
States: 

Status 
Active, not 

recruiting 
Completed 

Completed 

First Posted 

30 November 
2016 

19 November 
2018 

6 August 
2008 

Tecovlrlmat (TPOXX, NCT02080767 Antl·o<tllopoXIIiM dru9 mat Interferes SIGA Technologies. Available (FDA· 6 March 2014 
approved) previoosly ST·l'IO) with a p37 viral protein tnc. United States 

Data were collected from https://ciinicaltrials.gov/. 
ST-246•, 4-trifluorometllyi·N-(3,3a,4,4<1,5,5a,6,&l.octahyclro.t ,3-dioxo-4,6-<>thenocyclop<op (ijisolndol-2(1 H)·YI)·benlllmide; ORC, Democratic Republic of 

the Coogo. 

including MPX {260]. According to the Clinical­
Trials.gov database, as of 19 June 2022, there are 
four registered trials to evaluate the efficacy of anti­
MPX agents (Table 5). 

According to the CDC, the following actions help 
prevent the spread of MPX [1 66]: avoiding direct con­
tact with individuals who have a rash and flu-like 
symptoms and appear to be MPX-infected; and avoid­
ing sharing objects and materials (e.g. toilet seats. 
doorknobs, dishes. bedding, towels or clothing) 11~lb 
someone who has MPX. Also, it is h ighly rec­
ommended to wash hands often with soap and water 
or use a sanilir-er contain ing alcohol for hand rubbing, 
especiaUy after using the bathroom or being outside, 
and before touching the eyes, nose. mouth or face, 
and before preparing or eating food. Furd1ermore, 
people sho uld avoid contact with animals that can 
get !Vll'X. especially primates and rodents, and even 
touching their bedding materials. People with prob­
able o r conJit·med MPX should avoid contact with ani ­
mals, including pets, to prevent the spread of MPX. 

Potential therapeutics 

Oral inhibitors of orthopoxvirus infections sucb as 
ether lipid prodrugs of cidofovir (CDV) and (S)­
HPM PA, ST-246. N-meth-anocarbathym idine (N­
MCf) and SRJ 21950 (a 4'-thio derivative of iodo­
deoxyuridine) have potentially beneficial effects. 
HPMPO-DAPy is another high-activity compoWld 
that requires parenteral delivery [263[. 

At doses within a pharmacologica.Uy feasible range. 
CDV. cyclic HI'MPC (cHPMI'C}. HPMPA, ribavirin, 
tiawfurin, carbocyclic 3-deazaadenosine, 3 -deazane­
planocin A and DFBA (1 -(2,4-difluorobenzyloxy)adc­
nosine perchlorate), a derivative of adenosine Nl­
oxide, all inhibited replication o f all three V ARV 
strains and the other orthopoxviruses. Two other 
compounds - methisazone and bis-POM-PMEA -
had a weaker antiviral effect. Studies on the sensitivity 
of 35 strains ofVARV and other orthopoxviruses to a 
subset of three of the most active compounds - CDV, 
cHPMPC and ribavirin - to examine possible natural 
drug resistance among V ARV isolates obtained from 

different geographical regions and al ditlcrent times 
suggest that nearly all isolates have similar sensitivity 
[2641. 

Since 1996, CDV ((S)- l -(3·hydroxy-2·phosphonyl­
methoxyprOp)•l) cytosine, HPMPC) has been 
approved for clinical use in AIDS patients wid1 cyto­
megalovirus (CMV) t•etinitis. CDV is particularly 
etlcctive against all DNA vimses. VACV, VARV, 
CPXV, MPX, camelpox (CMPV), molluscum conla­
giosum and orf (sheep pox) are among the poxviruses 
[265] that are sensitive to the inhibitory effects of 
CDV. These findings suggest that CDV may be useful 
in trealrllenl and short-term prevention of SPX and 
kindred poxvirus infections (266- 268]. 

Starting antivi ral treatment 24 h after letl1al intra­
tracheal MPX ittfeclion using either d1e atttiviral 
agent (CDV) or a related acyclic nucleoside phospho­
nate analogue (HPMI'O·DAPy) and different systemic 
treatment regimens leads to lower mortality and 
reduced cutaneous MPX lesions. In contrast, no sig­
nificant reduction in mortality was seen when mon­
keys were vaccinated 24 h after MPX infectio n with 
a standard hwnan dose of a currently recommended 
SPX vaccine (Eistree-RIVM). All surviving animals 
had virus-specific blood antibodies and antiviral T 
cells after antiviral tre>llment was stopped 13 days 
after infection. These findings suggest that effective 
biological threat preparedness should include the abil­
ity to treat exposed people with antiviral substances 
such as CDV or other selective anti-poxvirus medi­
cations [ 269[. 

The question of how to apply this knowledge to 
human poxvims inf~xtions remains unresolved. Find­
ings show that the currently recommended COY dose 
of 5 mg/kg body weight per week in combination with 
probenecid (which reduces nephrotoxicity) is unli kely 
to protect people who have been exposed to V AR V 
infection. It was further shown that the antiviral action 
is unaffected by the drug delivery schedule. To have a 
robust protective effect, CDV exposure must bt• 5- 10 
times higher than that cmrently given to patients. 
However, such high doses may cause nephrotoxicity, 
and regiments wilh probenecid admi nistration and 
dosing schedtdes that may alleviate CDV up take into 



 

 

rena.! tubular epithelial cells should be considered 
[270]. 

When given as ea rly as 5 days before infection or as 
late as 3 days after with CPXV or VACV (as orthopox­
virus examples), a single dose pre- or post-treatment 
of mouse models with CDV at 3 - 100 mglkg proved 
successful Interval treatments with 6.7 or 2 mg of 
CDV/kg given every third day beginning 72 h after 
infectio n were also effective. AD mice infected intra­
peritoneally with ectromelia virus (EV. mousepox) 
and treated for 7- 30 days with CDV died d uring or 
after treatment; however, most treated groups experi­
enced significant delays in time to death , and red uced 
virus proliferation in organs and no CDV resistance 
was identified (27I f. 

The efficacy of CMXOOI (an analogue of CDV; 
Table 6) as a preventive and early illness antiviral 
has been tested using rabbitpox virus (RPV) infection 
of New Zealand white rabbits as a model for SPX. T he 
fi ndings should also apply to MPX infections and the 
treatment of SPX vaccination side effects (278 ]. 

The efficacy of a single dose of CMXOO I at 20, 25 or 
30 mglkg doses administered on days 4, s. 6 and 7 
post-infection was examined in A/Ncr mice intnma­
sally infected with modest doses of EV (<20 PFU). 
To track disease p1·ogression, the mice were evaluated 
for weight loss, blood interferon levels, alanine amino­
transferase (ALT). aspartate aminotransferase (AST). 
viral DNA copies and neutrophilia levels. It was dis· 
covered that a si ngle dosage of 25 mglkg o f CMXOOI 
given on days 4 o r 5 after infection was effective in cur­
ing deadly mousepox (277] . 

ST-246, devcloped by SICA Technologies lnc. 
under licence from ViroPharma Inc., has been found 

to disrupt a vital p hase in morphogenesis of orthopox­
vi ruses. The antiviral activity of ST -246 has been pro­
ven in a variety of animal models and ils safety was 
confirmed in healthy human volunteers in a phMe I 
clinical trial 1272]. 

Small compounds like Retro-2 have been shown to 
reduce orthopox i11fcction in vitro and to a lesser 
extent in vivo by inhibiting the retrograde pathway. 
A vast panel of drugs with a benzodiazepine 
scaffold-like Retro-1 have been screened to lind 
more effective retrograde pathway inhibitors. When 
compared to Retro-l. a subset o f these compounds 
had superior anti-V ACV activity, resulting in a 
reduction in extracellular virus (EV) particle. for­
mation and \1ral dissemination [282]. 

Mycophenolic add (MPA) and ribavirin, tw o 
inhibitors of cellular inosine monophosphate dehy­
drogenase, have been tested for inhibitory efficacy 
against orthopoxviruses. 6-aziridine, CDV (HPMPC) 
and cyclic HPMPC \vere among the unrelated anti· 
poxvirus drugs studied for comparison. In plaque 
reduction experiments, MPA suppressed CMPV, 
CPXV, MPX and V ACV by 50% in Mrican green 
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monkey kidney (Vero 76) and mouse 3T3 cells at 
0.2-3 f!M. Ribavirin was significantly more effective 
aga inst these viruses in 3T3 cells (50% inhibition at 
2 - 12 f!M) than in Vero 76 cells (inhibitory at 30-
250 f!M) (286] . Table 6 lists the most promising 
anti·MPX medications, along with evidence for their 
efficacy. uses, adverse effects, <md use in combination 
therap)'· 

Vaccines 

SPX eradication, managed by th e WHO and certified 
40 years ago. resulted in most colmtries discontinuing 
ro utine SPX vaccination. Over 70% of the world's 
population is now thought to be unprotected agai nst 
SPX and related orthopoxviruses like MPX [7]. 

ln2018, an ou tbreak occurred in the UK, but there 
"'as tittle motivation to introduce SPX vaccines to pro­
v ide cross -protection against MPX [287). ln June 
2019, an ad hoc and unofficial group of interested 
specialists gathered at Chatham House in l~mdon to 
discuss these problems. reviewing <~vailable data and 
identifying MPX-related resea rch needs. It was agreed 
that a be tter understanding of the genomic evolution 
and changing epidemiology of orthopoxviruses, the 
utility of in-field genomic diagnostics and the best dis­
ease control strategies such as vaccination with new 
generation non-replicating SPX vaccines and treat­
ment with recently developed antivirals were aU 
necessary [7f. Anti-o rthopoxvirus IgM and alte rations 
in anti·orthopoxvirus IgG. CD4, CD8. or B-een 
responses were found in previously vaccinated MPX 
cases as indications of a new infection. In MPX cases 
(vaccinated and lUlVaccinated), anti-orthopoxvirus 
IgM and CDS responses were the most common, 
with IgG, CD4 and memory B-cell responses indicat­
ing vaccine-derived immunity. Immune markers 
revealed the presence of asymptomatic Ulnesses in 
both vaccinated and uninfected people (288f. 

Active population-based surveillance has been car­
ried out in ttine health zones across the DRC. Vacci ­
nated people had a 5.2-fold decreased risk of MPX 
than those who had not been vaccinated A compari­
son of active surveillance data from the 1980s and 
2006-2007 in the same healtl1 zone showed a 20-fold 
rise in huma n MPX incidence. This incidence has 
l'isen rapidl y in 1·ural DRC 30 years after mass SPX 
vaccination campaigns ended [213). 

Human MPX outbreaks in Mrica and the 2003 out­
b rt'ak in the US have demonstrated that naturally 
occurring zoonotic orthopoxvirus illnesses remain a 
pub lic health problem. Vaccination could minimize 
much o f the haza rd provided by orthopoxviruses, 
but because the SPX vaccine is a live o1·thopoxvi1'Us 
vaccine, the vaccine can pose a major health risk 
(289]. Due to a high degree of sequence conservati.on, 
vaccinating with V ACV also prevents MPX. Antigens 
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Tlbk 7. 'V:tcon~ of v.ariou~ som and tlletr potccstioll •I!PfKIItJoos in the JRYt'ntion anti ~tmcnt of MPX. 
v .. wne fffiucy mt liiPX 

fvsc·QEf\lf.\lbn SP'X ¥oo~ttl~ . 0~ ~fld ,..,. 'lfoOI )\t~IM ~~- -~ (ielt~.G~.,,x~ p!'QI«ts·~ $PX ¥14 MP:X IJ:f2} 
lJ(let,C~~ (Cop} O.OIIO.l~ VN..V Allka!a lCVAi -~ 1011 Ngh~ ol ~W'!!Ce(OI\~(11\ v.awn.Mir..g ll9JIMt SPXwt!l 
T~~~t~ T..niiTI,lkm.*Hi New'folll<itylo.wd a'Hc.tlh (N't'CIIH) VA!V m•y pote<tl .1_91lnst MPX Jl90t 

N<Cdi\fdVAW.MI.tlr»(MVA:,.JISOkN>Wft "II IMo'~~ t~ 
Eu'opear~ tM!Of\ itl'witl!U'It in O.r~o~d.l,Jrd Jyffl«l~ i\ 11\it 
lk'~5t.lUSUOO! 

DNJ\ v..cdnC'tensil~goflcurVM.V9l'IM'S G.1R.A21l.AllR •nd 
0111) 

.. N:boo.qh l ~'bM WHit wnii:W d~an ~Induced by tt.r mghal lt$ttf t~ratf\ 
LC16f:ll8 ;, am -i!tb:n\Uted tk.tn MVA 41dtcl4im 1111: potentilllto ~ly 
anda~llloelf:'!llotu~hulftl!IIV*Cfl'lef$(l9SJ 

- Oac ll)•hmolllfl l'l'ltlllltiOI\ t(;~doe,n« ~~l 8SII po'OIIISII (2961./1\ ot 
~lltliYWcl'*'*"'~i.lr'teiOPs Humfns.tnmurized\llliclll(l<rn8 
II<M~irownu~ 1\"liflO*~IotN.)P'Cb' .. U9Jl.Yot1icflhilk'y 
fMge'l for .nnb:)!llfs ~Nt tltl,lCrMn:e the tf'Vfon'l' olVM:-111')111 

.. £11i(OK)' w~ wrnp.vfd 10 IN! r:i the origh4f !J1't' ~~~--Monkt)') Mt"f' 
l!'l'f'AA'ilEd wlri\L(l6m8 or liSter an~h~lt l'lft{f«< wl!b MMCV 
.Willi\ l.ibecieOf li"'S99 ill4rMro~idf 01 Wbu.tl\llt.W)!J. Will'I1111JM!a\6 
lll()(l.li:!Uon, hlri'U'~ ll»lllQy) tud 110 ~ptomscf j,'fX. bta 
nc:rinnunlt(d <onrlds showed ACII""'~ymplC:ms. \vth whr:..u.nwos 
~~~fl,~.mMunrltdwlmi.Cl6tn4sftowtd110sigt'l~eJMPXt~ 
fa • miMI 'like at the 11te of MPltY inooJ•tiol\. Yoflle llO!IIIIImUri:ed 
(Ct\~ ~l'lc)W(>d'-aiiltld l)'pjc<ll S)lfl'll't"""' ~se fncllfl9S ~ lti.M 
!.Cl6ml:t ptOfto:'U rnriq. ff'Off\ dloadPJ !#X ~trod 1!\J)' elicit ~di.W 
rn-m.ritytQtJUtSI'K(mJ 

- t~. ~Alt4}"(_~'' G7ill!6 11\0IHt tn06fi of MPj(,lfl((iMIIOfl"-•(hj,'!'iA 
fcA:ltt~t.Od by l booitwnali'W pr:01eu agJi!-u:t ~ inu.w:ut MP')(dwtltnge 
• nd did~ a !'n')~ IO!:u51...,.Mu~~~ Nil• Si~ v.kdrwti:lr'l [2191 

~ lnbumoton .and !mmtmocompmtnl.'t.d ~It *''"lit. The MVA.-illlltd SPX 
wcftprotE<ted~NaQ.~es~•do."'iid'JI$Iillotrehlllen!leolMPX. 
INbng It • pt01nni119 comen6er for bJino)n plOt~ (Ml-J 

• To~lll'f'IUI'IetelfJ(IN!!'f~ tolhMtincilfcdbylheritbl !iPX 
;';)(nt. higher..,,., u~ ;and mult!plq <be~roqlllltd UOI-303! 

- lkrorr_ NPX...., (1\akngt. lhtfr YllfM ro,.l(lnil\cant df'llettl'l«'ln 1'1!111!.&1~"11 
•lllll:odrle~'n 011111, Y~*t•tedwllh• 1ingle Af.AM2(J(J(Jmmiiii-W~Il 
IU2 Ulmll on. 11 p!'ml"boOit lmv•m.tne rcsimen (69 Ulni) ()0.4J 

Hf'I/A.C lk INA. e un.tte 110 repkilk !n nunw• ulll- ~t;~wcv.,-. ril:!r J.WA. 
"'.oflltWIM oi $~ bttNYVA,plotf'll\\ iS lt'itrlcttd lllo to 01 ltilll~~,.l 
bklcl() 10.Dr\J)it~bt\"9~C:I'II.o0tl!d.KYVA!. $til~ illi'IIOng imlrnl'loiQCJir."l 
l'tst»r.stfJ11.3121 

MAJ:et.-.o~de.dy~~~YilhMPX.rhCS115~tre:.ttd-..i•.ha 
OW. V..C<hll- ps««ted f,cm stW>r.-.iiiM1'1. 'IK<Iflll!td .1llifNI' wjlf)" 

- M'SiiXiUed wttt ~t'OI'flill'("il!ion$ ill bqt!lf'$~~nd lmlhlle I)I"OI)It{l9)) , 
~st~rb!IM SPX Yll(M~Wl'rf IIWdii"'IM ~dtaooll pro,.am. T~ 
VACI/ flt.al1'6 u~ .,,~III§Jttw-lloh«Unt-rd.ded CM!il!t:.1110r&Mld .1\ a 
tfwlt ~1~ tilt 8eM ¥VJ COpen-· we~t tiN'OU'td ~ss tft..)fi lktif and 
I«CIIH!l>'l 

-Co&dmm~tJtiiOII of ddllfovu tmOry\'-M 111 • )1f19lot ~ 'iFii'.dr rtd..tc.d tMne 
~"~ WWt~ljwmpo~\'M:di'WH!~wdlmri'I.ITIOb!)i<<lli f~!\$tS 
Md'41«i"foifiCIII("iM,_.f'litytOHI>X[.VSJ 

-((li\11~1'1(1!Q~in~cmiSedpeoptt{29ll 

•CmwdfromtJ~ur.alnln Up~~t~l19>4).and~.1 muwucnlnha\'rir.ll 
rnemb<U'Il'l"ol.ffiBSII1299l 

-Ahiglll)oiCie_ftWt«<ltpi(»t~st~OIWt20)1dt~M il'OMIItMI(VA 

byM.lJla/ld«::e39Uf:'h1Gfr~ll>'!l0SI 
·<lltWol!'dWt~ol~CiA Slfail'!il'ldd(lutfl e'nbr)'O~I7oblan"t((Efs~ 

toaglllylS~dm.gMGt~~t w¥ton&lt tow blgdeletloftl.ard~y~attt 
aft<,illi~tl06J01). MVA 6 111\llfeto fl$f«<U!Ct In mo~ I'Nml'llill~n <dfs "' 
ruku~.lncldrog 1\urMII c*l!tld b:lu ~vn:allmmunomoduiMC~ts ¥16bMt 
rang.c~~ttnin<rth«VA!Y~lr!Jf)OI.X)IJ! 

ll~¢prrno boosl l~gn~upNdf'<ldO'I(C'QfYl~ll'o"QttcnfiOfl tt'.rtlhro.:r:a 
ortwc Cl Six anw~ af\tr ctui~ll')e f304J 

~I!Vedt!cn'I*PI4tttllll"doll«lfl0ieltOit!lfC(I9oe•lh~v«or~e ~r<wrbyddlle~d 
18 (g,flc.n t:ht'rillJ 9tn(lt~M). knonglhl ~1«101\~ two~fSOI,_If1wM.d 
In nudeo6clc ~:boll )II\ tt'l'tlwjrnldinckr..m 1\'8 J2R)otnddlc' b~q~t wtxm!l d 
lhtti>On~tklf:ftd\l(_~t01\ft4ll j)1)1 

------------------------------·~~-·· ~~~~-••_•~_._,~ ____ ••_•_w_•u_~~·~-~-~~wo~~-~-~~--------------------------------,-,~--~-

Tabat 7. Cont-.ued 

DlyAu'Cittl"'tdACMU!O!I(~~~ti:tn 'lnllpar~ 
«CI~S! 

se~n~~~t~sbut wr~<f Thil.i~thekstp!Od !Nt ._..~hO¥J-ll1lSI5PX. 
t.ndWX'IOilh~t.il.tu•it ~ISfXIUII~!~ 

- Atimlb gl'I>Y~ Qfiy CW.di:l n« ~ ... high 111:1• N)\.Nd ~~ S)(lrl lesio~ 
Jft~, bting chlllenged ~r4 cllrid 'ltmiu,y to pQ(tW ((II'IIJOh. M.,. 9w!n 
ptO\tifi(INICIMOI)t.')ftlOftvettdl'lfSS (2(l· ISS•I.lf\lotsi0f\S)bl.ll11tied, 
lndivdu.th inoni.ltf<l YA-~b DrM..ul then~ YA-11'1 pco~ h:ld 
!Mimal ll!lle$1.Witt) lSOi ftwtr~tl»t~~<l~tl of lf.m 
1.821 

- ACAMlOQOcld tot ~ piO!Kfun II!F"n!.l se>'l'~ Mfllt &1111: or tiKlrtU!)' 
~~fn~~tll6ll 

·PI.ll!lt~WNe lltiltKI6CI~~~Il't:lltft'll iOmN-ltDSOdl.l~OINPX 
d~.butnotfi'OOtrhot li'OLOStlld~~~"tflt21DSOdo~.!)iing 
mtv.ac.ctr~t Ol'llt dll'jafw t.:;»t~.-e wn~ ~than gt.-lngtc 111,., 
d~\W::"' i()l lff¥4io!~. \WI~ I\(At.QOO)'AI.)$ EqUaRy en\(~US<ll OOth 
pOK•CIIPO.'IUI'eYoloOON.tlof\ llme$1~1-'1 

- Ttt.III~IWihiC'CIOYIIWIIIIIMO!!tOIIn~hiiiMn....rtb/oCMilOXI~e-~ 
t*'<t~~il)ft(~6 1 1 

.. Th~<tiy~v~cile-f'W:Iif a~l;lble b tbeltit«< S!ltg tl'..tt fl•bt.<M l~fdb>J 
tl'leftM.[mJ 

No )II~IIUM~ ~(lbnlnmon,.y 'AQ:) setn 111 fll(lt'ok"J" Y.Kdn..~ Z4 hall"' ·~II(ICI·"'-V.I.Il$ .a fu)t•90f'llltii'IIQ,o \f'X ...._(11'1$ pf)due~,1 on ui ~12931 
MPX ~lon vAtll • lypi(BI hlni'OII ~ ot Ehlrce'..Jt!VM M \111'1/mg "ni'"oll\ -fl'itlft'·IJ'f e a WCU!d'9tnt'W!i00 va«ine.~bgfd ¥~d p•od~~ttd Ott <ff' to 

~~=~~Kdl~~-::'::.~:n '(;':;tiwiiTteh~tlantiw~ nwdc.~n !:::::~""~ ~UJ~nd:;~~~ ~~jl'cfinedv-.wnc~~ ~ 
ill 

i 
I 



 

 

2622 9 MM.HATMALfTAL. 

within the MPX proteome that contribute to immune 
responses have yet to be identifted in detail [290). In 
the past, people who had been exposed to S PX were 
treated wid1 the SPX vacdne and V ACV immu ne glo­
bulin (VIG}. Patients who were at high risk of pro­
blems following SPX inmmnization were also given 
VIG. As a result, post-exposure vaccination and VIG 
therapies may become again essential therapeutic 
options [29 1). 

A protein microarray was used to capture antibody 
responses to MPX infection and human SPX vacci­
nation. Only 14 of these proteins were recognized by 
lgG from vaccinated humans, but senun IgG from 
cynomolgus macaques recovering from MPX recog­
ni7.ed a t least 23 proteins within the orthopox pro­
teome. Twelve or the 14 antigens discovered hy 
human vaccines were also recognized by convalescent 
macaque lgG. The structural proteins Fl3L and A33R 
and the membrane S<-affold protein D13L had the high­
est level of lgG bind ing. Before onset of clinical symp­
toms, significant lgM responses to the MPXV's A44R, 
F 13L and A33R were observed Antibodies from vacci­
nation recognized a limited number of proteins shared 
with pathogenic virus stra ins, although humo•·al 
responses to antigens specific to tl1e MPXV proteome 
were also required for reco\•ery from infection [ 290 ]. 
Different types of vaccines and d1eir potential uses in 
prevention and treatment of MPX are shown in Table 7. 

Conclusions 

Epidemiological research to control the cun ent MPX 
outbreak should consider the source of infection and 
aO transmission routes. The current therapeu tic regi­
mens and vaccines d1at have been shown to be effec­
tive against SPX offer new approaches to the clinical 
treatment and prevention of MPX. which is essential 
in control of the current outbreak. Although manage­
ment of.MPX infection is stiU li mited to trealing sec· 
ondary bacterial infections, reducing the symptoms 
and giving suppo1·tive care, FDA-approved anti-SPX 
treatments (CMXOO I and ST-246) have shown 
efficacy against MPX. In th is emergency situation, 
testing treatments with proven antiviral activities 
against VARV or other poxviruses may promote the 
pace of development of al1li·MPXV drugs. Moreove r, 
the world should n1m the obstacles faced during out­
breaks of infectious d iseases that have emerged in the 
past into lessons to control the current outbreak by 
active cooperation, which is important in global 
efforts to combat the outbreak. 
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kedua-duanya 

• Lemab/hilang kekuatan 
tangan atau kaki atau kedua­
duanya 

PENYAKIT TIBI 
GESTROINTESTINAL 

Jangkitan berlaku apabila kuman 
tibi yang membiak di dalam paru­
paru memasuki salurcm gastrousus 

Simptom: ~ 
• Nyerl di bahagian perut 
• Sembelit/ cirit-birit 
• Mual dan muntah 
• Perut terasa berat 

.Jcmgldtan kanum tibi pada organ­
organ lain selaill peparu, •perti 
nodua limfa, pleura, nearologi, 
aiROYicd, perihardial, perut, 
pDStouriner 

Pada umumnya ia mempunyai 
aimptom aeperti tibi paru-paru. 

PENYAKIT TIBI 
MENINGITIS 

.Jcmgldtan berlaku pabila kumcm 
tibi yang membiak b lapisan 
pellndung otak dcm menyebabhan 

:::~---~""@ 
• Cepat peiUit 

Hilcmg Miera makcm 
• Saldt kepala ycmg bertenaecm 
• Mual clcm mUD.tah 
• Raea nyeri di seluruh tubub. 
• Sensitif terb.adap eahaya 
• Leb.er teraea haku 

PENYAKIT TIBI 
PARU·PARU 

+ Jangkitan berlaku apabila titisan 
air yang mengandu ngi kuman tibl 
memasuld saluran pern.afasan dan 
aeterusnya ia memasuki paru-paru 

+ .Jenis penyakit tibi yang paling 
kerap berlaku 

+ Kuman tibi merebak di dalam paru­
paru menyebabkan kerosakan pada 
paru-paru 
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Tujuan ujian: 

• Mengenalpasti jenis bakteria 

yang telah berjaya dikultur 

sam ada jenis Mycobacterium 

tuberculosis (MTB) atau bukan 

Mycobacterium tuberculosis 
(non-MTB). 

Ka&dah yang digunakan: 

1. Teknik Konvenaional 

(Pewarnaan pigmen dan ujian 

biokimia) 

2. Ujian Kromatografi lmuno 

{lmmuno Chromatographic Assay, 

ICA)- teknik paling pantas 

3. Ujian amplifikasi asid nukliek 

(Nucleic Acid Amplification Test, 

NAAT) 

Hubungl kaml 

© 09-7676142 
(c)) Jabatan lmmunologi, 
\1 Pusat Pengajian Sains Perubatan, 

Universiti Sains Malaysia, 
Kampus Kesihatan, 
16150, Kubang Kerian, Kelantan. 

"Drug Susceptibility Testing" 

Tujuan ujian: 

• Memborikan panduan dalam 

pemilihan jenis ubat yang 

bersesuaian 

• Mengenalpasti kemungkinan 

berlakunya kes dimana pesakit 

TB tolah rintang/imun torhadap 

ubat yang diborikan a omasa 

rawatan 

Kaedah yang digunakan: 

l.Kaedah fenot;pik- Pengkulturan 

Mycobacterium tuberculosis bagi 

melihat portumbuhannya di dalam 

media yang mongandungi ubatan 

anti TB 

2. Kaedah genotipik- mongesan 

mutasi gen tertentu yang dikaitkan 

dengan kerintangan terhadap 

ubatan lB 



 

 

"Culture Based Methods" 

Tujuan ujian: 
t Mengenalpasti jenis bakteria 

yang hidup 
2. Memperbanyaldcan bilangan 

bakteria 
3. Memberikan diagno$is tibi yang 

tepat 

Ujian menggunakan 2 jenis media: 

1. Media pepejal- dijalankan 
secara manual: loweinsten 
Jensen (LJ) dan Ogawa 

1. Media cecair- menggunakan 

m esin dan dapat mongesan 
pertumbuhan kuman secara 

automatik: Bactec MGIT 960 

"LAKUKAN UJIAN 
DANRAWATAN 
SECEPATYANG 

MUNGKIN SEBELUM 
IAMELARAT" 

Direct Smear Microscopy 

Tujuan: 
Mengesanan kehadiran kuman tibi 

Ujian berasaskan kepada s ifat 
dinding sol bakteria yang tebal 

Kandungan lipid dapat 
mengekalkan warn a walaupun 
dilunturkan d e ngan bahan berasid 

Kaedah yang digunakan ialah 
pencolupan Ziehl Neelaen atau 

Auramine O 

UJIAN BAGI MENGESAN DAN 

MENGENALPASTI JANGKITAN 
TB DI DALAM MAKMAL 

"Direct Smear Microscopy" 

Pengeaanan kehadiran 

Mycobacterium tuberculosis a menerusi ujian Smear Microscopic 

a "Culture Baaed Methods" 

Pongesanan 

portumbuhanfpemblakan baktoria 

monerucl ujlan kultur media 

"Ujlan ldentlflka:ll" 

Pengenalpastlan bakterla menerus l 

ujlan ldontlffkacl 

"Drug Susceptibility Testing " 

Pengenalpastian kerentanan 

bakterfa menerusl uJian kerentanan 

antibiotik 



 

 

  

AKTA HAK CIPTA 1987 
PERATURAN-PERATURAN HAK CIPTA (PEMBERITAHUAN SUKARELA) 2012 

SIJIL PEMBERITAHUAN HAK CIPTA 

No. Pemberitahuan 

Tajuk Karya 

Kategori Karya 

Tarikh Permohonan 

[Subperaturan 8(2)] 

CRL Y2023P00624 

TUBERKULOSIS 

SASTERA 

22 FEBRUARI 2023 

Saya dengan ini mengesahkan di bawah Akta Hak Cipta 1987 [Akta 332] dan 

Peraturan-Peraturan Hak Cipta (Pemberitahuan Sukarela) 2012 bahawa karya 

hak cipta dengan No. Pemberitahuan seperti di atas bagi pemohon UNIVERSITI 

SAINS MALAYSIA sebagai PEMUNYA dan RAMLAH BINTI KADIR 

(801106115392), ROHIMAH MOHAMUD (810107035954), NORHAYATI BINTI 

YUSOP (830809145670), NOR EFFA SYAZULI BINTI ZULKAFLI (830806065034), 

NURFATIHAH AZLYNA BINTI AHMAD SUHAIMI (950111105526), NOR ASYIKIN 

BINTI NORDIN (961007036034) sebagai PENCIPTA telah didaftarkan ke dalam 

Oaftar Hak Cipta menurut seksyen 268 Akta Hak Cipta 1987 [Akta 332]. 

KAMAL BIN KORMIN 
TIM BALAN PENGAWAL HAK CIPT A 
MALAYSIA 

(Agensi di bawah Kementerian Perdagangan Dalam Negerl dan Kos Sara Hidup) 



 

 

FAICTOR PENY AICII' TIBI 
SUKAR orr ANGANI kERANA 

I) Sejumbh besar pendatang beras~l 
dari neg:n"3 yang mempunyai kes tibi 

y:angtinggi 

3) Ke:ada:an sosi:al yang tidak ltondusif 

tcrm:asult kemiskin:an, kehibn­
tempat tingg:al, penyal:ahgun 

b:ah:an dan kemerosot:ln in[r:astruktu 

penjagaan kesihatan • • 4) Kepatuhan yang lem:ab terh:uGp 

r:awatan tibi 

5) Kualiti inlr:Jstrulttur kaw:abn ti~ 
y:ang lem:ah di sesebuab kawasan cD 
6) Kesultaran dabm komuniltasi i .. 

1
. 

antara pesaltit dan pen 

penjagaan kesibatan 

IIIIUNCIIWU 

© 09-7676142 

('()) Jabat.>n lmmunolo{4 
'\/ Pu~t Pertgajian Sa ins Pcrobot.>n. 

Universiti Sains l\1.>b)'$i:l, 

K:unptiS l<esih•tan. 
161SO, Kubang Kerian, Kebnt~n. 

7) Pandang:an burult m:a!Y.:nlt2t 

terhadap pesaltit tibi dan §u; ~ 
pesaltit ~ 
8) Kualiti perseltitaran sosial dan 

elm-; ·- ;nd;v-
mempengaruh• semua penre ~ 

ltawalan tibi 6 :: .a 
~- -

UBATANTI-TIBI: 
STREPTOMYCIN 

ISONIAZID 
RIFAMPICIN 

PYRAZINAMIDE 
ETHAMBUTOL 

VAKSIN TIBI: 
VAHSIN BACILLUS 

CALM mE-GUERIN 
(BCG) 

llaltcopta tcrpclih.1ra •!!0022 
ProV->n• Kl'T Pnh.1tin l{omuniti Scjahtcn(KRIS) 
Or. R.1mloh Kador, Nor Asyihin Nordin, N orfatihah 

A:lyn•Suhaioni, Dr. Norhay..ti Yusop. De. 
ltohinuh/1\oh•nnod. Dr. Nor llL1 Sy•:uti ZuU..1fli 

TUBERKULOSIS (TIBI) 

Penyakit berlangkit saluran 
pernafasan disetiabkan oleh 

Mycobacterium tuberculosis yang 
dibawa dalam · an 

melalui 



 

 

LANGICAH YANG PERLU 
DILAICUICAN JlkA DfSAHkAN 
MENGHJDAP PENYAICIT Till 

I) Peng.,.n>n dan melen~~ 
perawatan lthusus yang harus di" · ., 

-Ujian Mantoux o 

-Ujiandarah ~-
-Pemeriltsaan ltahalt, AFB Sm -
-X-Ray 

2) Atau laltultan ujian diagnosti~ 
lebih pantas dan sensitif sepert~ 

MTB/ Rif 6 ® 
3) Mahan ubat secara teratur 

4) Tingltatltan sistem imun 

S) Tingltatltan nutrisi 

6} Elaltltan perhimpunan ramai 

7) Elaltltan bergilir peralatan m:a.Jll 
dan minuman ··n 
8) Meningltatltan ltualiti 

ltebersihan 

9) Meningltatltan ltualiti sistem I 
pengudaraan di ltawasan ltemu 

penjagaan ltesihatan, penga~ 

awam, tempat lterja dan seltola~) 

10) Tidur secara berasingan den~ 

ahli lteluarga lain 

MANfAAT PENYELIAAN DAN 
PENJAGAAN INTENSfF 

1) Memberi penjelasan yang lebih 1 

mendalam ten tang penyaltit tibC } 

dan soltong:an emosi ltepada pesaltit II" 

2) Meninglt:atltan ltualiti hid up dari• , 

segi tempat tinggal. peng:angltutait~ ­
maltanan yang sesuai, sumber ~ 
lteewangan 

"LANGKAH PfRTAMA DAN 
PE:NCfGAHAN 

YANGCfPATLAGI fFfKTIF 
MAMPU MEYELAMATKAN NYAWA 

ANDA DAN ORANG LAIN" 

CARA MENCEGAH PENYAJ<iT 
TiBi 

I) Menutup mulut ltetilta batult tUft 
bersin -

•• 
2) Sentiasa melalndtan disinfeltsi ~ 

3) Membina imunisasi badan denf12 ~ 

mengamalltan diet pemaltanan ya"(Sihat 

dan seimbang ~ 

4) El:lltltan meludah di merata-r:ata~ 
tempat .~ , 

5) Melaltultan pemeriltsaan dan ;~~ 
aw:.l 

6) Men<bpotlton ,;.,rmobhori Y'~ 
cultup 11 + ••• 7) Tempat tinggal dan perseltitaran ya~ 

bersih ~ 

8) Me..gh;nd•ri honbk bng>ung. 

9) Mendapatltan pengetahun ber - -

dengan penyaltit tibi ..._ .. 
10) Rehat yang cultup 

II) Rajin beriadah/ bersultan 

12) EJaltltan daripada meroltolt 
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Penyakit Tibi 
Penyebaran melalui udara 

(Mycobacterium Tuberculosis) 

Peyaklt berjangldt kadua tertlnggl 
dl Malaysia selepas penyaklt 

tangan, kakl dan 
mulut (HFMD) 

Penyakit Bukan Tibi 
8alcferia bukan tibi yang 

menyebabkan Jangkltan paru­
paru dan bukan tibi 

Member/ kesan terutamanya 
kepada lndlvldu: 

• Mempunyai paru-paru yang 
telahrosak 

• Mempunyai masalah dengan 
s/stem#mun 

Hubur-O kaml 
09-7676W2 

© Jabatan lmmuootocj. 
~ Putat Pengajian ~aint Penna tan. 

Urivertlti ~alnt Malaysia. 

Kamput Katlhatan. 

16150. Kubang Kerlan. Kelantan. 

STATISTIK 
PEERTUBUHAN 

KESIHATAN 
SEDUNIA (WHO) 

(2020) 

9.9 ;JUTA KES 

1.5 ;JUT A KEMA TIAN 

1:10 
(1 PESAKIT TIBI AKTIF BOLEH 

MENJANGKITI 10 ORANG SIHAT) 

Hakapta terpelllara @2022 
Program KPT Prlhatm Kanumti SeJ&htera (KRIS) 

Dr. Ramiah Kadlr. Nor As!ltin Nordin. Ncrfalihah AZ~\1~8 !.Uhairri. Or. 
Norh&uaU Yutop. Or. ROhlmahlo\ollamud. Dr. Nor Effa Syaruli ZUikafti 

_.!!:__ f~ IHM tr: het 

TUBERKULOglg 
(Tibi) 

Tibi dan janglitan 
bukan Tibi 

J8blll.an~llllrdOQI 

PuiBI. Pe11111JIII1 S•l'd Ptrtbl!Un 



 

 

PENYAKIT 
PERNAFASAN 

GOLONGAN 
BERISIKO 

GEJALA 

TEMPOH 
JANGKITAN 

SAMPEL DIUJI 

UJIAN 
DILAKUKAN 

RAW A TAN 

FIBROSIS 
PARU-PARU 

TIBI PNEUMONIA INFLUENZA COVID-19 

Bergantung kepada ejen penyebab 
(seperti mikroorganisma berbahaya dan penyakit Sekitar 1-5 hari 

aktif yang sedia ada) 
5·14 hari 

Darah, tisu 
paru-paru 

Sinar-X dada, 
CT 

Ubat, terapi 
oksigen 

Kahak, darah Calitan nasofarinks, air liur 

Sinar-X dada, kultur 
Kit ujian pantas kendiri, rtk­

antigen, rt-pcr 

Ubat anti-tibi, 
BCG vaksin 

(bayi) 

Pneumonia (Vaksin Hib, pneumokokkus) 
Influenza (Vaksin yang dimatikan, dilemahkan) 
Covid-19 (Vaksin genetik mRNA, viral vektor, 

dimatikan, sub-unit protein) 
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