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Preface

Communicable diseases have always been a major concern to human health,

particularly in the developing world where millions of people die every year.

This scenario is changing with increased human mobilization and immigration

coupled with trading of foodstuffs and biological products and so communicable

diseases are no more localized but may affect population worldwide. Furthermore

the rapid adaptation bymicroorganisms is leading to the resurgence of communicable

diseases of the past, drug resistance to the existing diseases, and the emergence

of new ones. Most of the communicable diseases have not been paid adequate

attention by the developed world. These diseases include malaria, tuberculosis,

leishmaniasis, filariasis, dengue, HIV/AIDS, diarrhea, cholera, leprosy, buruli ulcer,

trachoma, and schistosomiasis. In view of this, a book volume covering tuberculo-

sis, malaria, kinetoplastids, dengue fever, and diarrhea was published in the Topics
in Medicinal Chemistry series by Prof. Richard L. Elliott. Following this previous

publication and considering the recent outbreak of Ebola virus disease, the present

volume entitled Communicable Diseases of the Developing World was envisaged to

cover leftover diseases including a chapter on Ebola. So the important diseases

such as HIV/AIDS, filariasis, fungal infections, and neglected virus disease, bacterial

diseases including Ebola virus disease have been described in the five chapters of this

volume. The first chapter on Ebola virus disease deals with its clinical management

and the control measures to be followed along with the current status of drugs and

vaccine development for the prevention and cure of this disease. In the second chapter

the current state of HIV therapeutics as well as the status of candidate drugs under

development along with the future prospects of HIV treatment has been dealt. The

third chapter is on the important neglected parasitic disease known as lymphatic

filariasis where the targets and strategies for intervention and elimination of this

disease along with the existing chemotherapy and newer developments for lymphatic

filariasis are described. The fourth chapter is on the antifungal agents, which provides

an overview of the past, present, and future prospects of drugs, cationic peptides, and

monoclonal antibodies as antifungal agents. The fifth chapter covers neglected
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tropical bacterial diseases like leprosy, buruli ulcer, and trachoma along with the

chemotherapeutic approaches to their treatment.

It has been an immense pleasure to be the editor of this volume. I gratefully

acknowledge all the authors for their contributions and thank them for taking time

and care in composing the chapters. I wish that this volume will be useful for

researchers working on these diseases and will inspire many more to develop

strategies for the discovery and development of new therapies for these diseases.

Lucknow, India Anil Kumar Saxena
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Clinical Management of Ebola Virus

Disease: Current and Future Approaches

Aaruni Saxena and Mauricio Ferri

Abstract Ebola virus disease (EVD) is a notoriously dreadful disease. The acute

viral syndrome, which has an incubation period ranging from 2 to 21 days, is

characterized by fever and diarrhea, along with bleeding diathesis. Mortality rates

are high. The natural reservoir is thought to be the fruit bat of the Pteropodidae

family. Nonhuman primates, including monkeys, chimpanzees, and gorillas, are

primary hosts to the virus. Transmission occurs through direct contact with bodily

fluids containing the virus. Currently available laboratory tests include the rapid

diagnostic tests ELISA and PCR. A patient’s chance of survival depends on

multiple factors, such as the initial viral load at the time of exposure, their immune

response to the virus, and access to proper care. Currently, there is no specific

treatment or cure; however, clinical management mainly consists of supportive

measures. Novel drugs and vaccines are undergoing clinical trials to determine their

safety and efficacy for use in humans.

Keywords Drugs, Ebola virus disease, Epidemic, Protection, Treatment, Vaccines
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1 Introduction

Ebola virus disease (EVD) first appeared in 1976, simultaneously in the Democratic

Republic of Congo (DRC) and Sudan [1]. Ebola virus (EBOV) belongs to the virus

family Filoviridae [2]. Apart from the Ebola virus, the other main member of the

family is the Marburg virus. It was discovered earlier than the Ebola virus, in 1967.

The discovery took place after several commercial laboratory workers in Germany

were admitted to hospital with an unusual illness. The clinicians observed a

different pattern of clinical symptoms in each patient but a similar course of

disease. Further investigation revealed the source of infection to be a virus isolated

from green monkeys imported from Africa for research purposes. Quarantine pro-

cedures were subsequently implemented to halt further transmission, and countries

advised to exercise caution when importing monkeys [3].

Ebola is the second known Filovirus and can be more lethal than the Marburg

virus. It was often reported in cynomolgus monkeys (Macaca fascicularis) in the

early and late 1990s [4, 5]. Ebola in humans was seen again from 1994 to 1996. This

time the infection included the subtype Zaire ebolavirus (EBOV-Z) and a new

subtype known as Côte d’Ivoire ebolavirus (EBOV-CI) or Taı̈ Forest ebolavirus
[6]. At the time, little was known about the occurrence and transmission of the

Ebola virus. Later, three more species were discovered and added to the genus

Ebolavirus: Bundibugyo, Reston, and Sudan. The Bundibugyo, Zaire, and Sudan
viruses have been responsible for outbreaks in Africa; the Reston virus is predom-

inantly found in animals [7, 8]. After long-running discussion, the scientific com-

munity concluded that fruit bats of the Pteropodidae family may likely be the

natural hosts of the Ebola virus. The fruit bat species includes Hypsignathus
monstrosus, Epomops franqueti, and Myonycteris torquata [9, 10]. All other ani-

mals infected by Ebola, especially monkeys, gorillas, and chimpanzees, are acci-

dental hosts [11, 12], although there remains the possibility of other natural hosts.

Research efforts have been complicated by the lethal nature of the virus.

2 A. Saxena and M. Ferri



2 Epidemiology

2.1 Geographic Spread of Ebola over Time

EVD was first discovered in 1976 when two outbreaks of different strains occurred

simultaneously in the Democratic Republic of Congo (DRC, formerly Zaire) and

Sudan, infecting 318 (case fatality ratio (CFR): 88%) and 151 people (CFR: 53%),

respectively [1]. In 1979, Sudan strain reemerged in Nzara, Maridi, the same

location as the 1976 Sudan outbreak [13].

Thereafter, sporadic outbreaks due to Zaire, Sudan, and Bundibugyo subtypes

occurred in central Africa, namely, Côte d’Ivoire, DRC, Gabon, Republic of the

Congo, Sudan, and Uganda. An isolated event was reported in South Africa in 1996

after a medical professional, who had been exposed to the virus while treating

Ebola-infected patients in Gabon, traveled to Johannesburg and infected a

healthcare worker while seeking care [14]. EBOV was introduced to other parts

of the world through exportation of infected monkeys or cynomolgus macaques to

Italy and the United States from the Philippines (none of the exposed persons

developed symptomatic infection since Reston EBOV is not pathogenic to humans)

[15–17]. In England and Russia, accidental needlestick injuries and contamination

in laboratory settings were responsible for four infections [18–20]. While there is

evidence suggesting that the Ebola virus may have been previously circulating

beyond central Africa [21], it was not until 2014 that the virus posed a major threat

in a previously unaffected region. The 2014–2016 outbreak, which began in

Guéckédou, Guinea, is the largest and most widespread in history, affecting not

only Guinea but also neighboring Liberia and Sierra Leone.

As of June 10, 2016, the World Health Organization (WHO) estimated a total of

28,616 confirmed, probable, and suspected cases and 11,310 deaths in the three

affected countries. Whereas prior outbreaks occurred in remote areas, mainly in

countries that have built capacity to respond to the disease after previous outbreaks,

this epidemic illustrated a wider geographic spread for a variety of reasons includ-

ing, but not limited to, porous borders, modern-day travel, and fragile health

systems in three impoverished countries that had never previously experienced an

Ebola outbreak. Imported cases were also reported in Mali, Nigeria, and Senegal,

as well as the United States and several European countries [22–24].

2.2 Transmission

EVD is considered to be a zoonotic disease. Although live virus has not been

isolated from fruit bats, increasing evidence suggests that they are a likely reservoir

[9, 10, 25, 26]. Nonhuman primates are unlikely to be reservoirs because of the high

mortality in nonhuman primates. Fruit bats either directly transmit the virus to

humans through infected saliva or excreta or to nonhuman primates, especially

Clinical Management of Ebola Virus Disease: Current and Future Approaches 3



apes, gorillas, and chimpanzees, which may become infected and serve as interme-

diate hosts before the virus is passed onto humans through direct contact with blood

or bodily fluids. Butchering or hunting of these animals has been associated with

Ebola virus infection in humans [27, 28].

Once animal-to-human transmission occurs, human-to-human transmission is

possible. Like animal-to-animal and animal-to-human transmission, human-to-

human transmission requires direct contact with infected bodily fluids. In humans,

viral RNA has been detected as long as 40 days after symptom onset in sweat [28];

33 days post-symptom onset from vaginal, rectal, and conjunctival swabs [28];

30 days in urine [28]; 22 days in saliva; and 15 days in breast milk [28]. In addition,

viable Ebola virus has been found in semen 82 days after symptom onset [28],

while viral RNA has been detected up to 284 days post-symptom onset in semen

[28]. Although rare, sexual transmission has been reported [29–32]. Healthcare

facility-associated transmission is not uncommon, particularly in the early phase of

an outbreak, since the symptoms of EVD mimic many diseases that are endemic to

regions where Ebola virus is known to exist, and laboratory testing for EBOV is not

routinely performed. Therefore, healthcare workers are often among the first to

become infected especially in the absence of personal protective measures

[1]. Reuse of contaminated needles has also been associated with nosocomial

infections [32]. In community settings, caring for family members at home has

been associated with infection, as has funeral attendance. Funeral practices in some

cultures involve direct contact with the deceased (e.g., body washing) [33, 34]. The

infectious dose of Ebola virus is only 1–10 organisms [35]. The only documented

aerosol transmission was in nonhuman primates in a controlled laboratory

setting [36].

2.3 Surveillance

A robust surveillance system to rapidly collect and analyze data to understand the

epidemiological situation and to inform outbreak response strategies is crucial in

containing an EVD outbreak. The major components of surveillance are case

investigation, which is prompted after case detection, along with contact tracing

to promote the early detection of new cases.

2.4 Case Investigation

During an outbreak, investigation of any individual suspected of having EVD must

begin promptly. Case investigation is prompted when the surveillance team is

notified of an EVD case. Notification is typically provided through telephone

hotline alerts, rumors, and deaths in the community or proactive efforts by the

surveillance team to identify new cases (also known as active surveillance). A sick
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person may also present at a healthcare facility, and the surveillance team notified

to follow up to obtain more information. Case investigation must also be conducted

for the contacts of an EVD case who are being monitored for 21 days as soon as

they begin to start to show symptoms (21 days is the maximum surveillance

incubation period of Ebola virus).

Case investigation consists of an interview with an EVD case or a proxy of a

deceased case. It serves several important purposes, including the assessment of

clinical signs and symptoms, epidemiological risk factors, and sources of exposure

to determine if a person meets the case definition (see Table 1). For patients who do

meet the case definition, testing is indicated for laboratory confirmation. A case

definition that is used to guide epidemiological investigations may sometimes differ

from the one used in clinical settings, since the former serves to maximize sensi-

tivity for surveillance purposes at the expense of specificity while the latter informs

clinical decision-making in patient management.

Table 1 Example of Ebola virus disease case definitions for areas where an outbreak has been

declared [37]

Suspected case

Any person, alive or dead, suffering or having suffered from a sudden onset of high fever and

having had contact with a suspected, probable, or confirmed Ebola case

OR

Any person with sudden onset of high fever and at least three of the following symptoms:

Headaches

Vomiting

Anorexia/loss of appetite

Diarrhea

Lethargy

Stomach pain

Aching muscles or joints

Difficulty swallowing

Breathing difficulties

Hiccups

OR

Any person with inexplicable bleeding

OR

Any sudden inexplicable death

Probable case

Any deceased suspected case (where it has not been possible to collect specimens for laboratory

confirmation) having an epidemiological link with a confirmed Ebola case

OR

Any suspected case evaluated by a clinician

Laboratory-confirmed case

Any suspected or probable case with a positive laboratory result. Laboratory-confirmed cases

must test positive for the virus antigen, either by detection of virus RNA by reverse transcriptase-

polymerase chain reaction (RT-PCR) or by detection of IgM antibodies directed against Ebola

Clinical Management of Ebola Virus Disease: Current and Future Approaches 5



Identification of contacts also occurs during case investigation in order to initiate

contact tracing. In the event a healthcare worker becomes an EVD case, a more

thorough investigation is needed to understand the occupational conditions under

which he or she became infected and to identify any specific exposure that may be

unique to healthcare workers that needs to be addressed for prevention and control

purposes.

2.5 Contact Tracing

Contact tracing, which occurs after contacts have been identified through case

investigation, is the daily monitoring of contacts of an EVD case for 21 days with

the purpose of detecting new cases as early as possible so as to allow for isolating

them to prevent further transmission to other members of the community. In

addition, early detection is intended to promote the early treatment of patients,

increasing their likelihood of survival. A contact is defined as anyone who has had

any of the following types of exposure [38]:

1. Touched the bodily fluids of the case (saliva, urine, feces, or semen)

2. Had direct physical contact with the body of the case (alive or dead)

3. Received breast milk from the case

4. Attended the funeral of the case

5. Touched or shared the linens, clothes, or dishes/eating utensils of the case

6. Slept, ate, or spent time in the same household or room as the case

2.6 Control Measures

Prevention of person-to-person transmission is the key to containment of an out-

break. Isolation of cases to prevent contact with non-cases is the most obvious

strategy to limit transmission [39].

Distribution of personal protective equipment to healthcare workers has been

effective in prior outbreaks, along with appropriate infection prevention and control

practices in formal care settings hospital-wide and in Ebola treatment units

[40]. These practices must also be applied in informal patient care and social

settings in the community. Safe burial rituals are effective in reducing transmission

[37]. The community’s willingness to participate in appropriate control measures is

an important factor in outbreak response (see Table 1).

6 A. Saxena and M. Ferri



3 Pathology

Ebola virus is a member of Filovirus and its genome is similar to Paramyxoviridae.
The five known strains of the virus are Bundibugyo, Reston, Taı̈ Forest, Sudan, and

Zaire. The Zaire subtype is the most pathogenic and lethal [41]. The Ebola virus is

an enveloped, non-segmented, negative-sense, and single-stranded RNA virus

[42]. It is threadlike in structure with a diameter of 80 nm and has a 19 kb-long

genome. It has a leader and trailer region which is responsible for controlling

transcription, replication, and packing of the genome in new virions. The seven

main genes are presented in the following sequence: 30-leader-NP-VP35-VP40-

GP/sGP-VP30-VP24-L-trailer-50 [43]. These seven genes consist of open reading

frames responsible for encoding of structural proteins [44]. The structural proteins

include the glycoprotein (GP) envelope, nucleoprotein (NP), RNA polymerase (L),

matrix protein viral proteins 24 (VP24) and 40 (VP40), and nonstructural viral

proteins VP30 and VP35 [45]. VP40 and VP24 are the viral proteins present

between the capsid and envelope [46]. The exact mechanism for the entry of the

virus and its pathogenicity is still unknown. However, there are recent scientific

studies showing some possible mechanisms of virus entry into the host cell.

A study conducted by Carette and coworkers explored infection caused by both

Ebola and Marburg viruses resulting in hemorrhagic diathesis accompanied by

fever. Their study revealed that entry of the Filovirus is mediated by a viral spike

in glycoprotein. This glycoprotein acts as an anchor to the cell membrane of the

host cell and attaches the viral particle to the cell surface. With the help of

additional host factors, fusion between viral and endosomal membranes occurs,

resulting in entry of the virus to the cell. Further investigation to explore the critical

host factors responsible for facilitation of fusion of viral and endosomal membrane

showed the importance of endolysosome cholesterol transporter protein Niemann-

Pick type C1 (NPC1). Fibroblast derived from patients suffering from human

Niemann-Pick type C1 disease showed resistance to Ebola and Marburg infection

[47]. Another important point revealed by studies on the potential entry mechanism

of Ebola virus into host cells is the importance of Ebola virus GP. Yonezawa and

coworkers showed the use of a virion-based fusion assay by substitution of Ebola

virus GP for the human immunodeficiency virus type 1 (HIV-1) envelope. The

experiment results proved that entry and fusion induced by the Ebola virus GP

occurred at much slower kinetics than with vesicular stomatitis virus G-protein

(VSV-G). Furthermore, fusion was blocked by depletion of cholesterol membrane

and by inhibition of vesicular acidification with bafilomycin A1. Fusion promotion

factors revealed by the experiment were the microtubules. Paclitaxel (Taxol), a

microtubule-stabilizing agent, facilitated early fusion of Ebola virus GP

pseudotypes but not VSV-G- or HIV-1-enveloped pseudotypes. Similarly, in the

presence of a microtubule-disrupting agent like nocodazole (1), the fusion was

impaired in the case of Ebola virus GP pseudotypes. Other agents identified for

Ebola virus GP-mediated entry and fusion by disrupting the microfilament function

Clinical Management of Ebola Virus Disease: Current and Future Approaches 7



included cytochalasin B (2), cytochalasin D (3), latrunculin A (4), and

jasplakinolide (5).

These results suggest that apart from Ebola virus GP, both microtubules and

microfilaments play an important role in facilitating virus entry and fusion. It is

possible that the microtubules and microfilaments are responsible for transporting

the Ebola virions after they anchor on the cell surface to the appropriate acidified

vesicular compartment where fusion occurs. Host cells highly sensitive for Ebola

virus entry include primary macrophages and target cells, whereas the monocyte

shows reduced levels of entry and fusion. Another important fusion promotion

factor identified in this study was the presence of tumor necrosis factor alpha

(TNF-α), which is released by monocytes/macrophages infected by Ebola virus.

The presence of TNF-α enhanced the Ebola virus GP-mediated entry into human

umbilical vein endothelial cells in the experiment [48, 49].

The importance of Ebola viral glycoproteins revealed in the scientific studies

encouraged researchers to study insights into the type of glycoproteins released by

the lethal virus. Wahl-Jensen et al. showed that the mononuclear phagocytic

systems in both primates and non-primates are the primary targets for the Ebola

virus and are also responsible for the release of inflammatory mediators after

infection has occurred. The study revealed that activation of macrophages is not

dependent on virus replication and that it is possible that the initial interactions of

mononuclear phagocytic cells with glycoproteins released by the virus play a role in

the activation of the immune system [50]. After fusion and entry of the Ebola virus

into the host cell, it produces four types of soluble glycoproteins. These are

nonstructural small glycoprotein (sGP), delta peptide (Δ-peptide), GP1, and

GP1,2Δ. The presence of these glycoproteins has been confirmed in blood and

other in vitro systems. The glycoprotein gene is responsible for the production of

the glycoproteins. The full-length GP1,2 found on the surface of the virus is

responsible for receptor binding and fusion with target cells [51].

Later, the full-length GP1,2 gets further processed through proteolysis into GP1

and GP2. Both GP1 and GP2 are disulfide linked and form the mature spike protein.

GP1 forms the transmembrane portion of the protein [52–54]. GP1,2Δ is the

product of metalloprotease cleavage of GP1,2 [55]. Soluble GP is mostly identical

to GP1 but differs in the amino acid present at 69 C-terminal, and it also forms

homodimers in antiparallel orientation [56]. Soluble GP synthesis occurs from the

unedited GP mRNA that is thought to be to be secreted from the infected host cells

[57, 58]. Some studies report that soluble GP binds to neutrophils, thereby para-

lyzing the inflammatory defense machinery of the host [59]. The study by Wahl-

Jensen showed the particular importance of viral glycoprotein GP1,2 among the

four soluble glycoproteins. It needs to be present in its rigid form on the surface of

the virus, and then it acts as repetitive antigenic stimulus to the macrophages,

resulting in their activation (Fig. 1).

Virulent factors currently being considered as potential therapeutic targets

include VP35, VP24, and viral selenoproteins, in addition to the aforementioned

glycoproteins. VP40 is coded by the third gene of Ebola genome and is thought to

help and maintain the structural integrity of the virus. It is present beneath the viral
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envelope and is likely to also mediate the budding of the virus [60]. VP24 is

involved in the suppression of the immune system. Zhang et al. did an insight

study into the role of VP24 in suppression of the immune system [61] and inter-

feron-γ (IFN-γ) by trapping the karyopherin α-proteins (α1, α5, and α6) in the
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Fig. 1 (a) Microtubule-disrupting agent 1–5 and (b) determinants of Ebola virus pathogenicity

showing the roles of GP, NP, VP24, and VP35 in the pathogenesis of EBOV. Figure (b) is used

with permission from Wit et al. [49]
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cytoplasm of the host cell [59]. VP24 directly binds with STAT1 and thereby

interferes in the interferon pathway [61]. VP24 causes inhibition in the signal

mechanism responsible for both interferon-α and interferon-β (IFN-α/β). STAT-1
in the host cell plays a key role in the immune signaling and is most often referred to

as the common target for the viral machinery [62]. After viral infection, production

of IFN-α/β, IFN-γ, tumor necrosis factor α (TNF-α), interleukin-6, and interleukin-
10 causes phosphorylation of STAT-1 into P-STAT1. Later, complex formation

might occur between P-STAT1 and STAT2 or IRF-9, or P-STAT1 otherwise

homodimerizes. These STAT-1-containing complexes are then transported to the

nucleus of the host cell by karyopherin α-proteins. These complexes are thought to

be involved in the regulation of genes involved in immune response. Due to binding

of VP24 directly with STAT-1 and karyopherin-α, the process of immune response

is impaired [59]. VP24 also plays an important role in the correct assembly of

nucleocapsid. In the absence of VP24, there is a reduction in transcription and

translation of VP30 (Fig. 1) [63].

VP35 binds with double-stranded RNA, and it acts as antagonist to several

antiviral signaling pathways [64]. Studies conducted at the Basler laboratory

showed the importance of VP35 for interferon inhibition [65]. VP35 N-terminus

contains an oligomerization domain [66] which is critical for NP-binding, VP40-

binding [67] viral polymerase complex formation [68], RNAi silencing suppression

[69], and protein kinase (PKR) inhibition [70]. VP35 inhibits PKR by inhibiting the

phosphorylation of PKR (Fig. 1) [70].

The most fatal complication of Ebola infection is hemorrhagic diathesis. Com-

putational genomic analysis of the Ebola virus suggests that viral selenoproteins

might be responsible for the bleeding complications [71]. It has been well docu-

mented that selenium has an effect on the thromboxane and prostacyclin ratio and is

involved in enhancing glutathione peroxidase activity and prostacyclin release in

the endothelial cells [72]. An increase in synthesis has been noted in selenium

supplementation and its deficiency results in low glutathione peroxidase activity

[73]. Ramanathan’s computational genomic analysis of the Ebola virus showed the

presence of UGA-rich PPCRs and potential SECIS elements which might be

responsible for rapid depletion of selenium in the host by synthesis of

viral selenoproteins.

The mechanism involved in the aforementioned cellular entry has been termed a

macropinocytosis-like mechanism [74]. Saeed and coworkers showed that the

endocytosis of the virus is facilitated by actin polymerization. They also revealed

that the process of macropinocytosis requires the activity of p53-activated kinase

1. Based on these findings, it has been suggested that the macropinocytosis-like

pathway is the primary internalization mechanism for Ebola. The process of Ebola

virus transcription within the host cell is still unknown. However, the key roles of

VP30 and VP24 have been investigated in scientific studies. VP30 is thought to

determine the process of transcription and its preinitiation [75, 76], whereas VP24

is involved in the inhibition of transcription and the replication of the Ebola virus

genome [77].
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Ebola glycoprotein is thought to disrupt cell adhesion. Francica and coworkers

showed that the heavily glycosylated domain of the Ebola virus glycoproteins

forms a steric shield over proteins at the surface of the host cell. This blocks the

detection of the affected surface protein using antibody reagents. It also abrogates

cell adhesion and prevents interactions with CD8 T-cells. Another strategy for

avoiding CD8 T-cell-mediated killing of Ebola-infected host cells is thought to

be the ability of viral glycoprotein to mask MHC-1 [78]. VP40 matrix protein has

been documented as a viral protein responsible for budding newly assembled Ebola

virus virions [79]. VP40 matrix protein interacts with cellular factors Nedd4 and

Tsg101 to mediate the process of budding [80].

To summarize the total patho-mechanism involved in Ebola virus infection, it is

important to consider the following points:

1. GP-mediated receptor binding followed by macropinocytosis of the Ebola virion

into the endothelial cells.

2. Transport of the macropinosomes containing the Ebola virion into acidic com-

partments of the host cell where the fusion of the viral and cellular membranes

occurs [75].

3. In this process, the infected host cell detaches itself from the neighboring cells

and the basement membrane using the mechanism of GP-mediated steric occlu-

sion by viral glycoprotein [78].

4. The newly created particles in the form of detached cells destabilize the

vascular systems, resulting in the massive bleeding which is a typical symptom

of Ebola patients [81].

5. The immune system is not able to react because of suppression of interferon

production by VP35 action on interferon regulatory factor 3 [82].

6. Soluble GP limits the movement of white blood cells and plays an anti-

inflammatory role by protecting the endothelial cell barrier function [83].

7. Due to the release of proinflammatory cytokines from the destroyed vascular

endothelium, there is an activation of coagulation cascade leading to hypo-

volemic shock as a result from massive hemorrhage [84].

4 Clinical Presentation and Laboratory Diagnosis

Ebola virus disease (EVD) is the clinical syndrome caused by human infection with

the Ebola virus species. The recent adoption of this term, in preference to Ebola

hemorrhagic fever, recognizes that only a small proportion of patients experience

major bleeding early in the disease course and, predominantly, initial clinical

presentation results from substantial volume depletion caused by fever, profuse

vomiting, diarrhea, and poor oral intake. In fact, clinical presentation ranges from

asymptomatic to severe disease with ensuing shock, hemorrhagic symptoms, multi-

organ failure dysfunction, and potentially death. The findings of epidemiological

studies on the 2014–2016 West Africa Ebola outbreak corroborate the fact that
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hemorrhagic symptoms are late and common only in the most severely ill patients

[85–89].

The correct diagnosis and triage of EVD relies on epidemiological, clinical, and

laboratory components. Potential patients may present with an abrupt onset of

nonspecific flu-like symptoms such as fever, malaise, and headache followed by

gastrointestinal symptoms like nausea, vomiting, abdominal pain, and diarrhea [86–

91]. The incubation period ranges from 2 to 21 days; individuals are considered at

risk if they had direct contact with a person with possible EVD within the last

3 weeks, highlighting the importance of obtaining a detailed epidemiological and

travel history during clinical assessment [88, 92–94]. Frontline clinicians face a

great challenge when dealing with patients with febrile illness and clinical history

compatible with EVD, especially early in an EVD outbreak, when a large list of

differential diagnoses with similar presentation in sub-Saharan Africa, combined

with unawareness of the local introduction of Ebola virus in humans, usually leads

to missed or delayed identification of cases with continued person-to-person trans-

mission [92, 93].

Local health authorities and most international organizations providing care for

EVD patients in the 2014–2016 West Africa outbreak relied on case definitions

adapted to local context to guide the initial clinical approach, infection prevention

and control, and epidemiological efforts [92, 93]. Ebola virus disease has no

approved specific treatment, but prompt identification and diagnosis is crucial to

initiate resuscitative and supportive measures before the development of shock and

multi-organ failure and to institute infection prevention and control procedures

halting further transmission [95].

4.1 Clinical Presentation

Outbreaks of different species of Ebola virus may have distinct clinical courses and

overall prognoses [89]. For example, the case fatality rate for one Bundibugyo

Ebola strain outbreak was approximately 25%, whereas Zaire outbreaks may have

up to 90% mortality. The reason for such wide variation is not currently known, but

availability of resources, differences in case mix, and high viral loads may all play a

role separate to the differences in virus strains [85–88, 91]. Patients with confirmed

EVD in the 2014–2016 West Africa outbreak usually presented with abrupt and

unspecific signs and symptoms after 3–10 days (incubation period range 2–21 days)

of presumed exposure. The most common initial presentations included sudden-

onset fever and weakness/fatigue with a combination of the following: chills,

maculopapular rash, malaise, headaches, nausea, vomiting, watery diarrhea, and

loss of appetite. Other common complaints early in the disease course were

retrosternal pain, abdominal pain, hiccups, and sore throat. Poor documentation

and considerable variation in clinical presentation resulted in delayed characteri-

zation of a typical EVD case [85–87, 91]. Cases at the severe end of the clinical

spectrum presented with additional symptoms indicating impairment of immune,
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vascular, and coagulation systems. A typical pathway for the severe patients

resembled septic shock, with a continuum of dehydration and systemic inflam-

matory response leading to hypotension, shock, and multi-organ failure, often

progressing to death [95].

The erythematous maculopapular rash present in previous outbreaks was less

common in West Africa. Minor hemorrhagic manifestations such as petechiae,

ecchymoses, mucosal bleeding, pregnancy-related vaginal bleeding, and oozing

from vascular access and other venipuncture sites were described in 30–50% of

patients. Conversely, major bleeding was rare and usually happened late in the

course of the disease in severely ill patients, predicting death. Central nervous

system manifestations such as delirium or a meningoencephalitis-type syndrome

with decreased level of consciousness, nuchal rigidity, and seizures were frequently

found in EVD patients. However, shock and progression to multi-organ failure,

markers of severe clinical course, were the most likely causes of decreased level of

consciousness in the majority of this population [85–87, 91]. As expected in

critically ill patients, some developed complications secondary to the severity of

illness or following therapy (i.e., bacterial sepsis, renal failure, or respiratory failure

after fluid resuscitation). These patients required intensive life support measures

which were not available in Africa [96–98].

Lack of standardized registries, limited clinical documentation, and shortcom-

ings in the working practices of Ebola treatment centers hindered efforts to improve

the understanding of the early specific signs and symptoms associated with severe

disease. Non-survivors seemed to have early clinical deterioration invariably

progressing to shock and multi-organ failure, but it was difficult for healthcare

providers to predict this progress at the bedside early in the course of the disease

[85–87, 91, 95].

Retrospective studies on previous EVD outbreaks in sub-Saharan Africa have

tended to be focused on detailed clinical and epidemiological accounts of severe

and fatal cases admitted to healthcare facilities. A few cases of asymptomatic sero-

conversions and less severe clinical presentations have also been described,

suggesting that hospitals and Ebola treatment centers are likely to miss cases at

both ends of the severity spectrum [99].

Survivors usually start improving toward the end of the second week of illness

and experience a prolonged convalescence period with ongoing and new symptoms

and signs specific to the chronic phase of the disease [100–102].

4.2 Laboratory Findings

Laboratory investigations are necessary in EVD patients for four reasons: differ-

ential diagnosis from other infectious and noninfectious diseases, confirmation and

assessment of severity of EVD, documentation of cure or noninfectiousness of

convalescent patients, and assessment of severity or organ dysfunction (i.e.,

hematology, biochemistry, liver function). Any blood or other bodily fluid from
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these patients should be considered highly infectious. Proper risk assessment pro-

cedures and infection prevention and control measures must be in place prior to the

decision to attempt specimen collection so as to ensure staff safety during collection

and handling of the material. EVD confirmation usually requires shipment of the

specimen to highly specialized laboratories in reference centers. Detailed guide-

lines on EVD specimen collection, handling, and shipment are available from the

World Health Organization, US Centers for Disease Control and Prevention, and

Public Health England and should be followed according to standard operational

procedures for each organization or healthcare facility.

An efficient and effective approach to the vast list of differential diagnosis in

patients with a clinical presentation compatible with EVD depends on demographic

characteristics, specific signs and symptoms, residence location, local endemic dis-

ease profile, travel history, risk assessment of potential contacts, vaccination, and

comorbidities [93, 94]. In regions where malaria is endemic, frontline healthcare

providers should consider rapid diagnostic testing for malaria in the initial assess-

ment of all potential EVD patients that meet case definition criteria. Other differ-

ential diagnostic exams should be ordered on an individual basis (i.e., typhoid fever,

blood and other fluid cultures, Lassa fever, other viral hemorrhagic fevers, lepto-

spirosis, cholera, pregnancy, etc.) and tailored to the factors outlined above [93].

The vast majority of patients that presented with clinical features that met

case definition criteria, even during the 2014–2016 West Africa outbreak, did not

have EVD but rather a different diagnosis. This was particularly relevant after the

early phase of the outbreak, when surveillance efforts improved and the number of

patients on contact tracing efforts increased; also most healthcare facilities were

closed or working with reduced capacity during the outbreak, concentrating

acute care of all patients in Ebola treatment centers.

Patients that met case definition in the 2014–2016 West Africa outbreak usually

had their EVD diagnosis confirmed with a RT-PCR assay. This test detects specific

RNA sequences of the Ebola virus within 3 days of symptom initiation. However, in

some cases, the rise in blood viral load may take longer to be detectable by the

RT-PCR assays utilized in clinical practice. For this reason, it is not recommended

to test asymptomatic individuals or patients that do not meet case definition. A

negative RT-PCR within 3 days of symptom onset must be repeated in 24–48 h,

whereas a negative test after 3 days of symptoms rules out EVD. As an alternative,

testing for viral antigens by enzyme-linked immunosorbent assay (ELISA) was

widely available and performed in local and field laboratories during previous

outbreaks and, depending on the local expertise and availability, could be utilized

to confirm EVD. Other assays currently have limited clinical use [85, 86, 91]. The

correct clinical interpretation of blood test results may follow local guidelines and

require consultation with a specialist in infectious diseases or viral hemorrhagic

fevers [92–94]. High viral loads, and consequently low Ct values, may be asso-

ciated with the severity of clinical presentation, organ dysfunction, and

mortality [103].

14 A. Saxena and M. Ferri



Discharge criteria for confirmed EVD patients, with minor variations in each

facility, typically required a negative result on a repeat RT-PCR 72 h after symptom

resolution, i.e., gastrointestinal together with the ability to perform self-care or

availability of family support to assist in basic daily activities [89, 104]. The rapidly

growing caseload and unprecedented demand for hospital admissions in already

precarious healthcare systems led to calls for a discharge criteria that did not require

a repeat negative RT-PCR [105].

Assessment of organ or system dysfunction is the third reason to conduct labo-

ratory investigations in EVD patients. In West African Ebola treatment centers,

most blood tests were made in adjacent, deployable mobile laboratories operated by

international organizations [104]. The primary function of these mobile laboratories

was to perform real-time reverse transcriptase-polymerase chain reaction

(RT-PCR) testing specific to the Ebola virus; most of these laboratories did not

offer other simpler tests for clinical care (i.e., hematology, biochemistry). Lack of

availability of clinical tests in local and international laboratories and lack of

material and human resources hindered the delivery of supportive care, leading to

common abnormalities going unrecognized and untreated in Ebola treatment cen-

ters [95, 104].

Laboratory findings in EVD have great variation and overlap during disease

progression phases, making it difficult to establish when specific abnormalities

should be present. In the 2014–2016 West Africa outbreak, leukopenia, thrombo-

cytopenia, and abnormal transaminases were common in the first 48–72 h after

symptom onset. However, transaminase abnormalities and thrombocytopenia usu-

ally persisted after the initial period. Renal dysfunction and electrolyte abnormal-

ities (hypomagnesaemia, hypokalemia, and hyponatremia) developed as

gastrointestinal symptoms and volume depletion worsened [85–87, 91]. Electrolyte

abnormalities may be challenging to manage in clinical settings, in particular with

continuing gastrointestinal symptoms and a lack of laboratory resources [95,

106]. When renal failure ensued, hyperkalemia and severe metabolic acidemia

were of concern in patients treated in high resources settings. Later in the

disease course, coagulation tests are usually abnormal even in the absence of

clinical bleeding. Other laboratory findings included severe hypoalbuminemia,

elevated amylase, lactate, metabolic acidosis, and worsening of the other para-

meters described above [85–87, 91].

5 Clinical Management: Current and Future Approaches

5.1 Supportive Care

Current treatment available for EVD mainly includes supportive care including

fluid management, antipyretics, analgesics, antiemetics, and blood transfusion for

acute bleeding manifestations. A study of 27 patients (median age, 36 years, range
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25–75) treated in the United States and Europe showed that early presentation of

disease and receipt of supportive care, intravenous fluid resuscitation, careful fluid

management and electrolyte replacement to overcome metabolic abnormalities,

nutritional support, and critical care might help to reduce mortality in patients

with EVD [98].

5.2 Vaccines

The vaccines under development for Ebola can be classified into two main catego-

ries, namely, non-replicating and replicating vaccines. The non-replicating vaccine

category is subclassified into inactivated vaccines, subunit vaccines, and vector-

based vaccines. In the case of vector-based vaccines, the immunogen is expressed

from DNA or viral vectors, whereas in subunit vaccines, the immunogen is deliv-

ered in the form of viruslike particles or recombinantly expressed purified proteins.

5.2.1 Non-replicating Ebolavirus Vaccines

Inactivated Vaccines

This was the first attempt to develop a vaccine against Ebola. Formalin or heat-

inactivated virus preparations were used, but unfortunately no significant immuno-

genic response was observed in mice and nonhuman primates (NHP) [107–109].

Replicons

In the second major attempt to design a vaccine suitable for Ebola, Venezuelan

equine encephalitis virus was used to design the replicon for Ebola by replacing its

structural genes with Zaire Ebola virus glycoprotein. These replicons were highly
protective in mice after two vaccination doses but unfortunately failed to protect

nonhuman primates [108].

DNA Vaccines

A three-plasmid DNA vaccine, which encodes the envelope glycoproteins from the

Zaire and Sudan Ebola was evaluated in a randomized, placebo-controlled, double-

blinded, dose escalation study by Martin and coworkers. This study was conducted

as a phase I clinical trial in healthy adults between 18 and 44 years of age

[110, 111]. This vaccine is found to be well tolerated in the healthy individuals

and is immunogenic in humans. But the prime/boost dose was found to be
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ineffective at initiating immune response after 1 year. The possibility of combining

the vaccine with others to increase the efficacy needs further investigation.

Ebola rAd5 Replication Defective Vaccine

This vaccine is genetically engineered to express the genes for EBOV glycoprotein

Zaire type (GP Zaire) and glycoprotein Sudan type (SUDV GP). The phase I trials

showed that this vaccine provided 100% protection in Cynomolgus macaques, if
vaccination was done 28–35 days prior to challenge. Both potent humoral and cell-

mediated immune responses were observed [112]. In human trials, 31 healthy adults

received vaccine at 2 � 10(9) (n¼ 12) or 2 � 10 (10) (n¼ 11) viral particles as an

intramuscular injection or placebo (n¼ 8). Significant antibody titers were seen

after 48 weeks of vaccination [113]. The T-cell activation correlated with the dose

administered. Further investigations are ongoing to develop the vaccine for

commercial use.

Other Adenovirus Vector Vaccines

rAd5 vaccine is undergoing intensive development with the help of complex adeno-

virus technology to increase the genetic payload capacity of the vector. This new

strategy also involves blending the glycoprotein of Zaire ebolavirus (Ebola virus,

EBOV), Sudan ebolavirus (Sudan virus, SUDV), and Marburg virus (MARV). A

panfilovirus vaccine based on the complex adenovirus technology was found to

demonstrate 100% protection against two species of Ebola and three species of

Marburg virus in nonhuman primates [114]. Although the new adenovirus vector

vaccine seems to be promising, preexisting immunity to the Ad5 vector might be

problematic in its practical immunogenic utility.

Subunit Vaccines

Subunit vaccines are divided into classical subunit vaccines and viruslike particles.

Classical subunit vaccines use purified recombinantly expressed viral proteins.

Subunit vaccines have been much developed for cases of Ebola. An attempt was

made to use baculovirus-derived glycoprotein to produce immunity against Ebola

in guinea pigs. After three immunizations and subcutaneous application of the

vaccine into guinea pigs, 50% protection was achieved against Ebola [115].

Another attempt to develop a subunit vaccine included a vaccine in which the

ectodomain of Zaire ebolavirus glycoprotein was fused to a human Fc fragment in

order to achieve purification. This subunit vaccine showed 83% protection in

challenged mice after four vaccinations [116]. However, classical subunit vaccines

still need further development to be eligible candidates for use in nonhuman

primates.
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On the other hand, the complex viruslike particle-based vaccines appear to be

highly promising. Viruslike particles containing viral protein 40, glycoprotein, and

nucleoprotein showed protection against Ebola in rodents [117, 118]. Vaccination

efficacy appeared to be dose-dependent in the case of mice [119]. One of the main

problems in further development of viruslike particles for use in humans is the

difficulty in large-scale production of such particles, which requires sophisticated

manufacturing conditions.

Replication-Deficient Ebola Viruses

With the help of reverse genetic engineering, Ebola virus vaccines are under

development [120]. rEBOVΔVP30 is under development to provide protection in

humans. It has been shown to provide 100% protection in both mice and guinea pigs

against a challenge test after two vaccinations [121]. The rEBOVΔVP30 lacks viral
protein 30, which is required to produce infectious progeny. This limits the life span

of this virus to only one infectious cycle.

5.2.2 Replicating Ebola Viruses Vaccines

Recombinant Vesicular Stomatitis Virus (rVSV)

This is the first replicating Ebola virus vaccine which showed protection in

nonhuman primates [122]. There were no signs of disease seen after vaccination.

This vaccine was developed by replacing vesicular stomatitis virus glycoprotein

with Zaire ebolavirus glycoprotein, resulting in rVSV/ΔG/GP virus. This virus can

undergo replication, and hence a relatively small dose is required for successful

vaccination [123]. VSV did not show any disease signs in nonhuman primates

infected with simian-human immunodeficiency virus [124]. The rVSV vaccine

showed 100% protection after mucosal immunization through the oral or intranasal

route in nonhuman primates [125].

The recombinant VSV has also shown postexposure protection in 24 h post-

challenge experiments [126]. If the vaccine is provided within 30–60 min

postexposure, then the chances of survival lie between 50 and 83% in nonhuman

primates [127]. This makes it a promising candidate for laboratory postexposure

prevention. Clinical trials are underway to prove its efficacy and safety in humans.

The Guinea ring vaccination cluster-randomized trial (phase III study), conducted

between April 1, 2015, and July 20, 2015, to test the effectiveness of an rVSV-

vectored vaccine expressing Ebola surface proteins, showed that rVSV-ZEBOV

might be highly efficacious and safe in preventing EVD, if it is administered during

an Ebola virus disease outbreak via a ring vaccination strategy. As per definition,

ring vaccination means vaccination of individuals at high risk of infection [128].
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Recombinant Human Parainfluenza Virus Type 3

Human parainfluenza virus type 3 is a respiratory pathogen. It was chosen to

develop vaccines against Ebola which can be administered via the respiratory

route. To develop this vaccine, a transcription cassette encoding the glycoprotein

gene was inserted between the P and M genes of HPIV3. This resulted in the

formation of recombinant HPIV3 virus (rHPIV3/GP) which carried Zaire ebola-
virus glycoprotein on its surface [129]. This vaccine was found to provide 100%

protection in guinea pigs and in nonhuman primates without any signs of viremia

[130]. The only problem which exists in the use of the vaccine in humans is

preexisting immunity to adenovirus.

Rabies Virus

Rabies virus has been also explored to serve as vaccine platform against Ebola

viruses. Point mutation in rabies glycoprotein gene was done to reduce the neuro-

virulence, and Zaire ebolavirus glycoprotein was introduced as an additional

transcription unit between the N and P genes. The administration of this recombi-

nant vaccine did not produce disease symptoms in mice [130]. A single vaccination

showed 100% protection in the mice after single vaccination [131]. There is no

data available about the vaccine’s efficacy in nonhuman primates.

5.3 Novel Compounds and Drugs

To date, Ebola treatment is more or less confined to symptomatic treatment.

However, in theWest Africa outbreak, attempts were made to treat infected patients

with convalescent serum [18] or equine anti-Ebola immunoglobulin with interferon

[132]. Although the recipients of these interventions survived, the mechanism of

their action still remains unknown.

Since last year, there has been rapid development of antiviral compounds which

are undergoing tests in rodents and nonhuman primates.

5.3.1 Antiviral Compounds Undergoing Test in Rodents

FGI-103, FGI-104, and FGI-106

FGI-103 (6) [133] is a low-molecular-weight compound which was discovered

during an in vitro screening assay utilizing a variant of Zaire ebolavirus that

expresses green fluorescent protein. The study conducted by Warren’s research
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group showed that in vivo administration of FGI-103 as single intraperitoneal dose

of 10 mg/kg delivered within 24 h of infection could sufficiently protect mice in the

lethal challenge experiment with Zaire ebolavirus strain. FGI-103 was found to

reduce the burden of virus on kidney, liver, and spleen tissues. The chemical

compound FGI-103 is 2-(2-(5-(amino(imino)methyl)-1-benzofuran-2-yl)vinyl)-

1H-benzimidazole-5-carboximidamide. FGI-103 showed dose-dependent inhi-

bition of not only Zaire ebolavirus strain but also Sudan ebolavirus and Marburg
virus.
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FGI-104 (7) [134] demonstrates inhibition of multiple pathogens (hepatitis C,

hepatitis B, HIV) and biothreats (Ebola, cowpox). The chemical name of FGI-104 is

4-[(7-chloroquinolin-4-yl)amino]-2-(diethylaminomethyl)-6-[4-(hydroxymethyl)-

3-methoxyphenyl]phenol. FGI-104 showed a dose-dependent inhibition of Ebola

virus in the cell-based assays of Ebola hemorrhagic fever virus. FGI treatment in

Ebola-infected mice prevented the death of the infected animals.
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FGI-106 (8) is the last of the small molecule therapeutics undergoing testing in

rodents. Like FGI-103 and FGI-104, FGI-106 has shown inhibition activity not only

against Ebola but also against Rift Valley and dengue fever viruses in cell-based

assays. The study conducted by Aman and coworkers showed that a single treat-

ment, administered 1 day after infection, is sufficient to protect animals from a

lethal Ebola virus challenge. The rodent model experiment revealed that treatment

with 2 μM FGI-106 mediated a 4 log reduction in infectious viral titers relative to

matched controls, with an EC90 (effective concentration) for inhibition of
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viral killing of host cells estimated to be 0.6 μM [135]. The chemical compound

FGI-106 is quino[8,7-h]quinoline-1,7-diamine,N,N0-bis[3-(dimethylamino)propyl]-3,9-

dimethyl-tetrahydrochloride.
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FGI-106 (8)

NSC 62914

NSC 62914 (9) was identified during small molecule chemical screening for Ebola

virus inhibitors. Panchal and coworkers observed its anti-filovirus activity in cell-

based assays. It protected mice in vivo following challenge with Ebola or Marburg

virus [136]. In addition, the compound showed inhibition of Rift Valley fever virus,

Lassa virus, and Venezuelan equine encephalitis virus. The antiviral action is

based on the antioxidant properties of the compound.

HO

OHOH

NSC62914 (9)

The compound NSC 62914’s antioxidant property is due to the presence of the

three aryl-OH groups that function by scavenging reactive oxygen species before

they can interact with other molecules. This prevents cellular damage to in vivo

systems.

However, the compound NSC 62914 evaluation in the mouse model for Ebola

infection [137] showed that a treatment dose of 2 mg/kg injection provided protec-

tion in 50% of the mice, but treatment with a higher dose of 5 mg/kg injection did

not improve the protection due to the toxic side effects of the compound. This has

restricted its trials in nonhuman primate models. Nonetheless, the discovery of this

compound might help develop further antioxidant compounds against filoviruses.

Small Interfering RNAs (siRNAs)

siRNAs are also called short-interfering RNAs or silencing RNAs. They are a class

of double-stranded RNA molecule, 20–25 base pairs in length, with the potential to
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interfere in the transcription process. siRNAs are under development, and the

investigation phase for their therapeutic use is ongoing because disease is also an

outcome of multiple gene activity.

An important example in reference to Ebola is TKM-100802 lipid nanoparticle

siRNA, a product of Tekmira. siRNA specifically targets RNA polymerase I protein

in the Zaire ebolavirus. They work by inhibiting transcription by breaking down

mRNA [138]. A study conducted by Geisbert showed that nonhuman primates

survived Ebola challenge testing after administration of anti-ZEBOV siRNAs at

time intervals of 30 min, day 1, day 3, and day 5 [139]. Another study conducted by

Emily and coworkers showed that siRNAs adapted to target the Makona outbreak

strain of Ebola virus are able to protect 100% of rhesus monkeys against lethal

challenge if treatment is initiated within 3 days after exposure. siRNA administra-

tion in the postexposure phase also reduced the intensity of disease symptoms in the

infected animal [140]. A recent single-arm phase 2 trial showed that Tekmira’s

siRNA did not improve survival of adults with advanced Ebola virus disease when

compared to historic controls. Additional work is required to understand if the

results of this trial are generalizable to all Ebola virus disease subpopulations

(e.g., less severe cases) and treatment settings [103].

Phosphorodiamidate Morpholino Oligomers (PMOs)

Phosphorodiamidate morpholino oligomers (PMOs) are uncharged nucleic acid-

like molecules designed to inactivate the expression of specific genes via antisense-

based steric hindrance of mRNA translation. Swenson and coworkers showed that

PMO can be a valuable therapeutic agent in treating filovirus infections. They

showed that mice treated with a PMO sequence complementary to a region span-

ning the start codon of VP24 mRNA were protected against lethal Ebola virus

challenge [141]. Recent investigations have shown that VP24 is associated with the

ribonucleoprotein complex, inhibiting viral RNA replication and transcription [77].

PMOs specifically targeting VP24 and VP35 are also under investigation. Intra-

peritoneal administration of a VP24-specific PMO has shown to be protective in

mice following a lethal EBOV challenge [141].

Enterlein and coworkers showed that conjugation of a VP35-specific PMO with

an arginine-rich cell-penetrating peptide improved its efficacy in mice [142].

Another study conducted by Warfield and coworkers showed that PMOs also

protected 75% of rhesus macaques from lethal EBOV infection [143].

The in vivo evaluations of the PMOs have shown its effect as a prophylactic

treatment in mice, but its potential in a postexposure scenario needs to be studied.

Monoclonal Neutralizing Antibodies (NABs)

Antiviral antibodies play a critical role in protection against infection or disease.

The role of antibodies in treatment of lethal EBOV infection has been long under

22 A. Saxena and M. Ferri



investigation. It has included transferring serum or immune globulin from an

immune to a naive individual either before or immediately after exposure to the

lethal virus. Parren and coworkers investigated the pre- and postexposure prophy-

laxis of Ebola virus infection in an animal model by passive transfer of a neutral-

izing human antibody called KZ52 [144]. Administration of KZ52 before or up to

1 h after challenge resulted in dose-dependent protection by antibodies in guinea

pigs. The results revealed that KZ52 was more effective as pre-exposure prophy-

laxis but could be also considered as a postexposure prophylactic candidate, if

administered within 1 h of exposure to the virus. Monoclonal antibody KZ52

provided protection against Ebola virus by reducing plasma viremia. However,

further studies in nonhuman primate models are required to further develop KZ52

use in humans.

Triple Monoclonal Antibody Cocktail (ZMapp™)

Monoclonal antibody (mAb) cocktails have also been considered as potential candi-

dates for the postexposure treatment of Ebola. MB-003 and ZMAb have been

extensively evaluated for their efficacy in both in vitro and in vivo studies.

ZMapp™ is a combination of the two monoclonal antibodies. However, the

epitope information and mechanism of action are unknown for most of the mono-

clonal antibodies. Computational biological studies conducted by Murin and

coworkers showed that there are sites of vulnerability on the Ebola virus glyco-

protein which might be used as future target for the development of monoclonal

antibodies [145]. Another study in nonhuman primates conducted by Qiu and

coworkers showed that the ZMapp™ monoclonal antibodies could reverse the

elevated liver enzymes, mucosal hemorrhages, and generalized petechial caused

by Ebola virus in nonhuman primates [146]. ZMapp™ was given to seven patients

with EVD in 2014. Five of these patients survived, leading to the recognition of

ZMapp™ as a potential candidate to be developed at rapid pace against Ebola [147].

ZMapp™ composition consists of three monoclonal antibodies: c13C6, c2G4,

and c4G7 [146]. The three monoclonal antibodies bind to the mucin containing

Ebola glycoprotein. The epitope region GP1/GP2 is responsible for binding c2G4

and c4G7, whereas c13C6 binds to glycan Cap/sGP [145]. The binding sites on the

virus are considered to be the vulnerability regions on the surface of the virus.

Ongoing clinical trials will determine the potential side effects and contraindication

for the treatment. In the 2014–2016 West Africa outbreak, 25 patients received

ZMapp™, of which only 2 died. However, further trials are required since those

25 patients received intensive supportive care along with ZMapp™ [97].

S-Adenosyl-L-Homocysteine Hydrolase Inhibitors

S-adenosyl-L-homocysteine hydrolase is an enzyme of the activated methyl cycle,

required for the reversible hydration of S-adenosyl-L-homocysteine into adenosine
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and homocysteine. It is a ubiquitous enzyme which binds and requires NAD+ as a

cofactor. Blockage of this cellular enzyme can block replication of both RNA and

DNA viruses. A study conducted by Bray and coworkers showed that

3-deazaneplanocin A, an S-adenosyl-L-homocysteine hydrolase inhibitor,

prevented illness and death in mice infected with a mouse-adapted variant of

Zaire Ebola Zaire strain [148].

OHOH

HO N

N N

NH2

3- Deazaneplanocin A (10)

In the study, it was observed that 3-deazaneplanocin A (10) appears to reverse

interferon-α suppression induced by Ebola virus in host cells and restricts viral

dissemination. However, further development studies are still needed to identify

other adenosine analogues which can also produce similar effects in Ebola virus-

infected primates.

5.3.2 Antiviral Compounds Currently Tested in Nonhuman Primate

Models of Ebola Infection

Recombinant Human-Activated Protein C (rhAPC)

Later complications of Ebola virus infection involve hypotension, coagulation

disorders, and an impaired immune response that resembles sepsis. Hensley and

coworkers tested the effectiveness of rhAPC in 14 rhesus macaques challenged with

a uniformly lethal dose of Zaire Ebola virus (ZEBOV). 11 monkeys out of 14 were

treated by IV infusion with rhAPC within 30–60 min after challenge, and treatment

was continued for a period of 7 days. It was observed that 2 out of the 11 rhAPC-

treated monkeys survived [149].

The ZEBOV-infected monkeys that showed response to rhAPC infusion had low

viral loads, reduced activation of coagulation, and attenuation of the systemic

inflammatory response. However, the investigators could not identify the reason

that the remaining nine macaques showed no response to rhAPC. rhAPC is cur-

rently licensed for use in the treatment of sepsis. It has been shown to have

antithrombotic properties related to inactivation of factors Va and VIIa [150] and

inhibition of plasminogen activator inhibitor 1 [151]. The use of rhAPC in
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combination with other antiviral approaches might be helpful to improve survival

rates during an Ebola outbreak; however, further investigation is still required in

this field to obtain clear evidence.

Recombinant Nematode Anticoagulant Protein C2 (rNAPC2)

It is well known that individuals infected with the Ebola virus develop coagulation

abnormalities. The coagulation disorders have been observed in primates [152].

This activation of coagulation disorder was the reason for the administration of

rNAPC2, a potent inhibitor of tissue factor-initiated blood coagulation, to the

macaques either 10 min (n¼ 6) or 24 h (n¼ 3) after a high-dose lethal injection

of Ebola virus. In this experiment, it was observed that survival time was increased

by approximately 33% [153] in each treatment group. It was found that rNAPC2

attenuated the proinflammatory response in the host cell.

5.3.3 Other Drugs with Antiviral Activity Against Ebola

Favipiravir

Favipiravir (11), also known as pyrazinecarboxamide derivative T-705, was first

produced by Toyama Chemical (Japan) as a potent inhibitor of influenza virus

replication [154]. The drug is under the final phase of clinical development for the

treatment of flu [155]. It has been observed that favipiravir is converted by host

enzymes into T-705-ribofuranosyl-50-triphosphate and presumably acts as a nucle-

otide analogue that selectively inhibits the viral RNA-dependent RNA polymerase.

This prevents virus replication [156]. T-705 has not only shown antiviral activity

against influenza virus but also against other negative-strand RNA viruses such as

arenavirus and bunyavirus [157]. In light of these reports, Ostereich and coworkers

tested the compound’s antiviral activity against EBOV, a negative-strand RNA

virus. It was observed that T-705 suppressed the replication of Zaire EBOV in cell

culture by 4 log units and it has an IC90 (inhibitory concentration) of 110 μM. In the

mouse experiment, it was observed that if T-705 is administered at day 6

postinfection, then it induces rapid virus clearance and reduces the biochemical

parameters of the disease [158]. However, further studies in the nonhuman primate

model are required to assess the antiviral activity of favipiravir against Ebola.

A recent nonrandomized trial study of 126 patients, who were included between

December 17, 2014, and April 8, 2015, during 2014–2016 Ebola outbreak, showed

that favipiravir monotherapy requires further study in patients with medium to high

viremia. It was not found to be a promising candidate for treatment of very high

viremia. Out of the 111 patients who could be analyzed out of the 126, 60 patients

died and 51 patients survived [159].
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BCX4430

BCX4430 (12) is an adenosine analogue antiviral drug [160], developed specifi-

cally against hepatitis C by BioCryst Pharmaceuticals. BCX4430 inhibits viral

RNA polymerase activity indirectly through non-obligate RNA chain termination.

Apart from filovirus, BCX4430 has also shown antiviral properties against

Togaviridae, Bunyaviridae, Arenaviridae, Paramyxoviridae, Orthomyxoviridae,
Picornaviridae, and Flaviviridae [161].
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Selective Estrogen Modulator

In 2014, the US Food and Drug Administration (FDA) performed an in vitro screen

of US approved drugs which could show antiviral activity against Zaire ebolavirus
(EBOV-Z). The study, conducted by Johansen and coworkers, showed that clomi-

phene (13) and toremifene (14) can act as potent inhibitors of EBOV infection. It

was observed that clomiphene and toremifene inhibits EBOV infection in both

in vitro and in vivo models. The ELISAs showed that the compounds inhibited viral

infection of all Zaire ebolavirus, Sudan ebolavirus,Marburg virus, and Ravn virus.
The PCR confirmed this result for both the compounds. In murine EBOV infection

models, clomiphene and toremifene were administered for 6 consecutive days after

target virus exposure. The treatment of infected mice showed significant survival

benefits. Later, the mechanism underlying the antiviral property of selective estro-

gen modulators was investigated, and it was found that anti- EBOV activity

occurred even in the absence of detectable estrogen receptors. This suggests that

the response is an outcome of an off-target effect in which the compounds interfere

with a step late in viral entry and likely interfere with fusion of the virus [162].
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Currently, the selective estrogen modulators are being considered for use as med-

ical countermeasures alone or in combination with antiviral drugs against Ebola.

Cl
O

N
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Toremifene (14) 

Lamivudine

Lamivudine (15) is a well-known, antiretroviral drug approved for the treatment of

HIV and hepatitis B virus. Its mechanism of action includes inhibition of HIV

reverse transcription by DNA chain termination. Structurally it is a cytosine ana-

logue, and it also inhibits the RNA and DNA polymerase activity of reverse tran-

scriptase [163]. To date, there are no in vivo or in vitro studies evaluating

lamivudine antiviral activity against Ebola virus.
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Chloroquine

Chloroquine (16) is a well-known antimalarial drug. In the FDA screening program,

chloroquine was tested for its antiviral activity against Ebola virus. It was observed

that chloroquine possessed antiviral activity against Ebola in both in vitro and

in vivo studies. 90 mg/kg dose of chloroquine, if administered twice a day, resulted

in survival rates of 90 and 80% in mouse Ebola virus models [164]. However,

chloroquine has not shown survival benefits in human studies against dengue virus

and chikungunya virus infection [165]. This raises doubts on its effectiveness

against Ebola virus in humans.
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Ribavirin

Ribavirin (17) is a well-known broad-spectrum antiviral drug. It has shown both

prophylactic and therapeutic efficacy against arenavirus infection in guinea pigs

and monkeys. The compound reduced mortality in humans suffering from Lassa

fever. Unfortunately, it is not effective in animal models of filoviral and flaviviral

infection [166].
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Brincidofovir

Brincidofovir (18) is hexadecylpropyl ester of cidofovir, which can be administered

orally and has less nephrotoxicity than cidofovir. It is regarded as a prodrug form of

cidofovir. It has been developed by Chimerix, who have also conducted clinical trials

into its efficacy against viral diseases. It was initially developed against DNA virus

types, but it showed inhibition activity against Ebola virus in in vitro tests. However,

there was no evidence of efficacy in small animalmodels or nonhuman primates [167].
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6 Conclusion

There has been a substantial progress in the effort to control EVD. During the

course of the 2014–2016 outbreak, the research and development of both vaccines

and drugs against EVD have ignited opportunities that were not previously fore-

seen. In addition, it must not be forgotten that control and prevention should take a

holistic approach. Personal protective equipment and primary prevention measures

remain the first line of defense against the deadly virus. Supportive care should

continue to be encouraged. The considerable efforts of participating organizations

have enhanced knowledge and awareness about EVD worldwide. It remains hope-

ful that an effective vaccine or drug will be available for safe administration in

humans against the Ebola virus in the near future.
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Abstract Human immunodeficiency virus is responsible for acquired immunode-

ficiency syndrome (AIDS), an infectious disease that consists a serious concern

worldwide for more than three decades. By the end of 2013 UNAIDS estimated that

there were 35 million (range 33.2–37.2 million) adults and children living with

HIV/AIDS worldwide. Despite the introduction of highly active antiretroviral

therapy (HAART), the need for new anti-HIV agents is extremely high because

the existing medicines do not provide the complete curation and exhibit serious side

effects, and their application leads to the appearance of resistant strains. This

chapter explores the medicinal chemistry efforts that gave rise to currently launched

drugs as well as investigational anti-HIV agents. Currently used and studied

molecular targets of antiretrovirals and the main classes of HIV-1 inhibitors are

presented. Among the future prospects, we discuss the efforts directed to overcome

the latent HIV infection, utilization of natural products as potential anti-HIV agents,

recent trends on development of biologics as potential anti-HIV medicines, and

application of computer-aided methods in the discovery of new anti-HIV drugs.
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1 Introduction

Human immunodeficiency virus (HIV) is the cause of acquired immunodeficiency

syndrome (AIDS), an infectious disease that consists a serious concern worldwide

for more than three decades. Although the first recognized cases of AIDS were

referred in the USA in 1981, it is now believed that the first incident occurred much

earlier, in 1959 or even 1930, as it was proved by the detection of HIV virus in

blood and tissue samples of humans who had died in that period [1–3]. According to

the origin of most of these samples, the place of first known infections is Central or

West Africa. So, although AIDS now concerns all countries of the world, it

originally occurred in tropical areas.

HIV is a lentivirus of the larger group of retroviruses and has significant simi-

larity with the simian immunodeficiency virus (SIV) that affects monkeys

[4]. Because of the great resemblance between certain strains of SIV virus and the

HIV-1 or HIV-2 types, it is now considered that HIV is a descendant of SIV [4–7].

Precaution measures reduced the number of new infections referred each year,

worldwide, from about 3.4 million in 2001 to about 2.4 million in 2012 [8]. By the

end of 2013 UNAIDS estimated that there were 35 million (range 33.2–37.2
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million) adults and children living with HIV/AIDS worldwide. Despite the intro-

duction of highly active antiretroviral therapy (HAART), the number of people

living with AIDS remains high, with a slight, constant increase leading to about

32 million patients in 2012 from about 29 million patients in 2001 [8]. This increase

may reflect the higher survival of infected people as more potent therapeutic

approaches are developed. Unfortunately, existing therapeutic agents can only

diminish the viral load but fail to eliminate the virus completely. The need for

long-time treatment of infected patients facilitates the development of resistant

strains of the virus while also underlines the requirement of low side effect

therapies. Consequently, although many anti-HIV drugs are already in the market

[9–12], research for the development of novel effective drugs with better efficacy,

less side effects, and effective against the resistant strains continues [13–23].

2 The Biology of HIV

2.1 Structure and Organization

HIV belongs to the family of Retroviridae, subfamily of Lentivirinae [24–26]. It is a

virus with a long incubation period, capable of infecting nondividing cells.

Following the typical pattern of retroviruses, the HIV genome consists of two

copies of a single-stranded, positive-sense ribonucleic acid (RNA) of about 9.7

kilobases (Fig. 1). Each RNA molecule contains nine genes that code for the

fourteen proteins of the virus (Fig. 2). The RNA is protected in a bullet-shaped

capsid formed by about 2,000 molecules of the viral protein p24. The viral capsid is

RNA

RNA

RNA

RNA

RNA

RNA

RNA

RNA

Proteins of the  host cell
(MHC antigen, actin)

Env
Surface glycoprotein 
SU gp120

Env
transmembrane
glycoprotein TM gp41

gag 
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Matrix protein (MP)
p17

gag
Capsid CA
(core Shell) p24

RNA molecules
Pol
Protease (PR), p9
RNA-dependent RNA polyperase

(RT), (p51, p66)
RNase H (RNH), p66 
Integrase (IN), p32

Fig. 1 The structure of HIV virus

Anti-HIV Agents: Current Status and Recent Trends 39



surrounded by molecules of the matrix protein p17, also known as membrane-

associated (MA) viral protein. The outer layer of the virus consists of a lipid bilayer,

which has been extracted by the host cell during budding of the newly formed

virus. This membrane constitutes the viral envelope. The viral envelope carries a

number of proteins with both virus and host-cell origin. The host-cell major

histocompatibility complex (MHC) proteins and actin remain embedded within the

viral envelope. The envelope consists of the viral transmembrane protein gp41 which

forms non-covalent complex with the viral outer membrane glycoprotein gp120.

Protein gp120 may separate from the envelope and can be detected in the serum or

within the lymphatic tissue of HIV-infected patients. The envelope protein is the most

variable component of HIV. It is structurally divided into highly variable (V) and

more constant (C) regions. The variability of V regions seems to be related with

envelope functionality and may affect co-receptor use. Three reading frames coexist,

permitting existence and expression of overlapping gene-coding regions (Fig. 2).

2.2 HIV Life Cycle

HIV cannot replicate outside human cells. The HIV replication cycle can be

summarized in six steps: (1) binding and entry, (2) uncoating, (3) synthesis of

viral DNA, (4) integration of viral DNA in host DNA, (5) virus protein synthesis

and assembly, and (6) budding (Fig. 3).

The proteins essential for virus recognition and entry into target cells are the

heterodimer proteins gp120 and gp41, present on the viral envelope. The gp41

subunit contains a hydrophobic moiety at its amino terminus, which has an impor-

tant role in fusion of the viral and cellular membranes [27]. HIV gp120 binds to
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pol

env

p53 p160 gp160

gag precursor pol precursor env precursor

MA
p17

CA
p24
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Fig. 2 Structure of HIV genome, transcription, translation and proteolysis products
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CD4a, a glycoprotein present on the cell surface of about 60 % of the circulating T

lymphocytes, on the T-cell precursors within the bone marrow and thymus and on

monocytes/macrophages, eosinophils, dendritic cells, and microglial cells of the

central nervous system. During T-cell recognition of a foreign antigen, the CD4

molecule functions as a co-receptor of the major histocompatibility complex class

II [28]. A second co-receptor is also required for viral entry. Such co-receptors may

be the CC chemokine receptor 5 (CCR5), the CXC chemokine receptor 4 (CXCR4),

and other proteins of the class of seven-transmembrane region receptors [29–

34]. After binding of the viral gp120 protein to the CD4 receptor and to the

co-receptor, a conformational change in the gp41 protein leads to the insertion of

the N-terminal hydrophobic part of the protein into the host-cell membrane

[35]. This insertion results in the fusion of the viral and host-cell membranes and

to the subsequent entry of the viral contents into the host-cell cytoplasm.

Following membrane fusion, the virus loses the capsid, liberating the viral RNA

(uncoating). At the next stage, the viral RNA is used as a template for the synthesis

of the proviral DNA by the action of reverse transcriptase (RT) which contains

three active sites: a reverse transcriptase, an RNase H, and a DNA polymerase

active site. As a first step, RT begins the reverse transcription of viral RNA, through

its RNA-dependent DNA polymerase (reverse transcriptase) activity. This leads to

the production of a RNA/DNA hybrid double helix. At a second step, RT hydro-

lyzes the RNA strand of the hybrid, via the RNase activity of the enzyme. At a third

step, the DNA-dependent DNA polymerase active site of the enzyme synthesizes

the complementary DNA strand to form a double helix DNAmolecule. The dsDNA

molecule is then integrated within the genome of the host cell by the integrase. This

enzyme cleaves nucleotides of each 30 ends of each strand of the double helix DNA

RNA
DNA

Tat, Rev

viral polyprotein

viral proteins

RNA

CXCR4
CCR5

CD4

Reverse     transcriptase

integrase

HIV protease

Reverse     
transcriptase

gp41/gp120

Integrase

Fig. 3 HIV life cycle. The main drug targets are indicated in yellow
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producing two sticky ends and catalyzes its integration into the host genome. Since

the expression of viral proteins require the activation of target cells, monocytes/

macrophages, microglial cells, and infected quiescent CD4+ T cells contain inte-

grated provirus genome and represent long-living cellular reservoirs of HIV [36].

Upon cell activation, transcription of the integrated proviral DNA occurs. The

three reading frames enable the expression of the 14 viral proteins, although the

genetic information for their synthesis is overlapping each other. The first proteins

synthesized are the regulatory HIV-1 proteins Tat and Rev. Tat binds to the

transactivation response (TAR site) element at the beginning of the HIV-1 RNA

and stimulates the transcription and the formation of longer RNA transcripts. On the

other hand, Rev induces the transcription of longer RNA transcripts and the expres-

sion of structural and enzyme genes and inhibits the production of regulatory proteins.

The viral mRNAmigrates into the cytoplasm where proteins are synthesized. During

the translation process, large precursor protein molecules are produced which are then

cleaved by the HIV-1 protease to produce the functional viral proteins. So, the

precursor gp160 protein, derived from the env gene, is hydrolyzed into the gp120

and gp41 envelope proteins. The Gag and Pol proteins are also derived from large

precursor molecules, from which the HIV protease cleaves the p24, p17, p9, and p7

gag final products and the viral protease, reverse transcriptase, and integrase, which

are the Pol final products, respectively.

The formation of the new viral particles is a stepwise process: two viral RNA

strands associate together with viral enzymes, and core proteins assemble over them

forming the virus capsid. The capsid then migrates toward the cell surface. During

the budding process, the viral envelope lipid membrane is formed by extracting

phospholipids and cholesterol from the host cell.

2.3 HIV Types

Based on genome sequence, two types of HIV virus are distinguished: HIV-1 and

HIV-2. Both types can cause AIDS, although they have differences in pathogenesis.

HIV-2 is less virulent than HIV-1, and HIV infection takes longer to progress to

AIDS. However, HIV-2 more frequently attacks the central nervous system [37].

3 The Main Classes of Anti-HIV Drugs

The efforts for the development of effective anti-HIV drugs have been focused on

several target molecules of viral or host-cell origin. The launched anti-HIV agents

belong to two main categories: viral enzyme inhibitors and fusion/entry inhibitors.
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3.1 Viral Enzyme Inhibitors

The HIV enzymes were among the first drug targets. The first drug belonged to the

family of nucleoside analogs of reverse transcriptase (RT) inhibitors (NRTIs).

Zidovudine (Retrovir) was approved in 1987. Drugs of this class are mimicking

the dNTPs, the natural substrates of the enzyme, thus inhibiting reverse transcrip-

tion or viral RNA to DNA. The first molecule of a second family of RT inhibitors is

the non-nucleoside reverse transcriptase inhibitors (NNRTIs). The first drug of this

class nevirapine (Viramune) was approved in 1996. This kind of inhibitors acts by

binding to allosteric site of the enzyme. The first HIV-1 protease-inhibitor saquin-

avir mesylate (Invirase) was approved in 1995, while the first inhibitor of HIV-1

integrase raltegravir was approved only in 2007 (Table 1).

3.2 Fusion or Entry Inhibitors

Drugs that prevent entering of the virus to the host cells are known as fusion or entry

inhibitors. This kind of inhibitors may interact either with the viral transmembrane

envelope protein gp120 or gp41, which has an essential role in viral entrance into

the host cell, or bind to certain molecules of the host-cell surface that act as

co-receptors (Fig. 4, Table 1).

4 Current State of Anti-HIV Therapy and Recent Studies

4.1 HIV-1 Reverse Transcriptase (RT) Inhibitors

HIV-1 reverse transcriptase inhibitors inhibit the viral enzyme, which catalyze the

reverse transcription of viral RNA to DNA.

The active form of the enzyme is a heterodimer composed of two subunits, p66

and p51. The p51 subunit has identical sequence with part of the p66 subunit but a

different 3D structure. So, while p51 has a structural function, the p66 subunit

contains the catalytic sites of the enzyme, a polymerase active site, and an RNase H

active site [38]. Three distinct enzymatic activities were found in RT: (a) an

RNA-dependent DNA polymerase activity where the synthesis of the negative

strand of the proviral DNA takes place, (b) an RNase H activity which is respon-

sible for the degradation of the RNA portion of the RNA/DNA hybrid, and (c) a

DNA-dependent DNA polymerase activity that catalyzes the synthesis of the

positive DNA strand. The RNase H activity is also involved in the removal of the

tRNA primer that is used to initiate synthesis of the first strand [39, 40]. After

synthesis of the first DNA strand, the genomic retroviral RNA template is cleaved

into multiple fragments, one of which, a 19-base RNA primer with a purine-rich

sequence, is used by the reverse transcriptase as a primer [41].
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Fig. 5 HIV-1 reverse transcriptase structure from (PDB ID: 3KLF) [44, 45]
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Fig. 4 HIV virus binding to the host cell
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The structure of HIV-1 RT is shown in Fig. 5 [42, 43]. The N-terminal portion of

the p66 subunit attains a structure that resembles an open right hand containing

three domains, known as: fingers, palm, and thumb [44, 45]. Polymerase active site

is placed in this domain, while RNase H active site is located in the C-terminal part

of RT.

The approved RT inhibitors belong to two families: the nucleoside/nucleotide

RT inhibitors (NRTIs) and the non-nucleoside RT inhibitors (NNRTIs). A novel

group of inhibitors characterized as nucleotide-competitive RT inhibitors (NcRTIs)

also exist.

4.1.1 Nucleoside/Nucleotide Reverse Transcriptase Inhibitors (NRTIs)

The nucleoside reverse transcriptase inhibitors (NRTIs) were among the first

medicines approved for anti-HIV treatment. Abacavir (Ziagen), emtricitabine

(Emtriva), tenofovir (Viread), zidovudine (Retrovir), lamivudine (Epivir), and

stavudine (Zerit) belong in this category.

The NRTIs are prodrugs that are structurally similar to the endogenous

deoxynucleosides, with structural substitutions of the 30 OH group of deoxyribose.

After insertion into host target cells, NRTIs are phosphorylated by kinases of the

host cell to form their active triphosphate derivatives (ddNTPs). Since NRTIs lack a

30 hydroxyl group on their ribose or ribose mimic moiety, the synthesis of the DNA

strand is terminated after incorporation of nucleotide mimic-drug derivative in the

newly synthesized DNA strand. In practice, the drugs’ triphosphates inhibit HIV
RNA reverse transcription through two mechanisms [46–49]. Firstly, their phos-

phorylated and non-phosphorylated forms act as competitive inhibitors of the

enzyme against dNTPs, while at a second phase they stop DNA elongation after

incorporation.

Representative structures of NRTIs are shown in Fig. 6.

AZT ddI ddC D4T

3TC FTC ABC PMPA

Fig. 6 FDA-approved NRTIs. AZT zidovudine, ddI didanosine, ddC zalcitabine, D4T stavudine,

3TC lamivudine, FTC emtricitabine, ABC abacavir sulfate, PMPA tenofovir disoproxil fumarate
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This kind of medicines is not associated with the high rate of resistance devel-

opment. However, a few strains resistant to NRTIs have been developed. The active

site of reverse transcriptase is shown in Fig. 7a. The amino acid residues surround-

ing the active center, which are mutated in resistant strains, are presented in the

picture. Amino acid residues located in the same position of resistant strains are

shown in brackets.

M41(L)

K65(R)

D67(N)T69
K70(E)

K74(V/I)

Q151(M)

Y115(F)

T215(Y/F)

L210(W)

K219(Q/E)

M184(V/I)

a

active site

L100(I)
K101(P/E/H)

K103(N/S)V179(D/E/F)

Y188(LCH)
Y181(CIV)

M230(L)

F227(LC)

V106A/M)
G190(ASEQ)

b
allosteric site

Fig. 7 (a) Active and (b) allosteric site of HIV-1 RT. Amino acid residues involved in interaction

with the inhibitors and subject to mutations are indicated with yellow color on HIV-1 reverse

transcriptase complex with the NNRTI, nevirapine (PDB ID: 3V81). Amino acid residues present

at the same position in resistant strains are shown in brackets [44, 45]
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Undesired Side Effects of NRTIs

NRTIs are often related with undesired side effects, mainly derived from the NRTI-

induced inhibition of the mitochondrial DNA polymerase gamma [50]. Among the

disorders associated with long-term use of NRTIs are hematologic disorders,

peripheral neuropathies, myopathy, and cardiotoxic and hepatotoxic effects

[51]. Increased levels of lactate in blood and lactic acidosis are observed because

of the toxic effect [52, 53]. NRTIs have also been associated with peripheral

lipodystrophy [54–56].

4.1.2 Non-nucleoside RT Inhibitors (NNRTIs)

As crystallographic studies have revealed, NNRTIs bind to an allosteric center that

is located near the RNA-dependent polymerase active site of the enzyme on subunit

p66 (Fig. 7b) [57–61]. The allosteric center of the enzyme is formed by a hydro-

phobic cleft surrounded by the aromatic amino acid residues Tyr181, Tyr188,

Phe227, Trp229, and Tyr318 and the hydrophobic amino acid residues Pro95,

Leu100, Val106, Val108, Val179, Leu234, and Pro236 [62]. Apart from hydropho-

bic and aromatic π–π interactions, which are essential for RT-inhibitor complex

stabilization, hydrogen bonds with Lys101 or Lys103 are formed in many cases.

This may be the reason for the >50 % of mutations of Lys103 in resistant strains.

Crystallographic studies of the first-generation NNRTIs indicated that a butterfly

conformation (Fig. 8) of the molecules favored binding. The ability to adapt this

conformation was considered as mandatory for effective compounds [62, 65]. How-

ever, inhibitors with different conformations, such as the 4-dihydroquinoxalin-2

(1H )-thione derivative, HBY097, were also found to interact with the active site

[66]. Moreover, flexible molecules, capable of acquiring multiple conformations,

like etravirine, were found to present inhibition activity against more mutated

strains [67]. The allosteric center is practically absent in RT enzyme and is created

after interaction with the inhibitor [68].

Phe227
Tyr188

Phe227
Tyr188

a b

Fig. 8 3D structure of (a) nevirapine (PDB ID: 1S1X) and (b) efavirenz (PDB ID: 1FK9) in

complex with RT [45, 63, 64]
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All approved and most of the investigated NNRTIs exhibit a noncompetitive

mode of action. However, for a few NNRTIs different modes of actions have been

described. The bis(heteroaryl)piperazine inhibitor (BHAP), U-90152E, acts as a

mixed inhibitor with respect to the template: primer and dNTP and for both the

RNA- and DNA-directed DNA polymerase activities of the enzyme [69] while

chloroxoquinolinic ribonucleoside, 6-chloro-1,4-dihydro-4-oxo-1-(beta-D-

ribofuranosyl) quinoline-3-carboxylic acid, was found to inhibit RT with an uncom-

petitive mode of action with respect to dTTP and a noncompetitive mode of action

with respect to RNA: primer template [70]. (4/6-Halogen/MeO/EtO-substituted

benzo[d]thiazol-2-yl) thiazolidin-4-one derivatives were found to act as uncompet-

itive inhibitors or competitive inhibitors against dNTPs depending on the

substitution [71].

Commercially available NNRTIs are compounds bearing a variety of heterocy-

clic rings such as benzoxazin-2-one (efavirenz), dipyrido[1,4]diazepine-6-one

(nevirapine), pyrimidine (etravirine) [72], piperazine, and indolyl (delavirdine)

moieties [73, 74]. Reverse transcriptase inhibition potency differs among the

inhibitors. Apart from molecules having received FDA acceptance (Fig. 9), many

compounds have been found to exhibit RT inhibitory action [66, 68, 75–79] such as

benzothiazine dioxides [80], N1,N3-disubstituted uracils [81], 6-arylmethyl-

substituted S-DABOs [82], indolyl aryl sulfones [83], 2-adamantyl-substituted
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Fig. 9 FDA-approved NNRTIs
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thiazolidin-4-ones [84], lectins [85], and many others [10, 86–93]. Representative

structures of these inhibitors are shown in Fig. 10.

Though all approved NNRTI have different chemical structures, all of them

contact the same site in the RT structure. Therefore, a mutation providing resistance

to one NNRTI also provides resistance to all other NNRTIs (“cross resistance”)

[94–96]. Amino acid residues of the allosteric site, which are subject to mutations,

are indicated in Fig. 7b. Amino acid residues located in the same position of

resistant strains are shown in brackets.

Undesired Side Effects of NNRTIs

Non-nucleoside RT inhibitors do not present the same side effects as NRTIs but are

related with high frequencies of resistance development. Undesired side effects are

also associated with the use of NNRTIs, adding the goal of finding lower toxicity

agents among the research targets [97, 98]. NNRTIs may also cause rash, Stevens–

Johnson syndrome and toxic epidermal necrolysis. More specifically, efavirenz is

associated with symptoms of the central nervous system disorders and fatigue and

may also affect liver function and induce hyperlipidemia. Etravirine and nevirapine

have been also related to liver disorders.

4.1.3 Nucleotide-Competing RT Inhibitors (NcRTIs)

Νon-nucleotide/non-nucleoside RT inhibitors (NNRTIs) which do not incorporate

into the newly synthesized DNA strand but exhibit competitive mode of inhibitory

action against dNTPs belong to a different category and have been proposed to be
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Fig. 10 Structure of compounds with the RT inhibitory activity
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called as nucleotide-competing RT inhibitors (NcRTIs) [99]. Among these inhib-

itors, 5-methyl-1-(4-nitrophenyl)-2-oxo-2,5-dihydro-1H pyrido[3,2-b]indole-3-

carbonitrile (INDOPY-1) (Fig. 11) inhibits RT with a competitive [100] or

mixed-type [101] mode with respect to dNTPs and seems to interact with the

amino acid residues involved in dNTPs associations such as Met184 and Tyr115.

4-Dimethylamino-6-vinylpyrimidines (DAVPs) also compete with the incoming

dNTP [102, 103]. They bind to an RT site distinct from the NNRTI-binding pocket

and close to the RT polymerase catalytic site [104]. This site comprises from the

amino acid residues Met230, Gly231, Gly262, Lys263, Trp266, Met184, and

Asp186 (Fig. 12).

4.2 HIV-1 Integrase Inhibitors

HIV integrase is a promising drug target for HIV treatment because of its central

role in the HIV life cycle and the absence of analog enzymes in human organism.

Integrase is a 32 kDa protein that acts as a tetramer (Fig. 13) [105].
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Fig. 11 Representative

structures of NcRTIs:

5-methyl-1-(4-nitrophenyl)-

2-oxo-2,5-dihydro-1H-
pyrido[3,2-b]indole-3-

carbonitrile (INDOPY-1

left) and 6-ethenyl-N,N-
dimethyl-N,N-dimethyl-2-

(methylsulfonyl)-4-

pyrimidamine (DAVP

right)

Fig. 12 HIV-1 reverse

transcriptase complex with

the NcRTI,

4-dimethylamino-6-

vinylpyrimidine (PDB ID:

3ISN) [104]
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Like all retroviral integrases, the HIV integrase contains three domains: an

N-terminal – Zinc-binding domain, consisted by three helices – a catalytic domain,

and a C-terminal DNA-binding domain surrounded by the amino acid residues

Thr66 and Glu92 [106]. Retroviral IN catalyzes: (a) a process called 30-end
processing, in which two or three nucleotides are removed from one or both 30

ends of the viral DNA to expose the invariant CA dinucleotides at both 30-ends of
the viral DNA, and (b) the strand-transfer reaction, in which the 30 ends of the viral
DNA are covalently ligated to the host chromosomal DNA. Both reactions are

catalyzed by the same active site. Several host-cell proteins bind to HIV integrase,

facilitating its action. Human chromatin-associated protein LEDGE is one of them.

LEDGE interacts with HIV integrase at the area of amino acid residues Thr124 and

Glu170 (Fig. 14) [107].

Investigation for the finding of integrase inhibitors led to the development of

inhibitors [108–130] that bind to either the catalytic site [109] or an allosteric site

(Fig. 15) [110]. Allosteric inhibitors, such as the (2S)-2-tert-butoxy-2-
[4-(4-chlorophenyl)-6-(3,4-dimethylphenyl)-2,5-dimethyl-3-pyridyl]acetic acid,

LF8, are found to occupy the LEDGE interaction site (Fig. 15b). However, most

of the inhibitors found and the FDA-approved integrase inhibitors are molecules

that bind to the active site of the enzyme.

The first integrase inhibitor received FDA approval in October 2007 for the

treatment of HIV-1 as part of combination antiretroviral therapy. This first

approved drug of this category was raltegravir (RAL) (Fig. 16). Two other integrase

inhibitors have been approved for the treatment of HIV till now: elvitegravir (ELV)

and dolutegravir (DTG).

Raltegravir is a 1-N-alkyl-5-hydroxypyrimidinone [127]. It is a structural ana-

logue of the diketo acid class of inhibitors [114, 127]. It possesses metal-chelating

functions and can interact with the divalent metals Mg2+ or Mn2+ within the active

site of HIV-1 integrase (Fig. 17) [128].
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Fig. 13 3D structure model of HIV-1 integrase (PDB ID: 1K6Y) [105]
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Raltegravir has an IC50 value of approximately 10 nM and is active on many

different HIV-1 and HIV-2 virus strains.

Elvitegravir is a dihydroquinoline carboxylic acid compound that also posses the

β-hydroxyketone structural motif [129]. This drug is active against HIV-1 and

HIV-2, with an IC90 of 1.2 nM in peripheral blood mononuclear cells (PBMCs),

and an IC50 of 0.2 nM. Elvitegravir was licensed by Tokyo Tobacco in 2008 and

was approved by FDA in the USA in 2012.
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N155(H)
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Fig. 15 (a) HIV-1 integrase catalytic core complex with 2-amino-6-fluorobenzothiazole (PDB

ID: 3VQ9). Amino acid residues at the same position of the resistant strains are shown in brackets
[82]. (b) HIV-1 complex with the allosteric inhibitor (2S)-2-tert-butoxy-2-[4-(4-chlorophenyl)-6-
(3,4-dimethylphenyl)-2,5-dimethyl-3-pyridyl]acetic acid (PDB ID: 4O0J) [110]
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Fig. 14 HIV-1 integrase complex with the peptide LEDGE (brown and green chains). PDB ID:

3AVA [107]
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Dolutegravir [130] was approved for the treatment of HIV in 2013 in the USA

and Canada and in 2014 in Europe.

MK-2048 [126] belongs to the second generation of integrase inhibitors that are

currently under development. MK-2048 is more potent than raltegravir, and it is

being investigated for use as part of preexposure prophylaxis (PrEP).

Despite the achievements in the design of effective integrase inhibitors, the

development of resistant strains is still an essential limitation to use these drugs

for antiretroviral therapy. Resistance to both raltegravir and elvitegravir as well as

to dolutegravir has been observed [112, 121, 126–128]. Since all approved INIs

practically have the same mode of action, through binding at the catalytic site of the

enzyme of INSTIs, a number of virus strains appeared with mutations that enable

resistance to two or three approved integrase inhibitors. Therefore, the design and

discovery of other classes of integrase inhibitors with a mechanism of action

distinct from that of INSTIs still represents a highly attractive antiretroviral

strategy.

There are many reports in the literature regarding HIV-1 IN inhibitors tested

in vitro [129–131], but most of them did not exhibit antiviral activity in cell culture

or have not appropriate selectivity indices. Furthermore, even if most of them show

antiviral effect, it is not clear if the integration step is really targeted.

Pannecouque et al. [132] studied 5-(4-substituted-phenyl)-5-H-pyrano[2,3-d:-
6,5-d]dipyrimidines (PDPs) as inhibitors of viral integration in cell culture. They

found that compound V-165 or 5-(4-nitrophenyl)-2,8-dithiol-4,6-dihydroxy-5H-
pyrano[2, 3-d:-6,5-d0]dipyrimidine was not only exhibiting an EC50 of 8.9 μM
but was also active against HIV-1 (NL4.3 and L1), HIV-1 (NDK, NL4.3, and L1)

strains, HIV-2 (ROD and EHO), and SIV (MAC251), at EC50 values in range

3.7–30 μM. Based on the obtained results, the authors concluded that V-165
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could be a lead compound for further synthesis and development of novel HIV

drugs for combination therapy.

N

N O N

N

HS

OH OH

SH

NO2

V-165

The search for new integrase inhibitors is continued. In 2009 Brzozowski

et al. [133] reported the synthesis and biological evaluation of a series of novel

3-aroyl-2,3-dihydro-1,1-dioxo-1,4,2-benzodithiazines (Fig. 18). All the compounds

1–3 inhibited IN-mediated strand-transfer reaction with IC50 values ranging from

3 to 30 μM. The studies on mutants revealed that the Y99S mutant in general was

about fivefold more resistant than the H114A. This implies that the tested com-

pounds most likely bind to these novel sites.

Johnson et al. [134] reported the synthesis of novel tricyclic N-hydroxy-
dihydronaphthyridinones (2) as potent, orally bioavailable HIV-1 integrase inhib-

itors. The evaluation of integrase inhibitory activity showed that IC50 of N-
hydroxy-dihydronaphthyridinones is in range between 2.9 and 250 nM. It was

found that antiviral activity in cell assays is comparable to the currently marketed

HIV-1 integrase inhibitor raltegravir (EC50 10 nM).

Kawasuji et al. [135] reported their studies on new carbamoyl pyridines (3) for

their chelating properties in order to design new compounds with improved phar-

macokinetic (PK) and resistance profile. Thus, the designed compounds with

carbamoyl pyridone nucleus appeared to be good inhibitors in enzymatic as well

as in antiviral assays with IC50 values in nanomolar range. Furthermore, these

compounds being administered to rats, dogs, and monkeys exhibited good PK

profile.

Tsiang et al. [136] aimed to test tert-butoxy-(4-phenyl-quinolin-3-yl)-acetic
acids (Fig. 19), which were shown to be analogues to LEDGINs in order to

Cl

R1

R2

S
N

S

O

Ar

O O
N

N
OR

O

Ar

R1

F

N

O

NH

O

OH O

OMe
H

1 2 3

Fig. 18 Structures of 3-aroyl-2,3-dihydro-1,1-dioxo-1,4,2-benzodithiazines (1), tricyclic N-
hydroxy-dihydronaphthyridinones (2), and carbamoyl pyridines (3)
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explicate their mechanism of action. This study revealed that tBPQAs appear to be

potent inhibitors of HIV-1 replication with EC50 values of 10–20 nM. For this study

a variety of infected cells including primary PBMC were used. Regarding mecha-

nism of tBPQAs’ action, authors showed that these compounds could be inhibitors

of HIV-1 integration through binding to the IN dimer interface. It was also shown

that they could be dual inhibitors, since they are responsible for loss of flexibility of

IN dimer, which did not allow correct assembly of viral DNA-IN complex. On the

other hand, it inhibits the interaction of IN with LEDGF.

4.2.1 Side Effects of Integrase Inhibitors

There are some common side effects reported in the literature such us creatinine

kinase elevations, myopathy, and some others [120, 121]. Thus, common side

effects of elvitegravir include diarrhea, while common side effects of dolutegravir

include insomnia and headache. Serious side effects also include allergic reactions

and abnormal liver function in patients who were simultaneously infected with

hepatitis B or C.

4.3 HIV-1 Protease Inhibitors

HIV protease is an aspartate protease. Although similar to other aspartate proteases

of human organism, its action in HIV replication is essential and cannot be replaced

by proteases of the host cell [114, 115, 137, 138]. HIV protease consists of two

identical protein subunits. The active site of the enzyme is placed between the two

subunits at the area of amino acid residues Asp25, Thr26, and Gly27 of the first and

Asp250, Thr260, and Gly270 of the second subunit (Fig. 20). Peptide-like compounds

have been used since the 1990s as HIV protease inhibitors, exhibiting competitive

inhibition activity. These drugs inhibit proteolytic cleavage of HIV Gag, Pol, and

Env polyproteins to the active proteins of the virus [140, 141].

All the commercial HIV protease inhibitors (Table 2) consist of a central core of

hydroxyethylene scaffold with the exception of tipranavir, whose central core is a

coumarin [142–145] (Fig. 21).
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Fig. 19 Structure of tert-butoxy-(4-phenyl-quinolin-3-yl)-acetic acids
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Hydrogen bonds between hydroxyl groups of the inhibitor and the carboxylic acids

of Asp25 and Asp250 of the enzyme are involved in complex stabilization. Hydrogen

bonds are also formed between a water molecule, which is linked to Ile50 and Ile500

and carbonyl groups of the peptidomimetic inhibitors. Interactions with Ile50 residues

of the enzyme are present in case of the non-peptidyl inhibitors as well. In general, the

ability to form hydrogen bonds is essential for complex stabilization. In enzyme

interaction with its natural substrate, four hydrophobic amino acid residues of the

substrate are placed in four hydrophobic pockets of the enzyme. The existence of

hydrophobic moieties capable to interact with these pockets in the molecule of

inhibitors increases the potency of the inhibitor (Fig. 20).

Even though ritonavir was developed as HIV protease inhibitor, it is mostly used

as a booster of other protease inhibitors. More specifically, because of its structural

similarity with the known CYP3A inhibitors (Fig. 22), ritonavir acts as an inhibitor
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I47(VA)

G48(VM)
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I’54(VLTAM)
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G’48(VM)
I’47(VA)
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V’82(ATSF)
L’76(V)

I’84(V)

V’32(I)

Fig. 20 3D structure of HIV-1 protease complex with fosamprenavir (PDB ID:3S85) Yellow lines
represent amino acid residues involved in interactions with inhibitors or amino acid residues which

are mutated at resistant strains of the virus. The amino acid residues present at the same position of

mutated strains are shown in brackets [139]

Table 2 HIV-1 protease inhibitors approved by FDA

Drug Nature Date approved by FDA

Saquinavir Peptidomimetic 1995

Ritonavir Peptidomimetic 1996

Nelfinavir Nonpeptidic 1997

Amprenavir Nonpeptide 1999

Lopinavir Peptidomimetic 2000

Fosamprenavir Phosphoester prodrug 2003

Atazanavir Azapeptide 2003

Tipranavir Nonpeptide 2005

Darunavir Nonpeptide 2006
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Fig. 21 Structures of the approved HIV protease inhibitors
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of cytochrome P450 3A4 (CYP3A4) that normally metabolizes protease inhibitors

in the liver. Low doses of ritonavir can be used to enhance the other protease

inhibitors [146].

Unfortunately, ritonavir and other protease inhibitors are associated with several

side effects as well as development of HIV-resistant strains. The changes in amino

acid residues in resistant strains are shown in Fig. 20 in brackets. Moreover, strains

resistant to one PI may show resistance to other protease inhibitors as well (cross

resistance). Thus, the development of novel inhibitors, with less adverse effects and

ability to act on resistant mutants, is of major interest, and various groups have

reported on their progress in this area [147].

Sperka et al. [148] based on the previous publications [149, 150] reported the

synthesis of β-lactam derivatives and their evaluation as uncompetitive PIs. Authors

[148] used a colorimetric microtiter plate method [151] to screen a 126-member

combinatorial monocyclic beta-lactam library [152] for inhibition of the enzyme. It

was found that several of the compounds exhibited more than 60 % inhibition that

was proved for some compounds by HPLC method under the same assay condi-

tions. The Ki values for the compounds were determined by HPLC method [153].

It should be mentioned that the type of inhibition depends on the conditions in

which assay was performed. Thus, under low ionic strength conditions, the type of

inhibition appeared to be uncompetitive, while at high ionic strength which is

optimal for HIV protease [154, 155], the type of inhibition was mixed.

R2
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N
R4
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R1

H

Beta-lactam derivatives

Analyzing these results, the authors believed that the inhibitor might interact

with the closed flap region of the enzyme–substrate complex [148]. On the other

hand, change in the type of inhibition at higher ionic strength may be due to the

more favorable binding of these compounds to the active site of the enzyme through

hydrophobic contact with the appropriate side chains [148]. The same was observed

for peptidomimetic inhibitors, which bind much more strongly toward the active

site of the enzyme in high ionic strength [145].

Cigler et al. [156] reported the potent, specific, and selective inhibition of HIV

PR by parental and substituted metallacarboranes, namely, cobalt bis

(1,2-dicarbollides). They provided evidence for the mechanism of action of these

compounds, showed their antiviral activity in tissue cultures, analyzed their binding

toward the enzyme by X-ray crystallography, and showed the potential of this class

of compounds to become a novel pharmacophore for enzyme inhibition. Authors

identified 12-vertex metallacarborane clusters as suitable hydrophobic, stable, and

nontoxic structural analogues of aromatic compounds. These compounds showed

good antiviral activity with IC50 values ranged from 0.13 to 1.4 μM.
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Ghosh and Anderson [157] in their review presented the design of novel HIV-1

protease inhibitors with heterocyclic core scaffolds that have been reported in the

recent years (2005–2010). They pointed out on the role that heterocycles play as

scaffold and bioisosteres in HIV protease-inhibitor drug development. Some of

them are shown in Fig. 23.

Wang et al. [158] reported the evaluation of anti-HIV activity of mangiferin.

According to the authors, mangiferin (Fig. 24) can inhibit HIV-1IIIB-induced syncy-

tium formation at noncytotoxic concentrations, with a 50 % effective concentration

(EC50) at 16.9 μMand a therapeutic index (TI) above 140. It should bementioned that

inhibitory activity of this compound was dose dependent. Furthermore, it showed

activity against (NNRTIs) resistant strain HIV-1A17 with EC50 22.75 μM.

Jonckers et al. [159] reported the discovery of a novel class of benzoxazole and

benzothiazole amides that were designed to have no other primary activity than

CYP3A4 inhibition together with an acceptable toxicity/side effect profile.

A diverse set of benzoxazole and benzothiazole amide derivatives was obtained

using a convenient synthesis (Scheme 1) and evaluated for their anti-HIV activity

against wild-type HIV-1 which was studied on acutely infected lymphoblastic cell

line (MT4-LTR EGTP) using gene assay [160]. None of the compounds showed

significant activity with EC50> 10 μM in each case.

Compounds were also tested for the CYP3A4 inhibition in vitro using a human

liver microsome (HLM)-based assay in which conversion of midazolam to 10-OH-

midazolam was measured (by LC/MS) in the presence and absence of the inhibitor.

Fortunately, all compounds exhibited very good inhibitory activity with IC50 values

in range from 0.022 to 2.7 μM. Analysis of the results revealed some structure–

activity relationships. Thus, it was observed that overall, having a 5-thiazolyl

fragment (R1) present in the molecule resulted, in most cases, in potent CYP3A4

inhibition, with the 3-pyridyl and 5-benzo[1,3]dioxolyl fragment as good alterna-

tives. On the contrary, the 4-pyridyl group is clearly unfavorable as a tenfold loss in

inhibitory potency was observed. It could be mentioned that the authors identified a

novel class of CYP3A4-inhibiting benzoxazole and benzothiazole amides that are

devoid of HIV protease-inhibiting activity following a key “sulfonamide-to-amide”

switch.

4.3.1 Side Effects of Protease Inhibitors

Even protease inhibitors play an important role in antiretroviral therapy and have

dramatically improved the life expectancy of HIV-infected individuals; they are

also associated with abnormalities in glucose/lipid metabolism and body fat distri-

bution. There is no clear picture regarding the pathogenesis of protease-inhibitor-

associated metabolic and body fat changes and their potential treatment; thus,

further studies are required. Many protease inhibitors have been accused for

gastrointestinal disorders, increasing of bleeding, insulin resistance, hyperglyce-

mia, and hyperlipidemia and have also been associated with increased incidents of

coronary artery disease and lipodystrophy [161–165].
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Moreover, there is a link between HIV-PI usage and increased ROS production

as shown in the literature established by human [166]-, animal [167–170]-, and cell-

based studies [171–175], which include numerous cell and tissues.

4.4 HIV Fusion Inhibitors

The drugs of this class are responsible for binding, fusion, and entry of HIV virions

into a human cell. They attached themselves to proteins of the surface of HIV virion

or to proteins of the surface of CD4 cells. The US Food and Drug Administration

(FDA) approved only two entry inhibitors.

The first one is Fuzeon (enfuvirtide) (Fig. 25), which is an oligopeptide,

approved in March 2003, that targets the gp41 protein on HIV’s surface [176–

178]. Apart from enfuvirtide, several other oligopeptides have been found to exhibit

inhibitory action targeting at the same viral protein (Fig. 26).

The second category of entry inhibitors includes maraviroc, which acts as a

negative allosteric modulator of the CCR5 co-receptor (Fig. 27). This drug avoids

the association of HIV protein gp120 to the CCR5, thus blocking the entry of the

virus into the host cell. However, HIV can also use the other co-receptors such as

the CXCR4.

In a way similar to other drugs targeting to viral proteins, strains resistant to

enfuvirtide have also been developed. The most common mutations leading to

resistance involve the amino acid residues 36–45 of gp41 such as Gly361!Asp,
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Fig. 25 FDA-approved HIV entry inhibitors
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Ser, Val, or Glu; Val38!Ala, Glu, or Met; Gln40!His; Asn42!Thr; and

Asn43!Asp [180–185] (Fig. 26).

Experimental drugs include Schering-Plough’s CCR5-blocking entry inhibitor

vicriviroc, Progenics’s CCR5-blocking monoclonal antibody PRO 140, and

Tanox’s TNX-355, a drug that targets the CD4 protein on CD4 cells.

Since only two drugs were approved by FDA as fusion inhibitors and taking into

account that this is an important target in the battle against HIV, scientific commu-

nity continued the search for new potent fusion inhibitors. Jiang et al. [187] based

on their previous works [188, 189] on the synthesis of N-(4-carboxy-3-hydroxy)
phenyl-2,5-dimethylpyrrole (1) and N-(3-carboxy-4-chloro)phenylpyrrole (2) as

well as series of 2-aryl-5-(4-oxo-3-phenethyl-2-thioxothiazolidinylidenemethyl)

furans (3a-o) reported the synthesis of new 5-((arylfuran/1H-pyrrol-2-yl)methy-

lene)-2-thioxo-3-(3-(trifluoromethyl) phenyl)thiazolidin-4-ones (12a-o), modifying

chemical structures of previous compounds (3a-o). The modifications are deleting

of the CH2CH2 side-chain linker and also in some cases changing the carboxyl

group for a tetrazolyl unit and/or the furan ring for pyrrole (Fig. 28).

These modifications resulted in improved activity almost for all compounds. It

should be mentioned that two of them, 12-l and 12-m (X-tetrazolyl, Y¼O, R¼Cl,

H and R1¼H, F, respectively), showed inhibitory activity against HIV-1IIIB at low

nanomolar level (EC50 0.018� 0.002 and 0.014� 0.005, respectively) and selectivity

indexes (SI values) of>2,000. Furthermore, analysis of structure–activity relationships

showed that furan derivates were more potent than the pyrroles (12f-i) against HIV-1

IIIB infection (about 40-fold), indicating the favorable role of oxygen at position Y.

Y37

W86S81
T105

T259

Q280

Fig. 27 CCR5 co-receptor

complex with maraviroc

(PDB ID: 4MBS) [179]
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Also it was found that tetrazole group in position X is more preferable than

COOH group. However, molecular docking studies of active compound with

COOH group and with tetrazole revealed that both of them docked in the hydro-

phobic cavity almost in the same way [164, 187].

Even gp120 protein was recognized as drug target [190, 191] until recently,

effective, potent and selective small molecules that act on gp120 were not discovered.

Dezube et al. [192] reported, a bis(disulfonaphthelene) derivative (FP-21399)

(Fig. 29) as anti-HIV agent. Unfortunately, despite that it was introduced to phase I

clinical studies, its profile in reducing viral load was not good. However, these

attempts were continued and led to a molecule 4-methoxy-7-azaindole derivative

(BMS-378806), which inhibits infection by HIV-1 strains at nanomolar level
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Fig. 28 Fusion inhibitors of HIV

Fig. 29 The number of current anti-HIV/AIDS agents at different stages of research and

development
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[190]. Although the clinical development of this molecule was terminated, a

second-generation analogue BMS-488043 replaced the BMS-378806 which

showed promising oral bioavailability and safety profile.
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4.4.1 Side Effects of Fusion Inhibitors

Among the minor adverse effects of fusion inhibitors are pain, erythema, nodules,

or cysts at the site of injection. Other adverse effects may include headache,

dizziness, pain or tenderness around the eyes, cough and shortness of breath, loss

of appetite and weight loss, and pain in the arms, legs, hands, or feet. Severe adverse

effects may include allergic reactions fever, vomiting, kidney problems, low blood

pressure, and paralysis.

4.5 Novel Drug Targets: TAR, Tat-Binding Drugs

It is known that the regulatory proteins Tat and Rev are important for HIV

replication. The protein Tat (trans-activator of transcription) binds to trans-activator

responsive region (TAR) of HIV RNA, stimulating the transcription [170, 193]. An

arginine-rich area of Tat recognizes the base sequence and the conformation of

TAR RNA. Two kinds of inhibitors targeted the Tat–TAR interaction. The first

binds directly to TAR RNA, while, the second binds to the Tat protein. Both of

them block the formation of Tat–TAR complex [194, 195].
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According to Aboul-Ela et al. [196], small molecules may be able to lock the

RNA structure into a conformation that does not allow binding of the Tat protein.

The antibiotics neamin and neomycin and their derivatives are representatives of

Tat–TAR interaction blockers and may also prevent secondary infections in HIV

patients [197, 198].

Furthermore, purine nucleoside analogs such as 5,6-dichloro-1-b-D-ribofurano-

sylbenzimidazole [199] and carbocyclic adenosine analogs [200, 201] inhibit the

Tat action.

On the other hand, Rev protein, which recognizes the Rev-response element

(RRE) [202], could be also a potential target for anti-HIV therapy.

5 HAART and Combined Formulations

Currently, the most effective treatment of HIV/AIDS patients is highly active

antiretroviral therapy (HAART), which results in sustained reductions in viral

load and increases in CD4 cell counts [203, 204].

It includes three or more anti-HIV drugs in combination. First-line regimens at

the current time consist of two nucleoside or nucleotide reverse transcriptase

inhibitors with a non-nucleoside reverse transcriptase inhibitor, protease inhibitor,

or integrase inhibitor [205]. However, most patients continued to have low levels of

HIV-1 detectable in the blood using assays that can measure as little as one copy per

mL [206].

Initially, several antiretroviral drugs were combined as separate dosage forms;

later, to reduce the pill burden and increase patient compliance, such medicines

were developed and launched as the combined formulations. Such combination

products are listed below.

Drug Mechanism of action Company Year

Lamivudine/zidovudine

(Combivir)

Prodrug: active metabolites of

lamivudine are lamivudine tri-

phosphate (3TC-TP) and zidovu-

dine triphosphate (ZDV-TP); both

are RT inhibitors. 3TC-TP is also a

weak inhibitor of the cellular DNA

polymerases alpha, beta, and

gamma, while ZDV-TP is a weak

inhibitor of only the alpha and

gamma subtypes

GlaxoSmithKline 1997

Lamivudine/zidovudine/

abacavir sulfate (Trizivir)

Triple synthetic nucleoside ana-

logue combination therapy.

Prodrugs, active metabolites of

lamivudine, zidovudine, and

abacavir sulfate are 3TC-TP,

ZDV-TP, and carbovir triphosphate

(CBV-TP), respectively. 3TC-TP

GlaxoSmithKline 2000

(continued)
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Drug Mechanism of action Company Year

and CBV-TP are also weak inhibi-

tors of the cellular DNA polymer-

ases alpha, beta, and gamma, while

ZDV-TP is a weak inhibitor of only

the alpha and gamma subtypes

Lopinavir/ritonavir (Kaletra) Lopinavir is an inhibitor of the HIV

protease; ritonavir inhibits the

CYP3A-mediated metabolism of

lopinavir that increases plasma

levels of lopinavir

AbbVie 2000

Abacavir sulfate/lamivudine

(Epzicom)

Combination product containing

two synthetic nucleoside analogs

acting as RT inhibitors

GlaxoSmithKline 2004

Tenofovir disoproxil fuma-

rate/emtricitabine (Truvada)

Combination of two nucleoside

reverse transcriptase inhibitors

(NRTIs). Tenofovir diphosphate is

also weak inhibitor of mammalian

DNA polymerases alpha, beta, and

mitochondrial DNA polymerase

gamma, while emtricitabine is a

weak inhibitor of mammalian DNA

polymerase alpha, beta, epsilon,

and mitochondrial DNA polymer-

ase gamma

Gilead 2004

Tenofovir disoproxil fuma-

rate/emtricitabine/efavirenz

(Atripla)

Atripla(TM) is a combination of

Bristol-Myers Squibb’s
non-nucleoside reverse transcrip-

tase inhibitor (NNRTI), Sustiva

(R) (efavirenz), and Gilead Sci-

ence’s Truvada(TM), itself a com-

bination of two nucleoside

transcriptase inhibitors (NRTI):

emtricitabine and tenofovir

disoproxil fumarate

Bristol-Myers

Squibb/Gilead

2006

Tenofovir disoproxil fuma-

rate/emtricitabine/rilpivirine

hydrochloride (Complera)

Combination of Truvada

(R) (tenofovir disoproxil fumarate/

emtricitabine) and TMC-278

(rilpivirine hydrochloride),

non-nucleoside reverse transcrip-

tase inhibitors

Gilead 2011

Elvitegravir/GS-9350/

Truvada (Stribild)

Combination of elvitegravir,

GS-9350, tenofovir disoproxil

fumarate, and emtricitabine, which

jointly act as RT inhibitors,

integrase (IN) inhibitors, DNA

polymerase inhibitors, and cyto-

chrome P450 CYP3A4 inhibitors

Gilead 2012

(continued)
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Drug Mechanism of action Company Year

Darunavir/cobicistat

(Prezcobix)

Combination of darunavir, a HIV

protease inhibitor, and cobicistat, a

cytochrome P450 CYP3A4

inhibitor

Janssen 2014

Dolutegravir/abacavir/

lamivudine (Triumeq)

Combination of RT inhibitors and

HIV IN inhibitors

ViiV Healthcare 2014

Atazanavir sulfate/cobicistat

(Evotaz)

Combination of HIV protease

inhibitors and cytochrome P450

CYP3A4 and CYP2D6 inhibitors

Bristol-Myers

Squibb

2015

6 Current Anti-HIV/AIDS Agent Pipeline

Despite the availability of HAART therapy, the further research and development

of new anti-HIV agents is needed due to the non-sufficient efficacy of the existing

drugs as well as because of severe side effects and arising resistance to the present

therapy. Representative examples of novel small molecule drugs and biologics

under development are listed below.

Name Structural formulae

Mechanism of

action Company Stage

Raltegravir

potassium/

lamivudine

– RT inhibitors/IN

inhibitors

Merck & Co. Registered

Elvitegravir/

cobicistat/

tenofovir

alafenamide/

emtricitabine

– RT inhibitors/IN

inhibitors/

CYP3A4

inhibitors

Gilead Preregistered

Emtricitabine/

rilpivirine

hydrochloride/

tenofovir

alafenamide

fumarate

– RT inhibitors Gilead Preregistered

Emtricitabine/

tenofovir

alafenamide

fumarate

– RT inhibitors Gilead Preregistered

HIV-1 immu-

nogen

(Remune)

– HIV vaccine

candidate

Immune

Response

BioPharma

Preregistered

Darunavir/

cobicistat/

– RT inhibitors/

protease

Gilead Phase III

(continued)

70 A. Geronikaki et al.



Name Structural formulae

Mechanism of

action Company Stage

emtricitabine/

tenofovir

alafenamide

fumarate

inhibitors/

CYP3A4

inhibitors

Dolutegravir/

rilpivirine

– RT inhibitors/IN

inhibitors/

ViiV

Healthcare/

Janssen

Phase III

AIDSVAX

gp120 B/E

– Bivalent vaccine

candidate

Walter Reed

Army Institute

Phase III

ALVAC

E120TMG

– Walter Reed

Army Institute/

Sanofi Pasteur

Phase III

Albuvirtide Polypeptide HIV fusion

inhibitors

Frontier

Biotechnologies

Phase III

Apricitabine RT inhibitors Avexa Phase III

Dapivirine RT inhibitors International

Partnership

Microbicides

Phase III

Doravirine RT inhibitors/IN

inhibitors/

CYP3A4

inhibitors

Merck & Co. Phase III

Fostemsavir HIV attachment

inhibitors/

CYP3A4

inhibitors

Bristol-Myers

Squibb

Phase III

MK-1439A – RT inhibitors/IN

inhibitors/DNA

polymerase

inhibitors/

CYP3A4

inhibitors

Merck & Co. Phase III

PRO-140 Humanized monoclo-

nal IgG4 kappa

antibody

Anti-CD195

(CCR5)/signal

transduction

modulators/viral

entry inhibitors

CytoDyn Phase III

S-247303 – IN inhibitors ViiV Healthcare Phase III

Tubercin T-5 – Carbohydrate

complex, a mix-

ture of low

molecular-

Artec Phase III

(continued)
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Name Structural formulae

Mechanism of

action Company Stage

weight polysac-

charides with

arabinomannan

structure

extracted from

Mycobacterium
tuberculosis

Alpha1-

Antitrypsin

(human)

Biological source-

derived proteins

Grifols Phase II/III

4E10/2F5/

2G12

Combination of the

anti-HIV-1 human

monoclonal anti-

bodies 4E10, 2F5, and

2G12

Viral entry

inhibitors

Polymun Phase II

ABX-464 HIV replication

inhibitors

Abivax Phase II

AGS-004 AIDS vaccine

consisting of dendritic

cells electroporated

with autologous

amplified HIV-1 gag,

nef, rev, and vpr RNA

antigens and CD40

ligand RNA

Argos

Therapeutics

Phase II

BIT-225 Nucleocapsid p7

protein (NCp7)

zinc finger

inhibitors

Biotron Ltd. Phase II

BMS-955176 – Bristol-Myers

Squibb

Phase II

C7-DHAdC Oral prodrug of

KP-1212-triphos-

phate, the active RT

metabolite and

substrate

Koronis Phase II

Cabotegravir IN inhibitors ViiV Healthcare Phase II

Cenicriviroc

mesylate

HIV attachment

inhibitors/che-

mokine CCR5

antagonists/che-

mokine CCR2B

receptor ligands/

signal transduc-

tion modulators

Tobira

Therapeutics

Phase II

(continued)
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Name Structural formulae

Mechanism of

action Company Stage

Censavudine RT inhibitors Oncolys Phase II

Chloroquine

phosphate

Apoptosis

inducers

NIAID Phase II

FIT-06 AIDS vaccine

consisting of a DNA

plasmid expressing

HIV-1 B-clade nef,

rev, tat, gag, pol, env,

and CTL epitopes

FIT Biotech Phase II

GS-9883 – IN inhibitors Gilead Phase II

GTU-MultiHIV

multiclade

DNA-based HIV vac-

cine candidate

FIT Biotech Phase II

HIV-LIPO-5 AIDS vaccine candi-

date that contains five

lipopeptides from

gag, nef, and pol

corresponding to

more than 50 epitopes

ANRS Phase II

Hydroxychlor-

oquine sulfate

Autophagy

inhibitors

Medical

Research Coun-

cil (MRC)

Phase II

IR-103 TLR9 receptor

agonists/signal

transduction

modulators

Immune

Response

BioPharma

Phase II

ITV-1 AIDS vaccine

consisting of an

inactivated purified

extract of porcine

pepsin recognizing

HIV gp41 and gp120

proteins

Immunotech

Laboratories

Phase II

Ibalizumab Immunoglobulin G4,

anti-(human CD4

(antigen)) (human–

mouse monoclonal

5A8 gamma4-chain),

disulfide with human–

mouse monoclonal

5A8 kappa-chain,

dimer

HIV attachment

inhibitors/anti-

CD4

TaiMed

Biologics

Phase II

(continued)
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Name Structural formulae

Mechanism of

action Company Stage

LC-002 DNA vaccine Genetic

Immunity

Phase II

Lersivirine RT inhibitors ViiV Healthcare Phase II

Lexgenleucel-T Lentiviral vector

expressing an anti-

sense sequence

targeted to the HIV-1

envelope (env) gene

env expression

inhibitors

VIRxSYS Phase II

MVA-62B

(GOVX-B11)

Modified vaccinia

Ankara vector

containing HIV-1

gag, pr, rt, and env

genes from clade B

Recombinant

vector vaccines

GeoVax Labs/

NIAID

Phase II

PF-232798 – HIV attachment

inhibitors/che-

mokine CCR5

antagonists/sig-

nal transduction

modulators

ViiV Healthcare Phase II

Rintatolimod 50-Inosinic acid
homopolymer, com-

plex with 50-cytidylic
acid polymer with 5-
0-uridylic acid (1:1)

TLR3 receptor

agonists/signal

transduction

modulators

HemispheRx Phase II

SB-728-T Autologous CD4+

cells genetically mod-

ified at the CCR5

gene by zinc finger

nucleases

CCR5 expres-

sion inhibitors

Sangamo Phase II

Sevelamer

carbonate

Epichlorohydrin-

cross-linked

polyallylamine

carbonate

NIAID Phase II

Sifuvirtide Polypeptide HIV fusion

inhibitors

FusoGen

Pharmaceuticals

Phase II

TMC-310911 HIV protease

inhibitors

Janssen R&D

Ireland

Phase II

UB-421 Anti-CD4 monoclo-

nal antibody

Anti-CD4 United

Biomedical

Phase II

VAC-3S Peptide vaccines InnaVirVax Phase II

VM-1500 RT inhibitors Viriom Phase II

VRC-

HIVADV014-

00-VP

The vaccine candidate

is composed of four

adenoviral vectors

NIAID Phase II

(continued)
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Name Structural formulae

Mechanism of

action Company Stage

(in a 3:1:1:1 ratio) that

encode the HIV-1

Gag/Pol polyprotein

from clade B and

HIV-1 Env glycopro-

teins from clades A,

B, and C

VRC-

HIVDNA016-

00-VP

Multivalent HIV-1

DNA vaccine

NIAID Phase II

Vacc-4x HIV vaccine

consisting of four

water-soluble syn-

thetic HIV-1 core

protein (p24)-like

modified consensus

peptides (Vac-10,

�11, �12 and �13)

Bionor Pharma Phase II

Vorinostat Histone

deacetylase

1 (HDAC1)

inhibitors/apo-

ptosis inducers/

histone

deacetylase

2 (HDAC2)

inhibitors/his-

tone deacetylase

3 (HDAC3)

inhibitors/his-

tone deacetylase

6 (HDAC6)

inhibitors

Merck & Co. Phase II

pGA2/JS7

(GOVX-B11)

DNA plasmid

containing gag, pro,

RT, env, tat, rev, and

vpu genes from

HIV-1 clade B

GeoVax Labs/

NIAID

Phase II

rTat (IIIB-BH-

10)

Recombinant HIV-1

(HTLV-IIIB strain,

clone BH-10) Tat

protein-based vaccine

Istituto

Superiore di

Sanita

Phase II

791760 HIV clade B0/C DNA

vaccine

Chinese Center

Disease Control

Prevent

Phase II

According to the data presented in Thomson Reuters Integrity database (http://

integrity.thomson-pharma.com), there are about 100 other anti-HIV/AIDS agents at

earlier stages of clinical trials or in preclinical studies. The distribution of all anti-

HIV/AIDS agents versus different stages of R & D is given in Fig. 29.
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As one may see from the data presented in Fig. 29, only one anti-HIV agent was

already withdrawn from the market. It was amprenavir, HIV-1 protease inhibitor,

that was launched in 1999 under a collaboration agreement between

GlaxoSmithKline, Kissei Pharmaceutical, and Vertex for the oral treatment of

HIV infection in combination with other antiretrovirals in children 4 years of age

and older and in adults. Amprenavir works by binding to the active site of HIV-1

protease, thereby, preventing the processing of viral gag and gag–pol polyprotein

precursors. This results in the formation of immature and noninfectious virions. In

2005, Kissei Pharmaceutical issued a decision to voluntarily withdraw the market-

ing authorization for the product in Japan. Marketing authorization in the EU was

withdrawn in 2010.

Distribution of all anti-HIV/AIDS agents versus different molecular targets is

given in Fig. 30. As one may see from this data, the most popular targets now are:

HIV integrase¼HIV pol¼HIV-1 nucleocapsid protein p7¼HIV-1 protease >
reverse transcriptase > HIV gag > HIV env > chemokine CCR5 receptor, etc.

Fifteen compounds are CYP3A4 inhibitors, which act in combination with anti-

HIV agents increasing their concentration in plasma.

7 The Future Trends

As one may see from the presented above overview of the current status of the anti-

HIV agents development, nowadays antiretroviral therapy is able to decrease

significantly the mortality of HIV-infected people in industrially developed coun-

tries. However, the existing antiretroviral therapy is still too expensive for patients

living in low-income and middle-income countries [207, 208]. Moreover, the

available antiretroviral drugs do not lead to complete curation of HIV infection,

cause severe adverse effect, and lead to the appearance of resistant strains. Thus, the

Fig. 30 The number of anti-HIV/AIDS agent with different targets
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discovery of the novel more safety and efficacious anti-HIV medicines still remains

the essential challenge.

7.1 Attempts to Overcome the Latent HIV Infection

One of the problems that prevent the complete curation of HIV-1 infection is the

persistence of a viral reservoir that harbors integrated provirus within host-cellular

DNA. This latent infection is unaffected by antiretroviral therapy and unseen by the

immune system. To solve this problem, the mechanisms of latent infection and the

sources of viral reservoirs are studied in detail now [207, 209]. Recent achieve-

ments in understanding of the latent reservoirs and new approaches to eradicate

established HIV-1 infection and avoid the burden of lifelong ART are reviewed in

several publications [209, 210]. In particular, one established mechanism of the

patent HIV infection is associated with the repression of chromatin on the HIV-1

promoter. Histone deacetylation is a key modification connected with transcrip-

tional repression of the HIV-1 promoter, and inhibition of histone deacetylase

(HDAC) enzymes reactivates the latent HIV-1. Therapeutic potential in

reactivating the latent HIV-1 by different HDAC inhibitors is discussed [211–214].

7.2 Natural Products as Potential Anti-HIV Agents

Natural products are known as the primary source of over 50 % of currently existing

drugs [215]. It was demonstrated that they provide higher chemical diversity in

comparison with the libraries of organic synthetic molecules [216]. Due to that,

screening of plant extracts and other libraries of natural products is widely used for

discovery of new anti-HIV agents [216–233] (http://www.ibscreen.com). We

predicted the biological activities associated with the molecular mechanisms of

anti-HIV action using computer program PASS (Prediction of Activity Spectra for

Substances) [234] (http://www.way2drug.com/passonline) for the library of over

56,000 natural compounds, their analogs, and derivatives provided by

InterBioScreen Ltd. (http://www.ibscreen.com). As one may see from the Fig. 31,

this library is rather promising for screening of novel anti-HIV agents.

7.3 Biologicals as Potential Anti-HIV Agents

In addition to the small molecules of natural or synthetic origin, which are presently

studied as novel anti-HIV agents, the large number of biological products is

investigated. According to the Thomson Reuters Integrity (http://integrity.thom

son-pharma.com), over 100 biologicals are studied as anti-HIV medicines. Their
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distribution by product categories is shown in Fig. 32. As one may see from the data

presented here, the most actively studied are HIV vaccines > recombinant vector

vaccines > DNA vaccines > polypeptides, from 41 AA > peptide vaccines >
dendritic cell vaccines, etc. Also, among the different studied approaches to anti-

Fig. 31 Anti-HIV mechanisms of action predicted by PASS of InterBioScreen library of natural

compounds (cutoff Pa>Pi, where Pa is the probability to be active, Pi is the probability to be

inactive)

Fig. 32 Products categories of biologics under R & D as anti-HIV medicines
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HIV therapy, one finds the gene therapy, antisense therapy, short hairpin RNA

(shRNA), and oligoribonucleotide (RNA). Gene-based therapies that utilize RNA

interference (RNAi) to silence the expression of viral or host mRNA targets that are

required for HIV-1 infection and/or replication are reviewed recently [225].

It was shown that HIV-1 infectivity is influenced by the host-cellular miRNAs,

and current results in the field of miRNA and HIV-1 interplay were recently

discussed [226]. Didigu C and Doms R. considered the effects of gene therapy

targeting HIV entry and impacts of allogeneic stem cell transplantation in the

development of strategies to cure HIV infection [208]. Also, DNA aptamers to

the HIV-1 reverse transcriptase are studied as potential therapeutic agents for

treatment of HIV/AIDS [227].

However, till now the only biological product is launched as a remedy for anti-

HIV therapy. This is the immune globulin intravenous (IGIV-C) developed as an

immunomodulator and launched by Bayer for treatment of HIV infections in 2004

and approved in the USA for the treatment of primary immunodeficiency diseases

by Grifols in 2010 (http://integrity.thomson-pharma.com).

7.4 Computer-Aided Drug Discovery of New Anti-HIV
Agents

In recent years, computer-aided drug design methods are widely used in research

and development of novel pharmacological agents for finding and optimizing hits

and lead compounds [228, 229]. The basic computational methods include molec-

ular docking, pharmacophore search, and (Q)SAR modeling. Since the field of anti-

HIV drug discovery is extensively studied, both target-based and ligand-based drug

design methods could be applied. Some examples of fresh works in this direction

are given below.

Recently, novel HIV-1 protease inhibitors were identified by virtual screening

using a complementary set of computational methods [230]. The potential HIV-1

protease inhibitors were searched in the National Cancer Institute (NCI) database,

which contains 260,000 structures of organic compounds. Six molecules were

selected based on computational prediction, and two of them (NSC111887 and

NSC121217) showed inhibitory potency against HIV-1 protease in vitro, with IC50

values of 62 and 162 μM, respectively. The authors concluded that these com-

pounds could be used for the further optimization as HIV-1 protease inhibitors.

Extract of Caesalpinia sappan L. was found to exhibit HIV-1 integrase

inhibiting activity [231]. Nine compounds were extracted from the heartwoods

and roots of C. sappan L. The most potent compounds against HIV-1 IN were

sappanchalcone and protosappanin A with IC50 values 2.3 and 12.6 μM, respec-

tively. Using molecular docking, the authors determined that these compounds

presumably bind to the amino acid residues Gln148 and Thr66 in the core domain

of HIV-1 integrase.
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A few derivatives of N-substituted benzyl/phenyl-2-(3,4-dimethyl-5,5-

dioxidopyrazolo[4,3-c][1,2]benzothiazin-2(4H )-yl)acetamides were found to

exhibit the anti-HIV activity with IC50< 20 μM [232]. Then, using molecular

docking to the RT-bound nevirapine X-ray data, the authors determined that the

presumable molecular mechanism of these compounds is binding in the NNRTI

pocket of the HIV-1 reverse transcriptase.

Potential HIV-1 reverse transcriptase inhibitors were designed in silico as N-
heteroaryl compounds bearing pyrimidine and benzimidazole moieties [233]. The

designed compounds were synthesized and tested in cell assays using laboratory-

adapted strains HIV-1IIIB (X4, subtype B) and HIV-1Ada5 (R5, subtype B) and the

primary isolates HIV-1UG070 (X4, subtype D) and HIV-1VB59 (R5, subtype C). It

was shown that the compounds were active at IC50 1.4 μMwith the selectivity index

ranged from 1.29 to 38.39.

Structural details regarding the interactions between the inhibitors and CXCR4

were determined using holographic QSAR, docking, and molecular dynamics

studies [235]. It was found that the binding is affected by two crucial residues

Asp97 and Glu288. Structure–activity relationships were analyzed, and the

obtained results will be useful for rational design of novel CXCR4 inhibitors.

Molecular modeling and site-directed mutagenesis studies on the RNase H

domain demonstrated different binding poses for ester and acid diketo acids. It

was shown that they interact with residues (Arg448, Asn474, Gln475, Tyr501, and

Arg557) involved not in the catalytic motif but in highly conserved portions of the

RNase H primer grip motif [236]. Therefore, the authors showed that RNase H

inhibition by diketo acids is not only due to their chelating properties but also to the

specific interactions with highly conserved amino acid residues in the RNase H

domain. This finding provides important insights for the rational design of novel

RNase H inhibitors.

To overcome the resistance to the available anti-HIV agents, rational design of

inhibitors with dual mechanisms of action was performed [237]. Inhibitors of both

HIV-1 reverse transcriptase (RT) DNA polymerase (DP) and ribonuclease H

(RNase H) were discovered among the small library of 1,3-diarylpropenones,

which exhibited dual inhibition properties in the low-micromolar range.

More information about the multi-targeted antiretroviral agents may be found in

the paper [238].

Examples of application of in silico methods to the design and discovery of

novel anti-HIV agents presented above clearly demonstrated that both target-based

and ligand-based methods are useful for optimization of synthesis and biological

testing of hits and lead compounds. Earlier [239], using the information from the

NCI database about compounds tested in anti-HIV assays, we demonstrated that

based on predictions of the computer program PASS [234], it is possible to reduce

the number of experiments up to 17 times.

More information about applications of computational methods to the discovery

and optimization of novel anti-HIV agents may be found in the papers [240–

244]. Detailed consideration of the dynamics of HIV-1 reverse transcriptase com-

plexes with different ligands and with a number of mutations allowed to reveal a
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novel mechanism for drug resistance to non-nucleoside RT inhibitors [245]. -

Computer-aided design of protein–protein interaction inhibitors as agents for

potential agents for anti-HIV therapy is described in the paper [19].

Some latest algorithmic and methodological developments for application of

docking to design of novel pharmacological agents were recently published

[246]. An effective strategy was proposed using three orthogonal metrics for

assessment and validation: pose reproduction over a large database of protein–

ligand complexes, cross docking to 24 drug-target protein families, and database

enrichment using large active and decoy datasets for five proteins including HIV-1

protease.

Since in the past few years the data on structures and biological activity of

known anti-HIV agents are collected and presented by several publicly available

resources (PubChem (http://pubchem.ncbi.nlm.nih.gov), ChEMBL (http://www.

ebi.ac.uk/chembl), ChemSpider (http://www.chemspider.com), DrugBank (http://

www.drugbank.ca), etc.), this stimulates the creating of numerous (Q)SAR models

and their application to design and discovery of novel candidates for HIV/AIDS

treatment. As was recently shown [247], this data could not be used for this purpose

“as they are”; instead, the experts’ estimates and careful prefiltering of the available

data are necessary to obtain the (Q)SAR models with reasonable accuracy and

predictivity.

Moreover, despite the development and application of powerful computational

drug design methods, the essential role of researchers’ intuition and serendipity in

finding of efficacious antiretroviral drugs is emphasized [248, 249].
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Lymphatic Filariasis: Current Status

of Elimination Using Chemotherapy

and the Need for a Vaccine

Ramaswamy Kalyanasundaram

Abstract During the last one decade, the whole world witnessed one of the most

coordinated efforts toward global elimination of lymphatic filariasis (LF), a

neglected tropical parasitic infection that affects 120 million people living in

72 different tropical countries. The approach was to use annual mass drug admin-

istration (MDA) using a combination of two chemotherapeutic agents to clear

circulating parasites (microfilaria) in infected individuals living in various endemic

regions of the world. This approach substantially decreased the incidence of

infection in almost all the countries where the program was initiated. However,

the biggest challenge now is to sustain the success and attain prophylaxis. This can

be achieved only by newer chemotherapeutic agents against adult worms and an

effective vaccine that can prevent future infections. This chapter summarizes the

current status of LF elimination and the need for a more stringent and sustainable

approach to control LF infection in endemic regions.

Keywords Brugia malayi, Endemic normal, Hot spots, Immune responses, Mass

drug administration, Prophylactic chemotherapy, Protection
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1 Introduction

Lymphatic filariasis (LF) is a mosquito-transmitted tropical nematode infection that

affects several millions of people living in 72 different countries in the world that

are endemic for this infection. The adult parasites reside in the lymphatic circula-

tion and produce larval stages called microfilariae that appear in the peripheral

blood circulation, which are then picked up by the mosquitoes during their blood

meal. The parasites undergo some development within the mosquitoes, and the

infection gets transmitted when the infected mosquitoes feed on a new subject.

Thus, microfilaria is the stage that is involved in the transmission of the disease and

is the target of nearly all current elimination strategies [1]. Chronic infections with

LF are characterized by lymphedema of the limbs, genital manifestations (hydro-

cele, chylocele, swelling of the scrotum and penis), and recurrent acute attacks,

which are extremely painful accompanied by fever [2, 3]. According to the WHO,

LF is the second leading cause of physical disability in the world [4]. Chronic LF

infections are difficult to treat often requiring surgical intervention. Therefore, it is

important to diagnose the infection early on so that appropriate treatment can be

instituted. However, acute infections with LF often go undiagnosed because major-

ity of the patients do not show any clinical signs. These asymptomatic carriers are

thus a major source of disease transmission in a community. Thus, asymptomatic

carriers are the target for elimination of LF from a community [5].

Attempts to accurately diagnose asymptomatic carriers in an endemic population

have been a challenging and daunting task because of patient noncompliance.

Although control program targeted at the detection of infected individuals through

night blood screening followed by selective treatment with antifilarial drugs is an

excellent approach that has been practiced for several years, unfortunately the

process is highly labor intensive, costly, and difficult to sustain without an effective

vector control approach. Mass drug administration (MDA) of a combination of the

antifilarial drugs, diethylcarbamazine (DEC), and albendazole or ivermectin (Fig. 1
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shows structure of these drugs) was successfully used in the past one decade as a

control strategy to interrupt the transmission of LF in the endemic areas [6].

Despite the success, there are few drawbacks to the MDA approach, which

include subject noncompliance in some endemic regions [7, 8] and concerns over

the development of drug resistance parasites, although none has been reported to

date. Nevertheless, the incidence of LF has significantly reduced in majority of the

places where the annual MDA was implemented [9]. Focal areas of transmission,

called “hot spots,” continue to remain in some areas due to noncompliance to MDA

[10–12]. For total elimination to be effective, it is important that these “hot spots”

be identified and cordoned off to implement more focused and targeted elimination

approach. In order to identify the “hot spots,” there is an immediate need for a more

reliable diagnostic test that can be used quickly in a larger population [13, 14]. Sim-

ilarly there is a need for a better and sustainable approach for the control of LF in a

community. MDA alone will not be effective as an eradication strategy against LF

because antifilarial drugs are only effective as a treatment for existing infection. For

the eradication of the disease, there is a need to build herd immunity in the endemic

areas so reemergence of any residual infection can be prevented [15]. This can only

be achieved by vaccinating the endemic population against LF. There are several

recent advances in the development of an effective prophylactic vaccine against LF

[16]. Thus, MDA combined with a prophylactic vaccination and vector control

approach needs to be implemented if “hot spots” are to be eliminated from the

endemic regions. Before the momentum gained by MDA campaign is reduced, it is

important to capitalize the progress achieved so far in several endemic regions by

planning toward eradication strategies. This chapter will review the current

approaches in the elimination of LF and detail some of the major achievements in

this area including the development of prophylactic vaccines.
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Fig. 1 Structure of DEC (1), albendazole (2), and ivermectin (3)
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2 LF and the Spectrum of Clinical Diseases

The main causative agents of LF are three nematode parasites: Wuchereria
bancrofti, Brugia malayi, and B. timori. Infections in the human occur when

infective larvae (L3) of the parasite are placed in the skin bite wound by infected

mosquitoes during their blood meal. The larvae migrate into the lymphatic system

to develop into adult males and female parasites. In Bancroftian filariasis, generally

the parasite tends to localize to the scrotal lymphatics, in the lymph vessels and

lymph nodes draining the lower and upper limbs. In brugian filariasis, the parasites

are usually seen in the inguinal and axillary lymphatics and nodes [17]. Individuals

infected with LF are presented with at least four different major clinical conditions:

(1) asymptomatic carriers, (2) acute adenolymphangitis (ADL), (3) chronic irre-

versible lymphedema, and (4) tropical pulmonary eosinophilia.

Asymptomatic individuals carry microfilariae in their peripheral circulation.

Depending upon the species of the parasite, the microfilariae may appear in the

peripheral circulation in the evening when the mosquitoes are highly active. This

ensures disease transmission. Depending on the number of adult female parasites

and their fecundity, these individuals may show as high as 5000–10,000 Mf per ml

of blood. In heavy infections, the Mf may get trapped in the tissues resulting in the

formation of acute and/or chronic inflammatory granulomas, splenomegaly, and

damage to the kidneys.

Acute adenolymphangitis (ADL) lymphedema, elephantiasis, and hydrocoele

are the most common chronic complications of LF [17–21]. Chyluria does occur in

few patients but it is relatively infrequent. Prevention and treatment of ADL is very

important because distress caused by ADL can lead to severe economic loss and

deterioration of quality of life of the patient. Paracetamol is used in the treatment of

milder cases, but severe attacks of ADL are treated with oral or parenteral admin-

istration of antibiotics like penicillin, ampicillin, or co-trimoxazole [21]. ADL

could develop into severe lymphoedema if not properly cared for and can be

prevented by following the “foot-care program” which involves washing of the

affected area with soap and water, clipping the nails at intervals and keeping them

clean, raising the affected limb to reduce the swelling, using antibiotic ointments to

treat local injuries, and using antifungal ointment on the feet daily [22]. Secondary

bacterial infections are prevented by using antibiotics along with close adherence to

hygiene practices [21, 22].

Chronic irreversible lymphedema is the most disabling disease. Patients with

enlarged limbs or dependent regions with accompanying pain become severely

disabled and unable to perform their normal day to day functions. They find it

difficult to find employment, they become socially isolated, and with severe stigma

they are a huge burden to the family because of the healthcare cost and no job. In

addition to morbidity management and disability prevention, these patients will

need significant psychological and socioeconomic support [19–24].

Tropical pulmonary eosinophilia (TPE) is a severe allergic syndrome associated

with LF, where patients show wheezing, fever, and high eosinophilia in the blood
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(as high as 3� 106 eosinophils per ml of blood) and bronchoalveolar lavage

[25, 26]. TPE reactions largely resemble type I, type III, and type IV hypersensi-

tivity reactions depending on the severity of the condition. In all TPE cases

reported, eosinophils are the major effector cells identified. TPE patients also

show high titer of serum IgE and IgG antibodies against filarial antigens. It is

believed that these antibodies amplify the allergic responses. Patients with TPE

may show acute eosinophilic alveolitis and severe histiocytic infiltration depending

on the severity of the condition. Pulmonary function tests may show mixed restric-

tive and obstructive abnormality with a reduction in diffusion capacity. Majority of

the TPE cases are misdiagnosed as allergic conditions and are often treated with

steroids. Given the parasite etiology of TPE, the use of DEC as a treatment is

warranted to reduce the clinical symptoms of TPE. Despite treatment with DEC,

about 20% of patients may relapse. Thus, there is a clear need for a diagnostic

marker that can be used to differentially diagnose TPE from other pulmonary

eosinophilic conditions [26].

3 Targets for Intervention and Elimination of LF

Elimination of LF in a community requires total interruption of the life cycle of the

parasite which will prevent further transmission of the disease. Currently this is

achieved by chemotherapy and vector control [9]. Adult parasites in the lymphatics

produce microfilariae that appear in the peripheral circulation which are then picked

up by the mosquitoes for disease transmission. There are at least three highly

effective chemotherapeutic drugs (DEC, albendazole, and ivermectin) available

to clear the microfilariae from the circulation. If given at an appropriate interval,

these drugs are highly effective in prolonged clearing of microfilariae and thus

interrupting transmission of the disease to mosquitoes. Thus, chemotherapy is an

effective strategy to interrupt transmission of LF in a community [27–29]. In fact,

mass administration of DEC was successfully tried in a population in the states of

Kerala and Puducherry in India during 1990–1992 resulting in transmission inter-

ruption of LF in these regions [30]. Based on the success achieved at Cherthala and

Puducherry, the 50th World Health Assembly passed a resolution in 1997 to

eliminate LF by 2020 using the mass drug administration (MDA) approach [31].
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4 Current Elimination Strategies for LF

4.1 Prophylactic Chemotherapy Using Mass Drug
Administration

It is recognized as early as 1996 that the elimination of LF is feasible [32]. Clinical

treatment for LF is based on the classification of diseases, whether it is asymptom-

atic, acute adenolymphangitis, or chronic irreversible lymphedema. Asymptomatic

infection can be treated with a combination of oral medication DEC (6 mg/kg) and

albendazole (400 mg/kg) in an outpatient setting [33]. In Africa, where onchocer-

ciasis is prevalent, a combination of albendazole (400 mg/kg) and ivermectin

(150–200 mg/kg) is used. Acute adenolymphangitis (ADL) occurs when large

amounts of adult worms infest the lymph nodes. A course of DEC combined with

albendazole or with ivermectin and analgesics is shown to be effective [34]. Anti-

histaminic and steroids are given to reduce swelling and hypersensitivity. Often

antibiotics are used to treat any secondary infections that develop in the patient

[35]. There is no radical cure once lymphoedema is established in the patient.

Currently available treatments can only prevent further progression of the swell-

ings. Alternative medicine may help reduce the swelling. There is a report that

prolonged treatment with oral or topical coumarin or flavonoids can shrink the

lymphedema [36]. Nevertheless, DEC, albendazole, and ivermectin are widely used

in the control of LF.

4.2 Diethylcarbamazine Citrate

DEC (N,N-diethyl-4-methyl-1-piperazine carboxamide dihydrogen), a synthetic

derivative of piperazine (Fig. 1), is a white crystalline odorless bitter salt used in

the treatment of LF primarily as its citrate derivative. Since its discovery as an

anthelmintic, DEC remains the drug of choice for LF and is used as an antifilarial

drug since 1947. DEC has no known toxicity when given to uninfected

individuals [37].

DEC is soluble in water and is available as a white crystalline tablet for treating

LF. DEC has a melting point at 141�C and decomposition of DEC by heat emits

toxic nitrogen oxides. The salt is very stable under high environmental temperatures

and humidity. DEC is readily absorbed from the gastrointestinal tract and peal

plasma level occurs in 1–2 h. The drug is metabolized in the liver and the metabolite

is excreted in the urine.

The mechanism of action of DEC is not fully characterized, and some of the

earlier studies showed that DEC inhibits arachidonic acid metabolism in microfi-

laria. This makes the microfilaria more susceptible to immune attack by the host.

Thus, the lethal effects of DEC on microfilaria are thought to be not direct. A single

annual dose of 6 mg/kg of DEC significantly lowers microfilariae count in the blood
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[38]. However, its effect against adult worms is seen only in few patients due to the

lack of sensitivity of the worms to DEC. Thus, DEC is not an adulticidal drug and it

only clears microfilariae from infected patients. Therefore, when DEC is used as a

mass drug treatment, there is a need to repeat the DEC treatment for many years.

The average reproductive life span of adult female worms is approximately

30 years. Thus, there is a need to repeat DEC treatment as long as the adult female

worms are reproductively active. This will ensure killing all microfilariae and

possibly interrupt transmission of LF [39]. DEC is also used in the treatment of

tropical eosinophilia syndrome; however, it needs to be given for 3–4 weeks.

DEC-fortified cooking salt are distributed in several endemic regions as a way of

mass distribution [40, 41].

DEC treatments are often followed by complications such as encephalitis and

retinal hemorrhage [42–44]. Some patients develop fever, malaise, and headache

following treatment with DEC. Some of these symptoms can be minimized by

reducing the doses of DEC.

4.3 Ivermectin

Ivermectin, another drug used in the mass treatment of LF, is a macrocyclic lactone

that is a semisynthetic derivative of avermectin (Fig. 1) produced by the fungal

organism Streptomyces avermitilis. The 2015 Nobel Prize in Physiology or Medi-

cine was awarded to Dr. William Campbell, emeritus research fellow at Drew

University in Madison, New Jersey, in the USA, and Satoshi Omura, professor

emeritus at Kitasato University in Japan, for their discovery of avermectin. Iver-

mectin has broad-spectrum antiparasitic effect. In the treatment of LF, a single dose

of 200–400 ug/kg of ivermectin was highly effective against microfilariae and the

immature stages of the parasite including embryos in the uterus of the adult female

worms [45]. Nevertheless, ivermectin has no proven action against the adult

parasites or in tropical eosinophilia [46].

The mechanism of action of ivermectin involves the interference of glutamate-

gated chloride channel that is important for the neural and neuromuscular trans-

mission in the parasite. When given at the recommended dose, ivermectin is well

tolerated. Some of the reported side effects following ivermectin treatment in

individuals with higher microfilariae counts include fever, myalgia, headache,

sore throat, and cough. Ivermectin therapy occasionally causes self-limiting

serum aminotransferase elevations along with liver injury.

4.4 Albendazole

Albendazole (methyl 5-(propylthio)-2-benzimidazolecarbamate), a benzimidazole

derivative (Fig. 1), is also widely used as a chemopreventive agent against LF in the
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MDA. Albendazole has broad-spectrum activity against a wide variety of gastro-

intestinal helminth parasites. Albendazole is thought to have killing effect on adult

lymphatic filarial worms when used at a dose of 400 mg twice daily for 2 weeks.

The death of the adult worm may induce severe scrotal reactions in infected

patients [47].

A major advantage of using albendazole as an antifilarial agent is that it is also

highly effective against other gastrointestinal nematode parasitic infections that are

co-endemic in regions where LF is endemic [48]. Albendazole and diethylcarbam-

azine (DEC) are currently used in combination as an MDA in all parts of the world

except Africa [49–52]. This is because DEC cannot be used in areas where LF and

onchocerciasis are co-endemic. Onchocerciasis affects the eye, and the inflamma-

tion associated with the death of juvenile parasites in the eye following MDA

treatment can cause blindness in addition to encephalopathy and kidney damage

[53, 54].

Albendazole is metabolized in the liver to albendazole sulfoxide, which is the

active form that is effective against parasites. After a single oral dose, albendazole

is poorly absorbed through the gastrointestinal tract. However, high-fat diet was

shown to increase albendazole absorption resulting in peak plasma concentrations

of albendazole. In the blood, albendazole sulfoxide is 70% protein bound and has a

half-life of approximately 8–12 h. Majority of the albendazole sulfoxide is secreted

in the bile and urine. Hepatic disease or biliary obstruction can affect the clearance

of albendazole sulfoxide. The mechanism of action of albendazole involves inhi-

bition of the polymerization of tubulin specifically in the intestinal cells of the

parasite. Albendazole has no effect on the host cell tubulin. Polymerization of

tubulin is an important event in the formation of microtubules, and microtubule

formation is critical for the uptake of glucose by the parasite. Albendazole-induced

interference in the formation of microtubules is irreversible. Thus, resultant dis-

ruption in the absorption of glucose leads to diminished metabolism and energy

production in the parasite resulting ultimately in the death and disintegration of the

parasite. Several reports suggest that both human and animal parasites can develop

resistance to albendazole. Resistance occurs when albendazole loses its ability to

bind to tubulin, usually as a result of mutation in the tubulin gene and/or confor-

mational changes in the tubulin protein of the parasites [55].

All three antifilarial drugs needed for MDA was supplied free of cost by

GlaxoSmithKline, Merck & Co. Inc. and Eisai Inc. After 10 years of MDA

coverage, the incidence of LF infection has drastically reduced in several parts of

the world [3]. This is a great achievement. Nonetheless, certain focal areas of

transmission – “hot spots” – continue to remain due to noncompliance to MDA

[11, 12, 56]. MDA has little or no effect on the adult parasites, which can produce

microfilariae when the effect of the drug is waned [57, 58]. The presence of ample

mosquito vectors in the endemic regions can amplify the focal infection resulting in

the reemergence of the disease. Therefore, there is a need to develop newer drugs

that are effective against the adult worms.
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4.5 Surgical Treatment

Surgical options like lymph nodo-venous shunts, omentoplasty, excisional surgery

and skin grafting, elevation of the affected limb and compression bandages, regular

light massage of the limb, compression of the affected limb using single or multicell

jackets, and heat therapy using wet heat or hot oven all have been tried with varying

success [23, 34]. Large hydroceles and scrotal elephantiasis can be excised by

surgery, but multiple procedures and skin grafting are required in elephantiasis to

correct the gross limbs.

Lymphatic drainage could be improved by reconstructive surgery involving

lymphatic-venous anastomoses but the long-term benefit is still unclear. Drainage

of hydrocele may give some immediate relief. Hydrocelectomies was also found to

be helpful in some cases [18–20, 59].

4.6 Vector Control

Patrick Manson was the first to demonstrate that mosquitoes act as vectors for

W. bancrofti [60]. Since then several species of mosquitoes largely belonging to the

four genera (Anopheles, Culex, Aedes, andMansonia) were shown to act as vectors
for LF. Over the years several estimates were made as to the number of infective

bites required to produce a patent infection in the human. For Culex
quinquefasciatus mosquito, it is estimated that about 15,500 infective bites are

required [61]. For Anopheles and Aedes, an estimated 2700–100,000 infective bites

are needed for a patent infection. The distribution, ecology, biology, and transmis-

sion potential of each of the vectors differ greatly. In Southeast Asia, Aedes is the
main transmitting vector for LF, and in Africa, Anopheles is the primary vector.

Aedes mosquitoes can transmit diurnal subperiodic form of W. bancrofti
(microfilariae are found in the peripheral blood during day time and night time).

Similarly, Aedes can breed in any small puddle of stagnant water. Generally,

Anopheles mosquitoes are active at dusk and dawn. Several species of Anopheles
mosquitoes can transmit the LF infection in Africa and Southeast Asia. Many of

these mosquitoes transmit other diseases as well. For example, Anopheles can

transmit malaria and Aedes can transmit dengue. Thus, LF is often co-endemic

with other disease conditions. Thus, an integrated vector control strategy can have

significant impact on LF transmission as well. In fact, vector control was used as a

primary approach for the control of filariasis initially by spraying indoor with

dichlorodiphenyltrichloroethane (DDT) which successfully eliminated Anopheles-
transmitted filariasis from Solomon Islands and Togo [62].
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4.7 Morbidity Management

Major public health problem associated with LF is long-term disability and disfig-

urement due to lymphedema in the extremities and development of hydrocele

[4]. The edematous limb in early ADL stages of the infection has a high risk of

injury and possible secondary infection complicating the condition [63]. Therefore,

one of the primary necessities will be to educate the patient to use simple hygiene

measures, such as basic skin care, to prevent the progression of the edema. The

affected parts should be washed with soap and warm clean water twice a day and

mopped dry carefully. Topical antibiotic treatment such as penicillin over the

affected skin in addition to the cleaning can help prevent secondary infections

[21]. Regular mild exercise and keeping the limb elevated while lying down can

facilitate lymph flow. Patients should wear comfortable footwear and keep their toe

nails and skin between toes clean all the time. Scarification or if any open wound

occurs on the skin, they should be treated immediately with antibiotic ointments.

Hydrocele condition needs surgical intervention. In additional to the morbidity

management, it is important that the patient receives psychological and socioeco-

nomic support to reduce the stigma associated with the disease.

5 Developing Newer Drugs for LF Elimination

As mentioned above current strategy uses the combination of three drugs: DEC,

albendazole, and ivermectin. These drugs are highly effective in clearing the

parasites in the blood circulation, which includes L3 and microfilariae. However,

none of these treatments reliably kills all adult worms in the human host. Therefore,

much research effort has gone into identifying drugs and drug targets that are aimed

at clearing the adult worms (macrofilaricides) along with the larval forms. Most

successful among these are the anti-Wolbachia treatment strategies. A number of

antibiotics doxycycline, tetracycline, rifampicin, azithromycin, and chloramphen-

icol (Fig. 2) were tested against B. malayi in vitro and were shown to have direct

effect on the release of microfilariae from adult female worms [64–66]. At higher

concentrations, these antibiotics can even kill the adult worms. Antibiotics such as

penicillin, aminoglycosides, erythromycin, and ciprofloxacin (Fig. 2) have no effect

against LF. However, corallopyronin A (Fig. 3), a natural antibiotic originally

isolated from the myxobacterial strain Corallococcus coralloides c127 (DSM

2550), is shown to have significant effect against Wolbachia [67]. Additional

studies showed that tetracycline, rifampicin, and azithromycin can clearWolbachia
from adult worms in physiological concentrations, and this was associated with the

damage of the developing embryos [65]. Tetracycline treatment also decreases the

expression of genes that are involved in the cuticle biosynthesis and energy

metabolism of LF. Among the antibiotics that are effective, doxycycline
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(C22H24N2O8), a synthetic derivative of tetracycline, has the most potent effect

against LF [68].

Doxycycline is an inhibitor of matrix metalloproteases in LF. Few reports show

that doxycycline treatment can ameliorate the lymphedema stage in W. bancrofti
infections [69].

There was also significant decrease in the severity of lymphoedema and

hydrocoeles in LF patients following doxycycline therapy. Several studies suggest

that doxycycline at a dose of 200 mg daily for 3–8 weeks has no side effects and is

more efficient than DEC and albendazole in interfering with the development,

embryogenesis, fertility, and viability of filarial worms [70]. Doxycycline is mainly

useful in areas where W. bancrofti and Loa loa is co-endemic. One of the major

drawbacks of doxycycline treatment is that it is not suitable for mass treatment due

to the possibility of developing drug resistance.
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Fig. 2 Structure of doxycycline (4), tetracycline (5), rifampicin (6), azithromycin (7), chloram-

phenicol (8), penicillin (9), aminoglycosides (10), erythromycin (11), ciprofloxacin (12),

corallopyronin A (13), auranofin (14), coumarin (5, 6 benzo-alpha-pyrone) (15), mebendazole

(16), 2,4-diaminopyrimidine (17), and 2,4-diamino-s-triazine (18)
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Recently, several studies have also attempted to repurpose drugs that are used for

other conditions and have already gone through the regulatory approvals. For

example, auranofin (Fig. 2), a gold-containing drug used for rheumatoid arthritis,

was found to be highly effective in killing both Brugia spp. and Onchocerca spp.

adult worms in vitro in nanomolar range [71].

Some of the other drugs tested or under development against chronic LF

infections include: coumarin (5,6 benzo-alpha-pyrone) (Fig. 2) that can reduce

the swelling and bursting pain, secondary fungal infections, lymphangitis, and

lymphadenitis that accompany LF infection. Unfortunately many of these drugs

have severe side effects that can lead to hepatotoxicity [72, 73]. Mebendazole

(Fig. 2), a broad-spectrum anthelmintic, has been tried with only partial success

against LF [74]. The potential of developing inhibitors of parasite trehalose-6-

phosphate phosphatase and 2,4-diaminopyrimidine and 2,4-diamino-s-triazine
(Fig. 2) derivatives has been tried as a target for LF therapy [75, 76].

Herbal medicines are also being used by about 80% of the world’s population in
the developing countries and are recognized as a holistic approach toward health. In

general most herbal medicines are safe with lesser side effects. Extensive search for

herbal medicines against LF resulted in several herbal products that showed both

macrofilaricidal and microfilaricidal properties. Some of these include the ethanolic

and aqueous extracts of Azadirachta indica [77]; crude extracts of Xylocarpus
granatum, Tinospora crispa, and Andrographis [88]; aqueous extracts of Butea
monosperma L.; ethanolic extracts of Vitex negundo L. and Aegle marmelos; and
ethanolic extracts of nirgundi roots, bael leaves, and Cardiospermum halicacabum
[78–80]. Similarly, the leaf extracts of Hibiscus sabdariffa showed significant

effect on both B. malayi adult worms and microfilariae. In jirds the leaf extract

killed 57% of adult worms and sterilized 64% of female worms. A combination of

herbal extracts from Semen Arecae, Rhizoma Alismatis, Fructus Forsythiae, Spica
Prunellae, Rhizoma Atractylodis, Fructus Chaenomelis Semen Torreya, Herba
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Polygoni Avicularis, and Folium Pyrrosiae is being developed as a drug against

filariasis. Flavonoids (naringenin, hesperetin, flavone, rutin, chrysin, and naringin)

and polyphenolic herbal extracts (Aegle marmelos, Vitex negundo, Azadirachta
indica) combined with DEC have significant both macrofilaricidal and

microfilaricidal properties in vitro [81]. Similarly several GST inhibitory com-

pounds such as linalool, alpha-pinene, strychnine, vanillin, piperine, isoeugenol,

curcumin, beta-caryophyllene, cinnamic acid, capsaicin, citronellol, and geraniol

(Fig. 3) are being developed as a novel drug therapy for LF [82]. Despite all these

drug developments, there are no comprehensive information on the costs and cost-

effectiveness of interventions for LF prevention [83, 84].

6 Drug Discovery Pipeline for LF

Newer approaches to drug discovery against LF have begun to look at repurposing

already approved drugs from human pharmacopeia. Initial screening of approved

drugs focused on targeting the endosymbiontWolbachia. These studies showed that
tetracycline, fluoroquinolone, and rifamycin classes of antibiotics are promising as

potential antifilarial drugs against adult filarial worms. A second pipeline of drugs

being developed against LF uses testing of antiparasitic agents that were identified

from veterinary practice and animal health drug discovery efforts. Exploitation of

surrogate drug discovery models from veterinary practice is not new. In fact several

antiparasitic drugs used in human medicine were first developed for veterinary

practice. The third pipelines of drug discovery approach rely on high-throughput

screening of FDA-approved pharmacological compounds against select molecular

targets. Newer research approaches focus on identifying potential molecular targets

in LF for chemotherapy. For example, if the target is a key enzyme critical for the

survival of the parasite in the host, such throughput screening can identify mole-

cules that can neutralize the activity of the enzyme. Currently there are several

chemotherapeutic drugs that are highly effective against the larval stages of

LF. There is an immediate need for drugs that are effective against the adult

parasites. If adult parasites are not cleared from the host, it will be very difficult

to eliminate LF from endemic region. Clearing microfilariae from infected individ-

uals will only temporarily interrupt transmission. For long-term transmission inter-

ruption and elimination, it is critical that the adult worms are removed from infected

individuals.
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7 Developing Chemotherapy Against the Endosymbiont,

Wolbachia

Nearly all of the filarial parasites including lymphatic filarial worms have the

alphaproteobacteria Wolbachia which resides in these worms as an endosymbiont

[85]. Transmission of these bacteria occurs vertically through female worms. The

relationship between Wolbachia and the filarial worms are “mutualism” in that the

Wolbachia bacteria are essential for the survival and reproduction of filarial worms.

Removal of Wolbachia with antibiotics can significantly affect the survival of the

filarial worms [86]. Preliminary annotation of the genome of Wolbachia from

Brugia malayi is now complete [87] and is helping in identifying targets for

chemotherapy and vaccination against Wolbachia. Approximately 15% of the

genome has repeated elements like transposons and viruses. The Wolbachia
genome also has a high number of duplicated genes compared to other bacteria.

The association of Wolbachia spp. with filarial worms led to the speculation that

endotoxins and bacterial products released from Wolbachia might play a central

role in the pathogenesis of LF [88].

8 Public Health Education

Public health education plays a major role in any control programs. Education will

remove some of the myths associated with the disease and clear any doubts the

patients may have regarding the disease. These educations should start as early as in

the lower grade school. In addition discussions about the disease and latest

advances about the disease in the community forum on a regular basis can

immensely help the effort toward control and elimination of LF. Studies show

that public health education improved patient compliance to MDA, improved self-

hygiene, and promoted clearing of mosquito breeding grounds from the surround-

ing environment in a community. Thus, public health education should be an

integral part of any LF elimination strategies. The use of focus groups was used

as a strategy to improve the quality of life with great success in a study conducted at

Bangladesh for people living with LF [89]. Dietary changes consisting of a low-fat,

high-protein diets supplemented with medium-chain triglycerides were shown to be

beneficial.
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9 Vaccine Development Against LF

9.1 Natural Immunity and the Need for a Vaccine
Against LF

Natural immunity to LF occurs in the endemic regions. Subjects living in the same

household or in the neighborhood same as an LF-infected person are at great risk of

getting the infection because they can be repeatedly bitten by the infected mosquito.

If some of the infective larvae end up developing into adult worms in the naive

nonimmune individual, infection will ensue, thus perpetuating the transmission of

the disease. However, in some of the individuals, the infective larvae after entering

in the body probably die, and over time these individuals develop immunity to the

infection. These individuals carry high titer of antibodies against the parasite in

their circulation and show no signs of LF infection. These individuals are called

endemic normal (EN) subjects [90]. Repeated exposure to infective larvae in the

endemic regions is believed to boost the immunity of EN subjects against LF

infection. Experimental studies in rodents show that repeated infections with

B. malayi L3 as trickle infections can induce resistance against challenge infections
[91]. Thus, EN is a heterogeneous group of individuals who are truly free of

infections with adult worms but show high titer of antibodies against the infective

larvae. Studies have confirmed that naturally immune EN human subjects have

higher titer of IgG antibodies against infective larval antigens in their sera

[92, 93]. These antibodies were shown to be lethal for infective larvae when tested

in vitro using an antibody-dependent cellular cytotoxicity assay [94–96]. When

infective larvae were incubated with sera from EN subjects and buffy coat cells

from healthy individuals, several cells were found adhered to the larvae (Fig. 4),

causing damage to the larval surface resulting in death of the larvae [97, 98].

IgG and IgM antibodies in the sera appeared to be primarily attaching to the

larval surface in these assays. Depletion of IgG bodies completely abolished the

ability of the EN sera to kill infective larvae in the ADCC assay suggesting an

Fig. 4 ADCC assay using

sera from an endemic

normal (EN) subject.

Several cells (mainly

macrophages) were found

adhered to the B. malayi L3
larva resulting in larval

death. When EN sera

depleted of IgG antibodies

were used in the assay, no

cells adhered to the larva,

and there was no larval

death suggesting that IgG

antibodies are critical for

the ADCC function
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important role for IgG antibodies in the protection against LF. Among the buffy

coat cells, macrophages that have FcγR1 were shown to be the major cells that were

involved in the killing of the parasite [99]. Thus, the presence of protective

antibodies is used as a criterion to distinguish EN from asymptomatic microfilaria

carriers (MF). In contrast, asymptomatic microfilaraemic individuals have high titer

of IgG4 antibodies, and patients with chronic disease have high levels of IgE

antibodies against adult worm soluble antigens [100]. Thus, there is a clear dichot-

omy in the antibody responses between naturally immune EN subjects and patients

with acute or chronic infections. In fact, this difference is exploited in many studies

to understand the host protective responses to LF in the human and in the develop-

ment of a vaccine. Mothers who have developed immunity against filariasis can

transfer IgG antibodies to fetus via the transplacental route [101]. This is critical for

the initial resistance and subsequent immune responses against the parasite in

infants. All these reports suggest that development of a vaccine against LF in the

human is possible.

Analysis of the response of peripheral blood mononuclear cells (PBMC) of EN

subjects to infective larval antigens shows that antigen-responding cells are present

in the peripheral circulation of EN subjects [102]. These cells proliferate in

response to the antigens and secrete predominantly IFN-γ and IL-4 [94]. A balanced

Th1/Th2 response against key antigens from the infective larvae appears to be

critical for the protective immune responses in EN subjects. In sharp contrast, the

PBMC of asymptomatic microfilaraemic (MF) individuals either fails to respond to

the parasite antigens or predominantly secretes IL-10. Thus, a clear dichotomy

exists in the cellular responses between EN and MF individuals as well [16]. The

presence of protective immunity has been demonstrated in the human [103]. This

suggested that development of a vaccine is possible against human LF.

As mentioned above, individuals living in the endemic region can develop

natural immunity to LF. However, at this time, we do not know what percentage

of individuals actually develop natural immunity and how long the immunity lasts.

There is also a need to assess if there is really a need to develop immunity against

LF for elimination, especially if MDA by itself can lead the way to eliminate LF

from the endemic regions. After about 10 rounds of MDA campaign, incidence of

LF has substantially reduced in several parts of the world [28]. Despite the

significant achievements, there are several reports of noncompliance to MDA.

This has led to the persistence of LF infection in some areas within the endemic

regions. These areas are the “hot spots” where the infection still persists and

implement targeted control approaches. Once the incidence level is brought to

negligible levels, the next step will be to start planning for the eradication of

lymphatic filariasis. Some of the countries were able to eradicate lymphatic filari-

asis; however, the rapidly increasing vector population, temperate climatic condi-

tions, and poor hygienic conditions in some of the affected regions are a big

challenge for achieving eradication of lymphatic filariasis. Therefore, there is a
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need to compliment vector control measures along with MDA [104]. Similarly, a

vaccination strategy against lymphatic filariasis combined with targeted MDA and

vector control is probably the most sustainable approach to achieve eradication of

lymphatic filariasis.

9.2 Current Status of Vaccine Development Against LF

Morris et al. [105] has extensively reviewed the history of vaccine development

against LF in experimental animals. Initial attempts to identify potential vaccine

candidates largely relied on characterizing soluble whole worm antigens or excre-

tory secretory antigens using immune sera from experimental animals [106]. Wong

et al. [107] demonstrated that partial protection can be achieved when macaques

were immunized with excretory secretory products of the infective larvae. Com-

pletion of the genome of B. malayi; identification of the transcriptomes [108],

secretome [109], and inflammatory/immuno-proteome [110]; and availability of

cDNA libraries of different stages of the parasite helped in the genome-wide

screening for the identification of vaccine candidates against LF [111].

In our laboratory we expressed the cDNA library of the infective stages of

B. malayi and W. bancrofti on the surface of T7 bacteriophage [112]. We then

screened these phage expression libraries using several rounds of sequential itera-

tive panning with sera samples from non-endemic normal (NEN, these are individ-

uals never exposed to the infection and have no antibodies to the parasites),

asymptomatic carriers (MF) and chronic patients (CP) and finally with sera from

the naturally immune EN individuals that contain protective antibodies. We iden-

tified several antigens that were subsequently cloned, and recombinant proteins

were then evaluated for their vaccine potential in rodent models [16, 113–

118]. Antigens that are uniquely recognized by the antibodies in the sera of EN

subjects that are specific to the parasite with no homology to human protein

sequences were selected for final vaccine development.

Among the several antigens identified and characterized, abundant larval tran-

script (ALT-2) is the major antigen recognized by all sera samples from EN sub-

jects [119] and was subsequently shown by several laboratories as a major vaccine

candidate for LF. Other important antigens identified include thioredoxin peroxi-

dase (TPX-2) [120], glutathione-S-transferases (GST) [121], heat shock protein

(HSP12.6) [116], vespid venom allergen homologue (VAL-1) [115, 122],

tetraspanin LEL (TSP) [117], myosin heavy chain [123], BmT5 [124], Bm transglu-

taminase [125], Bm paramomycin [126], BmSPN2 [127], Bm AFII [128], Bm
cysteine protease inhibitor (BmCPI-2M) [95], Bm transglutaminase [125], Bm-
trehalose-6-phosphate phosphatase (BmTPP) [129], Wolbachia translation initia-

tion factor-1 (Wol Tl IF-1) [130], and cofactor-independent phosphoglycerate

mutase (BmiPGM) [131].
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Lymphatic filarial parasites are multicellular parasites that use redundant mech-

anisms for their survival in the host. Thus, targeting one molecule for vaccine

development may not be as effective as targeting multiple antigens. Therefore, one

of the best approaches in the vaccine development against helminth parasites is to

combine two or more key vaccine antigens from different life cycle stages of the

parasite and develop those as a multivalent vaccine to achieve maximum protec-

tion. Our laboratory originally showed that combining two antigens as bivalent

vaccine was better than single monovalent vaccines. Since ALT-2 remains the

leading vaccine candidate for LF, combinations of ALT-2 with other potential

antigens were tested by us and others [91, 97, 118, 119, 122, 125, 132, 133]. For

example, we constructed three different bivalent fusion proteins containing ALT-2

such as HA (HSP+ALT-2), TA (TSP+ALT-2), and VA (VAL-1+ALT-2)

[122]. Compared to ALT-2 alone that gave approximately 72% protection, the

bivalent constructs HA, TA, and VA gave 90%, 82%, and 80% protein, respec-

tively, in mouse model. These are significant improvement over the monovalent

ALT-2 vaccine [94]. Other laboratories also showed similar synergistic enhance-

ment of protection by combining two antigens as multivalent vaccines [120, 122,

125]. The combination of antigens gave over 70% reduction in adult worm estab-

lishment following challenge infection in jirds compared to vaccination with

individual antigens separately [134]. Another approach was to combine the vaccine

antigens together as cocktail vaccines. In this approach, equal amounts of two

antigens such as thioredoxin (WbTRX) and thioredoxin peroxidase (WbTPX)
were combined as a vaccination dose [135]. This approach reduced the worm

establishment by 71% in Mastomys coucha. Each of the vaccines as monovalent

gave only 57% and 62%, respectively. Similarly, a chimera of TRX and VAH was

highly immunogenic in mice [120].

Given the success of a bivalent vaccine, recently we prepared a trivalent fusion

protein vaccine consisting of HSP, ALT-2, and TSP. This trivalent vaccine (HAT)

gave close to sterile immunity (>94%) against a challenge infection with B. malayi
L3 in mice and jirds [94, 97, 113]. When tested in nonhuman primates (Macaca
mulatta), HAT vaccination was highly immunogenic, safe, and conferred about

50% protection compared to controls [16]. Vaccinated macaques did not develop

the characteristic lymphatic pathology (Fig. 5) suggesting that HAT is an excellent

and safe vaccine for LF.

Significant advances have been made in the last one decade to identify and

characterize potential vaccine antigens against lymphatic filariasis. Despite the lack

of suitable experimental small animal models, several research laboratories have

developed highly effective vaccine candidates by combining two or more antigens

as cocktail vaccines, multiepitope vaccine, and/or multivalent vaccines. Several of

these vaccine candidates have great potential to be developed as a vaccine against

human lymphatic filariasis. There is significant hope that a prophylactic vaccine

will be available soon for the control of LF in the endemic regions of the world.
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10 Future Prospects of Elimination of LF

The MDA approach although highly ambitious has interrupted the transmission of

LF in several communities in the endemic regions [136, 137]. Published reports

show that the incidence of LF has significantly decreased in communities where

MDA coverage is over 75%. The MDA grassroots campaign, the community-wide

education on LF by public health workers, various vector control approaches, and

the successful morbidity management initiatives all have raised significant public

awareness of the disease in the endemic communities. Therefore, even low-level

transmission in these regions can be controlled if properly managed. However, in

areas where there is significant noncompliance to MDA, the disease transmission

continues [58, 84, 138–140]. These LF “hot spot” areas within an endemic region

need to be identified and mapped using more reliable mass diagnostic tools that

need to be developed. Recent evidences show that a combination of ivermectin and

albendazole as MDA is also effective against soil-transmitted helminths, especially

hookworm. Therefore, continuing the MDA with albendazole can be beneficial to

eliminate some of the gastrointestinal parasites. Since DEC cannot be used in

regions of Africa where onchocerciasis is a problem, the combination of ivermectin

and albendazole will remain as the frontline chemopreventive approach to elimi-

nate LF, Onchocerca, and gastrointestinal parasitic infections.

Fig. 5 Macaques were vaccinated three times at 4 weeks interval with alum adjuvanted BmHAT
(vaccinated) or alum alone (control). Four weeks after the last immunization, all animals were

challenged on the right leg (R) with 500 B. malayi L3. To determine the level of damage to

lymphatic vessels, we injected 200 μl of 99mTC sulfide colloid on week 0 (before challenger), week

8, and week 10 after challenge between the webbing of each foot. Progression of the isotope from

the injection site to the popliteal and inguinal nodes was monitored, and images were acquired

every minute for up to 90 min. Results show that there was significant lymphatic damage in the

right leg (where challenge infection was given) of control animals, whereas no damage was

apparent in the right leg of vaccinated animals. n¼ 5 [16]
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11 LF Elimination Is Not Close to the Endgame Yet

Over the past 10 years, the MDA approach was used to eliminate LF in several

endemic regions. In places where MDA coverage was excellent, the LF incidence

dropped significantly. In these regions unfortunately LF is not totally eliminated.

The infection is present in low levels. Recently, we conducted a survey in several

villages in India to assess the transmission and incidence of LF in communities that

had high prevalence of LF and received at least 8 annual rounds of DEC treatment.

Alarmingly, we found 5% of new cases of LF in individuals who were previously

not reported to be positive for the infection. Since we identified new microfilariae-

positive individuals that were not reported previously, we collected mosquitoes

from that region using a CDCmosquito mini trap. To our surprise, mosquitoes from

four out of seven villages were positive for LF by PCR analysis (unpublished data).

These findings clearly show that LF disease is reemerging in select rural areas in

India despite 8 years of MDA approach. The transmission assessment (TSA) survey

has not begun in many parts of the world where 8–10 rounds of MDA have been

completed. We will have to wait and see if our finding was an aberrant one or the

situation is same in other parts of the world as well. Few recent reports suggest that

this may be the case in other endemic regions also [136–140]. Drugs can clear the

infection from infected individuals and transiently reduce the incidence of the

infection. Since in most cases the adult worms are not cleared, they can start

producing the microfilariae soon after the effect of drugs is waned. The situation

becomes more complicated when the infected individuals fail to continue taking the

medication due to noncompliance. Thus, although MDA is an excellent approach to

eliminate LF, it is not sustainable. Mainly because there is a need to continue MDA

every year or biannually to clear the circulating parasites from the blood of infected

individual until all the adult parasites naturally die in the infected individuals,

which could very well be over 30 years. Another major hurdle in the MDA

approach is that elimination of LF from an individual with MDA is no guarantee

that the person will not get a new infection, because MDA treatment will not confer

protection against future infections. In the villages where we found new cases of

LF, all the newly infected individuals claimed that they took DEC every year but

still became infected. Therefore, to establish a more sustainable elimination

approach, there is a need to build herd immunity. Natural infections or drug-

attenuated infections in some cases can induce natural immunity. At least from

our survey, there appears to be very few individuals who have developed natural

immunity to LF in areas where ten rounds of MDA was given. Herd immunity can

be built only by prophylactic vaccination. Thus, a sustainable LF elimination

approach should include a prophylactic vaccination, chemotherapy of infected

individuals in the “hot spot,” and an effective vector control measure which will

ensure prevention of any newer infection plus removal of any residual infections in

a community [13].
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12 Concluding Remarks

The Global Program for Elimination of LF has made significant strides toward

eliminating LF using mass drug administration and morbidity management in the

endemic regions of the world. Nevertheless, few pockets of residual infections still

remain in majority of these endemic regions largely due to noncompliance to MDA.

These residual infections can be a nidus and risk for reemergence of LF, thus

potentially losing the momentum already gained by MDA. Significant progress has

also been achieved in the last two decades in understanding the protective immune

responses to LF in the human and experimental animals. All the studies to date

confirm the notion that development of an effective prophylactic vaccine is possible

against LF. Completion of the genome of B. malayi has significantly advanced our

understanding of the secretome and proteome of the parasite. This has immensely

helped the vaccine development field against LF. Despite the limitations in the

availability of a true small experimental animal model, several vaccine candidate

antigens have been identified and characterized. Combination of two or more

antigens as a multivalent vaccine gave significantly better results than monovalent

vaccines. Initial trials using a multivalent vaccine in nonhuman primates are highly

encouraging. Prophylactic vaccine combined with MDA is critically needed to

contain focal infections in “hot spot” areas. It is needless to stress that prophylactic

vaccination is the most sustainable strategy for elimination and possibly eradication

of infectious agents from a larger geographical area. There is significant hope that

LF will be eliminated and eradicated in the future from the endemic regions.
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Abstract Fungi are eukaryotic, single cell or multicellular organisms which cause a

wide range of human diseases ranging from superficial skin to invasive life-

threatening infections. Over the last couple of decades the incidence of life-

threatening fungal infections has increased seriously as the patients of AIDS, cancer,

organ transplant and immune-compromised population have increased. Though a

significant progress has been made in the discovery of antifungal agents in the form

of polyenes, azoles and allylamines yet the antifungal therapy poses severe challenge

because of the side effects, narrow spectrum of activity and recently development

resistance among patients against the present antifungals. This chapter deals with the

current antifungal agents, their spectrum of activity, mode of action, limitations,

current challenges in antifungal therapy, and new avenues for future developments.
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1 Introduction

Fungi are one of the extensively spread organisms on earth and have great envi-

ronmental and medical importance. The kingdom fungi contains about 1.5 million

[1] different species which are either unicellular or multicellular eukaryotic, het-

erotrophic organisms that can be divided into biotrophs: which obtain their nutri-

ents from a living host (plant or animal), saprotrophs: which obtained their nutrients

from animals or dead plants, and necrotrophs: which infect a living host and kill

host cells to obtain their nutrients [2].

Besides being beneficial organisms for humans in bio-production of alcohol and

bakery, fungal species like Aspergillus sp., Penicillium sp., and Acremonium sp. are

associatedwith the production of enzymes and antibiotics.Alongwith the above positive

126 P.K. Shukla et al.



impacts certain species adversely affect the crops and humans by producing diseases. A

number of fungi have been reported as causal agents of human and animal infections and

the first published record of infection in human is a case of oralmanifestation ofCandida
albicans infection that was recorded in 1665 as a fatal disease [3].

In the atmosphere fungi are present from temperate to subtropical and tropical

areas, and these organisms are mostly non-pathogenic and can cause infection under

certain compromised conditions like immune suppression which may be due to

various factors [4]. The fungi can cause infection of any part of the body starting

from the hair of the scalp to nails of the toe web. However these infections are

opportunistic in nature and the fungi causing these infections are categorized as

opportunistic pathogens. The true pathogenic fungi are only four in number and

these are Coccidioides, Paracoccidiodes, Blastomyces, and Histoplasma [5]. Fortu-

nately the geographic distribution of these fungi is known to restricted area [6]. In

case of superficial fungal infections the value is more of cosmetic in nature and man

hour loss in terms and public nuisance. However the systemic infections pose a

serious challenge in the form of early and accurate diagnosis as well as treatment [7].

A number of antifungal agents as described in this chapter are available in the

market. Barring amphotericin B almost all the known antifungal agents are fungi-

static in nature. Amphotericin B considered to be the gold standard of the antifungal

agents is fungicidal; however its use is very much limited due to its side effects,

particularly nephrotoxicity [5]. The fungal infections have emerged into promi-

nence after the onset of AIDS and HIV infections where these infections may prove

to be fatal to the host [6]. The number of antifungal agents is limited as compared to

antibacterial drugs because of the fact that the fungus is an eukaryotic organism that

parasitizes an eukaryotic host where the narrow range of physiologic difference

between them cause difficulties in developing safe and broad spectrum antifungal

agents. There are limited number of classes of antifungal agents to combat fungal

infections with limitations of toxicity and development of drug resistance [8, 9].

2 Challenges in Antifungal Therapy

The major challenge in the treatment of mycoses is the timely and correct diagnosis

of the disease. This is the first very important step which is mainly dependent on the

clinical symptoms, which are very peculiar in case of superficial infections like

raised erythematous margins of the lesions with prominent scaling and many times

present with itching. However, in case of systemic infections the symptoms are very

often common to those caused by other bacterial infections particularly in case of

the infections of the lung. Then comes the step of obtaining the sample from the site

of infection which may be achieved through scraping from the active sites of the

infection in case of the involvement of the skin (margins), hair, nail, and sputum in

case of lung infection, blood in case of systemic infection, etc. The samples thus

collected are subjected to direct microscopic examination using wet mount, KOH

preparations or fungal specific stains such as lactophenol cotton blue. In case of
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deep seated infections biopsy is often required for establishing the correct diagno-

sis. From the obtained clinical specimen cultures are made generally in Sabouraud’s
dextrose agar at 30–53�C. Very often the fungi take longer periods to grow and thus

result in the delay in diagnosis of mucoses.

Advances in biological techniques particularly the molecular one have opened

avenues for diagnostic methods that are not dependent on culture of the organisms.

Specific metabolites and molecular probes are often used for the detection and

identification of fungal infections [10–13]. PCR (polymerase chain reaction) has

exhibited its utility in the diagnosis of microbial infections inclusive of mycoses

[14–18]. In the genome the most conserved region is the ribosomal DNA having

capability of phylogenetic divergence [19]. The rRNA gene has a large subunit

(LSU) 28S rRNA and small subunit (SSU) 18S rRNA and 5.8S rRNA. The internal

transcribed spacer (ITS) region I (ITSI) and ITSII are found between SSU rRNA

and 5.8S rRNA and between 5.8S rRNA and LSU rRNA respectively and are more

variable than the rest of the ribosomal gene subunits. In addition the

intergenicspacer (IGS) region I (IGSI) and IGSII occur between the LSU and

SSU sequence [20]. Further the single-stranded conformation polymorphism

(SSCP) technique to identify sequence variations in a single strand of DNA due

to its adoption to a unique conformation under non-denaturing conditions [18] has

been used by various researchers [21–24]. Such molecular approaches have the

advantage of detecting fungi directly in the clinical specimen and provide much

faster and more sensitive fungal detection than the conventional culture-based

methods.

The next important step in the direction of therapy is in vitro sensitivity tests for

the isolated fungal strain against the available antifungal agents. This is achieved by

exposing the test fungus against the known concentrations of various antifungal

agents and determining the minimal inhibitory concentration values. This may be

achieved by either disc diffusion method or more precisely by the twofold serial

dilution method as per guidelines of the CLSI (Earlier NCCLS). There are a number

of antifungal agents available for the treatment of mycoses. However their useful-

ness has been limited either by their selective activity or more recently this situation

is further complicated because of the development of resistance in the fungal

pathogens against the existing antifungal agents.

3 Available Antifungal Drugs, Spectrum of Activity,

and Development of Resistance

The availability of antifungal agents is limited for therapy and the use of these drugs

is further restricted by the issue of safety, resistance, and their efficacy profiles.

Understanding the mode of action of different antifungal agents is an important

prerequisite to explore drug resistance mechanisms. The emergence of resistance

against drugs is an evolutionary process based on natural selection of organisms
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that enhances their ability to survive and multiply in presence of drug. Investment

of a considerable amount of energy is required by competitive microbial commu-

nities for the production and elaboration of antimicrobial agents [25]. The evolution

of resistance against antimicrobial agent is ubiquitous in nature and microbes

evolve various strategies to combat the action of drugs. The development of new

antibiotics is outpaced by the evolution of drug resistance due to which progressing

our knowledge towards understanding evolutionary mechanisms gains utmost

importance. The present antifungal arsenal has been discussed below.

4 Polyenes

The Polyene antibiotics discovered in late 1950s have a broad spectrum fungicidal

activity and were isolated from different species of Streptomyces which are soil

born [26] (Fig. 1). Chemically the polyenes are the molecules that contain

polyhydroxylic lactone ring of 20–40 carbon atoms with 4–7 conjugated double

bonds, that’s why they are hydrophobic in nature. These are known to bind to the

main component of fungal cell membrane, the ergosterol and result in the formation

of transmembrane channels that allow the leakage of cell contents along with K+

and Na+ ions leading to the damage and death of the fungal cells [27]. The affinity

of polyenes for ergosterol in fungal cell wall is higher than the affinity for choles-

terol in mammalian cell; therefore they are less toxic to the latter. Yet this

non-negligible toxicity cannot be ignored and explains the high toxicity associated

with several side effects. Of the several polyene antibiotics only three, nystatin,

natamycin, and amphotericin B, are in clinical use despite their side effects.

Fig. 1 Structure of polyene antibiotics
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4.1 Nystatin

Nystatin (1) is the first antifungal agent introduced for the clinical use which was

discovered by E.L. Hazen and R.F. Brown in 1944 while doing their research in the

division of Laboratories and Research, New York State Department of Health

which was published in 1950 [28, 29]. It was isolated from an actinomycete

Streptomyces noursei which is commercially described as mycostatin and is active

against many moulds and yeast infections [29, 30]. Nystatin is insoluble in water

and sparingly soluble in organic solvents. It is unstable under moist conditions,

heat, and light sensitive and therefore stored in cold and dark places [31]. Nystatin

structure has been resolved by chemical degradation and X-ray crystallography

[32]. It consists of a 38-membered macrolide lactone ring containing single tetraene

and diene moieties separated by two methylene groups [33].

This drug is not absorbed through oral route but is effective topically for

oropharyngealcandidosis. Nystatin was licensed for use in 1951 and due to its

greater potential activity that caused toxicity in the system its use has been

restricted to topical administration for superficial (mucosal) Candida infections of

the oropharynx, esophagus, and intestinal tract.

Later on a liposomal preparation of nystatin was prepared that enhanced survival

and reduced the tissue burden of Aspergillus in experimental neutropenic rabbits

with invasive pulmonary aspergillosis and mice with disseminated aspergillosis

[34, 35].

4.2 Natamycin

Natamycin (2) also known as pimaricin has been reported to be produced during

fermentation process by a soil inhabiting microorganism Streptomyces natalensis
[36]. It is sparingly soluble in water and has been found to exhibit antifungal

activity at low concentrations. Natamycin is being used in the treatment of mycotic

keratitis an infection of the cornea especially the cases caused by the species of

Aspergillus and Fusarium [37]. It is normally used as topical antifungal agent in the

form of cream or drops where it exhibits absorption in very low quantities in the

body. This antibiotic is very little absorbed from the GI tract and therefore not

recommended for use against systemic fungal infections [38].

4.3 Amphotericin B

Amphotericin B (3) is a polyene antifungal agent which is produced by Strepto-
mycin nodosus [39]. According to the modern pharmacological standards, it is notified

that amphotericin B, an antifungal agent, is a very old drug and since long times it was
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the only therapeutic option for the treatment of invasive mycoses. This compound is

amphoteric in nature with a primary amino group attached to the mycosamine ring and

a carboxyl group on the macrocycle [40]. Amphotericin B forms deep yellow crystals

that are sparingly soluble in organic solvents but insoluble in water [41].

Though it is not well absorbed after oral administration, it exhibits a wide spectrum

of activity that is fungicidal in nature [42]. This drug can be used as an oral/topical

formulation for the treatment of mucosal candidosis and intravenous amphotericin B

for invasive fungal infections as a successful therapy [43]. It is proposed by most

clinical medical mycologists as the drug of choice for all forms of invasive aspergil-

losis and cutaneous mucormycosis, blastomycosis, paracoccidioidomycosis, histo-

plasmosis, fusariosis, severe and moderate cryptococcal meningitis,

coccidioidomycosis, candidosis, andCandida infections of the central nervous system
[9]. The side effect of amphotericin B therapy causes serious nephrotoxicity where

almost each patient contracts some defect in renal function [44].

The amphotericin B molecule is largely lipophilic and forms pore in the fungal

membranes but does not cause pore formation in the mammalian cell membrane

because its partition coefficient is lower for cholesterol which form the main

constituent of mammalian cell membrane instead of ergosterol, which is found in

fungal membrane. The drug gets saturated in fungal cell and leads to its lysis due to

its higher partition coefficient for ergosterol. The fungicidal activity of amphotericin

B is mediated by its binding with ergosterol that is supplemented by the secondary

mechanism of membrane permeabilization through channel formation. In a recent

study the cytocidal activity of amphotericin B has been attributed due to its ability to

extract ergosterol from lipid bilayers by forming large, extramembranous aggregates

[45–49]. Use of amphotericin B has certain limitations as its intravenous adminis-

tration is associated with side effects such as fever, chills, headache, nausea,

vomiting and nephrotoxicity. To overcome this problem different commercial

lipid-based formulations of amphotericin B are available that cause less toxicity.

The clinically useful and established novel formulations are lipid combinations

with amphotericin B, encapsulated in liposomes or in ribbon-like and disc-like lipid

complexes while the others studied are amphotericin B–cochleate preparation and

an arabinogalactan complex. To overcome the nephrotoxiciy of standard

amphotericin B lipid formulation of amphotericin B can be used. The lipid formu-

lation is very expensive as compared to the native formulation [25, 50]. Occurrence

of resistance to polyenes in C. albicans is a rare event but recently increasing cases

of resistance have been reported [51]. Filamentous fungi exhibit greater resistance

to polyenes than yeasts. Aspergillus terreus is generally amphotericin B resistant

whereas A. fumigates and A. flavus are becoming gradually more resistant

[52]. Polyene resistance could be developed by reducing the substrate to which it

binds, i.e., ergosterol content in plasma membrane. Mutation in ERG3 gene lowers

the ergosterol content of plasma membrane leading to accumulation of alternative

sterols, causing amphotericin B resistance. The polyene resistance is also associated

with increased catalase activity, which increases its oxidative tolerance [53].

A biochemical hypothesis for amphotericin B resistance has been given by

Hamilton Miller that the altered sterol content of the resistant cells should bind to

smaller amounts of polyene than do susceptible cells, hence may become resistant.
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5 Azoles

Azoles were first introduced in 1960s as derivatives of N-substituted imidazole such

as econazole, ketoconazole, miconazole, and clotrimazole, and is the most widely

used class of antifungal agents [54] (Fig. 2). The azoles form a group of fungistatic

agents with broad spectrum activity and are classified into two groups: the imidaz-

oles and the triazoles. These antifungals inhibit the cytochrome P450 dependent

enzyme lanosterol 14-alpha-demethylase that converts the lanosterol (the main

sterol found in fungal cell wall) to ergosterol and thus results in the depleted

ergosterol in the cell membrane causing cell death [55]. Azole antifungals are

widely used in the treatment of systemic and topical (athletes foot, ringworm

etc.) fungal infections. However azoles being fungistatic have a disadvantage due

to recurrence of fungal infections.

Fig. 2 Structure of azole class of antifungals
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5.1 Econazole

Econazole nitrate chemically 1-[2-[(4-Chlorophenyl) methoxy]-2-

(2,4-dichlorophenyl)-ethyl]-1H-imidazole (4) is a white crystalline nitric acid salt

of econazole. It is slightly soluble in water, ether, and alcohol, sparingly soluble in

chloroform, and soluble in methanol [56]. This antifungal is commonly used as the

nitrate salt for antifungal therapy [57] mainly in the form of a cream to treat tinea

corporis, tinea pedis, athlete’s foot, tinea cruris, tinea versicolor and cutaneous

candidiasis. However about 3% of treated patients have been reported to exhibit

side effects like burning, itching, erthema, and pruritic rash [58].

5.2 Clotrimazole

Clotrimazole (5) was first described in 1969 from At Bayer Research Laboratories.

1-(o-Chloro-alpha,alpha-diphenyl benzyl)imidazole (clotrimazole) is a white crys-

talline solid that is sparingly soluble in water but soluble in alcohol and most

organic solvents [59]. This antifungal is also known as Canesten or Lotrimin and

is the first imidazole derivative which was developed for the treatment of human

mycoses. It played an important role in the treatment of fungal infections such as

vaginal yeast infections, oral thrush, ringworm, athlete foot, and jock itch. It is a

vital medicine in the list of WHO [60].

Clotrimazole kills fungal cell by altering the permeability of fungal cell wall and

binds to phospholipids in the cell membrane that inhibit the biosynthesis of

ergosterol and sterols for the cell membrane production which results in loss of

intracellular elements and cellular death [61]. Clotrimazole is a broad spectrum

antifungal agent used in the treatment of infections caused by dermatophytes,

yeasts, and Malassezia furfur.

5.3 Miconazole

Miconazole (6) is a synthetic imidazole antifungal agent that is poorly soluble in

water and most of the organic solvents [62]. It also has some antibacterial action

and antiparasitic properties. The mode of action of miconazole is inhibiting the

synthesis of ergosterol [63]. It is used for the treatment of topical fungal infections

including vaginal candidiasis [64], onychomycosis [65], tineapedis [66], and pity-

riasis versicolor [67]. It has also been moderately successful in the treatment of

systemic mycoses [68].
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5.4 Ketoconazole

Ketoconazole (7), discovered in 1976, is a member of imidazole synthetic compounds

series which has a broad spectrum antifungal profile. 1-Acetyl-4-

[4-[[2-(2,4-dichlorophenyl)-2(1H-imidazole-1-ylmethyl)-1,3-dioxolan-4-yl]methoxy]

phenyl]piperazine is a weak basic compound that occurs as a white crystalline solid

[69]. Ketoconazole is a racemic compound, consisting of the cis-2S,4R and cis-2R,4S
isomers and it has seen that the 2S,4R isomer was more active than its 2R,4S
enantiomer [70].

Ketoconazole was the first available compound for the oral treatment of systemic

fungal infections in the early 1980s [71]. Ketoconazole is less soluble in water and

administered orally [72] and in a range of formulations for topical administration

such as creams (in treatment of cutaneous candidasis, pityriasis versicolor, candidal

paronychia) and shampoos [73]. It shows toxic effects against yeast and interferes

with other membrane lipids or enzymes. Ketoconazole inhibits the enzyme cyto-

chrome P450 14-alpha-demethylase (P45014DM) which plays an important role in

sterol biosynthesis pathway that leads from lanosterol to ergosterol [74].

High oral dose of ketoconazole may cause hepatotoxicity. Higher therapeutic

doses may also produce endocrine abnormalities by reduction in circulating testo-

sterone levels and blocks both testicular and adrenal androgen biosynthesis

[75]. Ketoconazole is highly protein bound, has poor CNS penetration, and is not

suitable for treating CNS infections. There is no intravenous preparation [76]. Oral

ketoconazole is effective in patients with candidosis, coccidioidomycosis, blasto-

mycosis, histoplasmosis, paracoccidioidomycosis, and cutaneous dermatophyte

infections [77].

Later on the first generation triazoles such as fluconazole and itraconazole were

introduced which are the imidazoles having five membrane ring atoms with one,

two, and three nitrogen molecules. Fluconazole and itraconazole exhibited a

broader antifungal activity spectrum as compared to the imidazoles and had a

significant improved safety profile in comparison of amphotericin B and ketocona-

zole. Despite their prevalent use they face certain clinical limitations such as

suboptimal level of activity spectrum, development of resistance and toxicity. In

order to rectify these problems, several analogues have been derived. The second

generation triazoles such as voriconazole, ravuconazole, and posaconazole possess

higher potency and have increased efficacy against the emerging pathogens. Azoles

perform their activity on cell membrane by inhibiting the ergosterol biosynthesis

[78]. The major targets of most azoles are gene ERG11 encoded cytochrome P450

lanosterol 14α-demethylase, it leads to generation of faulty intermediate namely

14-methylergosta-8, 24(28)-dien-3,6-diol, which is toxic and is responsible for

inhibition of fungus [79]. Increase in azole resistance is mainly due to its fungistatic

nature instead of fungicidal. Resistance against fluconazole among HIV patients

with OPC is the direct consequence of excess use of itraconazole and fluconazole

[80]. About one-third population of patients with AIDS has azole resistant
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C. albicans in their oral tract [81]. Candida species employs various mechanisms to

develop resistance against azoles as follows:

Over expression of efflux pumps: C. albicans overexpresses the efflux pumps in

response to drug which results in efflux of drugs from cells thus reducing the

drug concentration at action site. Two gene families namely MDR (Multi-Drug

Resistance) genes of the major facilitator class and CDR genes belonging to the

ATP-binding super cassette family. Up-regulation of CDR genes is responsible

for resistance against most azoles while MDR encoded pumps exhibit narrow

fluconazole specific spectrum [82].

Modification of target: Mutations in the ERG11 gene, which encodes lanosterol

14α-demethylase, decrease azole affinity to the target site. Fluconazole has been

used against a variety of mycotic infections and resistance to this antifungal has

been documented. The two yeasts Candida glabrata and C. krusei with inherent
low susceptibilities to fluconazole have been reported at a greater frequency

from patients [83].

Up-regulation of target enzyme: Candida isolates overexpress the ERG11 gene

which results in reduced azole susceptibility [84]. The overexpression of gene

results in accumulation of target molecules.

Development of alternative pathways: Organisms express alternative genes in order

to bypass the pathway. Azole exposure results in ergosterol depletion from the

membrane and leads to accumulation of toxic metabolite namely 14α-methyl

3, 6-diol. Additive mutation in ERG3 gene prevents the formation of this toxic

product from 14α-methyl fecosterol and leads to accumulation of nontoxic

sterols [85].

5.5 Fluconazole

Fluconazole (8) was formulated in 1981 and marketed in 1990. It is a novel

bi-striazole which is metabolically stable, water soluble, low lipophilicity, and

plasma protein binding antifungal agent. Fluconazole acts by inhibiting ergosterol

enzyme biosynthesis in fungal cells through inhibition of a cytochrome P450

enzyme dependent 14 alpha-sterol demethylase [86]. This leads to the accumulation

of methylated sterols which break fungal membrane structure resulting in growth

arrest. Fluconazole antifungal is administered orally, intravenously, or both and is

used to treat broad spectrum of fungal infections and has a very low incidence of

side effects. It is used to treat Candida infections of the vagina (“yeast infections”),
mouth, throat, and bloodstream [87]. It is also used to prevent infections in people

with weak immune systems, including those due to cancer chemotherapy, bone

marrow transplantation patients, premature babies, and oropharyngeal candidosis,

neutropenia, sporotrichosis infections [87, 88].
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5.6 Itraconazole

Itraconazole (9) discovered in 1984 is another triazole antifungal agent with

broad spectrum antifungal activity [89]. It contains a weakly basic 1,2,4-triazole

and a non-basic 1,2,4-triazol-3-one moieties in its structure and requires an acidic

environment for optimum solubilization and oral absorption [90].

It is insoluble in water and available in oral form. It is active against Aspergillus,
Candida, andCryptococcus species [91]. Itraconazole has been useful in the treatment

of chronic cavitary pulmonary disease, extrapulmonary blastomycosis, disseminated

non-meningeal histoplasmosis, osseous/articular and lymphocutaneoussporotrichosis

in non-immunosuppressed patients [92]. Itraconazole has recently been repositioned

as anticancer agent [93]. Traconazole is the only inhibitor in this class that has been

exposed to reduce both hedgehog signaling pathway and angiogenesis. These differ-

ent actions are unrelated to inhibition of the cytochrome P450 lenosterol 14 alpha

demethylase. The anti-angiogenic action of itraconazole is associated with inhibition

of glycosylation VEGFR2, phosphorylation, trafficking, and cholesterol biosynthesis

pathways.

5.7 Voriconazole

Voriconazole (10) is a low molecular weight, water soluble broad spectrum triazole

effective against the treatment of invasive aspergillosis and esophageal candidiasis

[94, 95]. It shows activity against Aspergillus spp., Fusarium spp., Candida spp.,

Cryptococcus neoformans, Fusarium, and Scedosporium infections including the

fluconazole resistant or less susceptible spp. of C. glabrata and C. krusei [96, 97]. It
showed serious drug–drug interactions and side effects like skin rash and trans-

aminase elevation and hallucinations [98–102].

5.8 Posaconazole

Posaconazole (11), a triazole antifungal drug, was approved by the US FDA in

September 2006 for the prophylaxis of invasive Aspergillus and Candida infections
in severely immune-compromised patients [103]. It shows in vitro activity against

Aspergillus, Candida spp., Cryptococcus spp., and Histoplasma spp. and also

effective against infections caused by the zygomycetes than voriconazole

[8, 104]. The most common side effects of posaconazole are gastrointestinal

complaints, nausea, vomiting, abdominal pain, headache, elevation of liver

enzymes, and skin rash [105–107].
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5.9 Ravuconazole

Ravuconazole (12), a triazole, is a broad spectrum antifungal agent. It shows

activity against Candida spp. even isolates that are resistant to fluconazole, Asper-
gillus, Cryptococcus, and many dermatophytic fungi [107–109]. Ravuconazole

shows long elimination half-life and high protein binding [110, 111].

5.10 Other Azoles

5.10.1 Imidazoles

Azoles being popular as antifungal agents have been considered for various mod-

ifications (Fig. 3). Among the imidazoles, a series of N-[(1,10-biphenyl)-4-
ylmethyl]-1H-imidazol-1-amine derivatives (13) reported by Setzu et al. [112]

showed better antifungal activity with substitutions at 2-position (R1) of the phenyl

ring compared to substitution at the 4- position (R2) when tested in Candida
neoformans. However the most potent compound in the series with chloro sub-

stitutions at both 2 and 4 positions (R1 and R2) of the phenyl ring had a MIC value

of 0.8 μg/mL against Trichophyton rubrum compared to miconazole (0.4 μg/mL).

Imidazole modifications were also made by introducing nitro group at 5-position

resulting in potent antifungal compounds. The analogs of 14 having R1 substituted

by morpholineor piperidine, R2 and X substituted by H showed good activity

against Sclerophoma pityophila [113]. Effective antifungal activity was also

observed in another series of 5-nitro imidazoles having phenyl piperidine

Fig. 3 Structure of imidazole containing molecules as antifungal agents
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substitution at R separated by 2-hydroxypropyl methanedithioatespacer (15)

[114]. The compound had MIC¼ 3 μg/mL against Trichophyton tonsurans. How-
ever the compound was less effective than miconazole (MIC¼ 0.2 μg/mL) or

ornidazole (MIC¼ 0.8 μg/mL). In another imidazole containing series 2-(1H-
imidazol-1-yl)-1-phenylethanone-O-2-(1H-imidazol-1-yl)-1-phenyl-ethyl oxime

derivatives (16) were synthesized by inverting the oxime group present in

oxiconazole [115]. The most active compound in the series having substitutions

at R¼Ethoxy morpholine, R1¼H, R2¼Me, and X¼Cl is an effective antifungal

compound against C. glabrata (MIC¼ 0.06 μg/mL), C. parapsilosis
(MIC¼ 0.004 μg/mL), and C. albicans (MIC¼ 1 μg/mL). Another compound in

the series where X¼F also showed good antifungal activity in the above fungal

species [C. glabrata (MIC¼ 0.25 μg/mL), C. parapsilosis (MIC¼ 0.03 μg/mL),

and C. albicans (MIC¼ 8 μg/mL)]. In the same series modification of the R2 to

imidazole and substitution at R¼F resulted in less active compound (17) with MIC

values of 4, 8, 2 μg/mL in C. glabrata, C. parapsilosis, and C. albicans, respec-
tively. In another series of imidazole derivatives having a pyrrole ring (18) it was

observed that compounds having R1¼Cl, R2¼R3¼R4¼R5¼H, and R3¼CH3

(MIC¼ 0.062 μg/mL), C3H7 (MIC¼ 0.016 μg/mL), CH2–c–C3H5

(MIC¼ 0.016 μg/mL), CH2¼CH2 (MIC¼ 0.032 μg/mL), CH2–CH¼CH2

(MIC¼ 0.016 μg/mL), CH2–CH¼C(CH3)2 (MIC¼ 0.065 μg/mL) had comparable

activity with miconazole (MIC¼ 0.062 μg/mL) and itraconazole (MIC¼ 0.062 μg/
mL) and better than fluconazole (MIC¼ 0.25 μg/mL) in C. albicans [116]. In a

series of 2,4,5- trisubstituted imidazoles (19), the best compounds had an indole

moiety at the 2-position of the imidazole ring while the 4 and 5 positions were

having substituted phenyl moiety . Three compounds [1: (R1¼R2¼F), 2: (R1¼Cl,

R2¼H), 3:(R1¼Br, R2¼H)] in the series showed MIC¼ 8 μg/mL in C. albicans
[117, 118].

5.10.2 Triazoles

Bile conjugates of fluconazole (20) (Fig. 4) have shown good antifungal activity

when the R position of the steroid moiety is substituted by H or OH, the activity was

in between 2.18 and 25 μg/mL when evaluated in different fungal species

(S. schenckii, C. albicans, C. parapsilosis) [119]. The triazole derivatives of

1-(1H-1,2,4-triazole-1-yl)-2-(2,4-difluorophenyl)-3-(N-cyclopropyl-N-substituted-
amino)-2-propanol (21) were effective antifungal agents, most of them had broad

antifungal activity with MIC80 less than 0.125 μg/mL [120]. The compounds having

R¼CH3, CH2CH3, CH2CHCH2, (CH2)3CH3, (CH2)4CH3, (CH2)6CH3, (CH2)7CH3

were the most potent ones having MIC80 in the range of 0.125–8 μg/mL against

C. albicans, C. parapsilosis, C. neoformans, C. tropicalis, T. rubrum, A. fumigatus,
M. canis, and F. compacta. Fluconazole at similar bioassay condition showed

MIC80 range of 0.5–32 μg/mL in the fungal species mentioned above. In this series

retention of antifungal activity was observed when the R group is substituted by

benzyl group (22) having different substituents at the phenyl ring [X¼H, 3F, 3Cl,
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3CH3, 4-NO2, 2NO2, 2CN, 4CN, (2,4-Cl), 2CH3, 4CH3, 4F]. All these compounds

had MIC80 value less than 0.125 μg/mL in C. albicans. Heterocyclic derivatives of
fluconazole having N1-Indazole, indole, indoline, benzimidazole, azaindole, and

benztriazole (23) were also synthesized where the R¼N1-indazole and X¼Cl, Cl

substitution was the most potent candidate (MIC80¼ 0.0007 μg/mL) than flucon-

azole (MIC80¼ 0.020 μg/mL) against C. albicans [121]. In this series (23) better

antifungal activity was observed by the replacement of N1-indazole by azaindole

moiety having X¼Cl, Cl (MIC80¼ 0.0031 μg/mL) and X¼F, F (MIC80¼ 0.007 μg/
mL). Another compound where R¼3-ethoxycarbonylmethyl-1H-indole and X¼Cl,

Cl also showed good antifungal activity (MIC80¼ 0.006 μg/mL). The syntheses of

triazole derivatives with varying olefinic chain length for two series have been

reported where in first case the optimum chain length of n¼ 2 having the structure

24 and varying olefinic chain length (n¼ 0–3) in structure 25 has shown excellent

in vitro activity against Candida, Cryptococcus, and Aspergillus spp. with anti-

fungal activity MIC ranging 0.016–0.125 μg/mL [122]. This is better than flucon-

azole that is having the MIC range 0.5–4 μg/mL in the above-mentioned species. A

series of 1-[((hetero)aryl- or piperidinylmethyl) amino]-2-phenyl-3-(1H-1,2,4-
triazol-1-yl)propan-2-ols evaluated against C. albicans and A. fumigatus showed

compound 26 having X¼F, F, R¼R3¼H, and R¼N-Boc to be the most potent one

(MIC80¼ 3 ng/mL) and better than fluconazole (MIC80¼ 190 ng/mL). In this series

methyl substitution of the nitrogen atom in the linker reduces the activity 20 times

Fig. 4 Structure of molecules having triazole structure and fluconazole modifications
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(MIC80¼ 60 ng/mL) when compared to 26 [123]. A series of triazole derivatives

targeting lanosterol 14α-demethylase (CYP51) with a general structure 1-(1H-
1,2,4-triazole-1-yl)-2-(2,4-difluorophenyl)-3-(N-isoproyl-N-substituted-amino)-2-

propanol depicted good antifungal activity when R¼4-H3COC6H4, 4-H5C2OC6H4

with MIC80 ranging 0.0156–1 μg/mL in 27. In the same series different esters at

4-position of the phenyl ring having R¼CH3, CH2CH3, CH2CH2CH3 in 28 had

MIC80 in the range of 0.0156–64 μg/mL [124]. A series of fluconazole derivatives

(29) with benzothiazinone substituent depicted slightly better antifungal activity.

The compound 29 (X¼S, R1¼H, R2¼R3¼F) (0.25 μg/mL) showed improved

activity than the benzoxazinone replacement [X¼O, R1¼H, R2¼R3¼F (0.5 μg/
mL)] but both were found to be better than fluconazole (1 μg/mL) [125]. Another

synthesized triazole containing compound (30) based on QSAR study with R¼4-

FC6H4, 4-CONH2C6H4, 4-C5H4N was having comparable activity (0.0625–0.5 μg/
mL) with itraconazole (1–2 μg/mL) when tested in A. fumigatus, C. parapsilosis,
C. tropicalis, C. neoformans, M. lauosum, and T. rubrum with best activity in

M. lauosum [126]. A series of triazole compounds having hydrophobic substitution

or CN group with the general structure 31 (R¼3,4- (CH3)2, 4-tBu, CN) was having

comparable potency (0.125–64 μg/mL) with fluconazole (1–64 μg/mL) and

itraconazole (0.125–1 μg/mL) [127]. A series of carboxylic acid esters of flucona-

zole showed higher activity than fluconazole against C. albicans (ATCC 14053) in

SDB medium. The carboxylic acid esters of fluconazole having R¼O-2-
bromooctanoyl and O-11-bromoundecanoyl (32) (Fig. 5) have MIC values of

111 μg/mL and 198 μg/mL as compared to fluconazole that is having an MIC

Fig. 5 Molecular structures having triazole moiety and fluconazole modifications
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value greater than 4,444 μg/mL under similar bioassay conditions. Another series of

fatty alcohol phosphate triester derivatives 33 has also been synthesized where

compounds having R1¼CNCH2CH2: R2¼n-C11H23, R1¼CNCH2CH2: R2¼n-
CH2¼CH–C9H18, R1¼CH3: R2¼n-C11H23, R1¼CH3: R2¼n-CH2¼CH–C9H18,

R1¼CH3: R2¼n-C8H17 have MIC values ranging from 12 to 1,658 μg/mL

[128]. A series of triazole derivatives having 5-substituted tetrazole ring and having

Ar¼2-nBuOC6H6 attached to piperazine (34) is the most active with MIC values of

1.0–8.0 μg/mL, against Candida sp. [129]. In another series involving D-glucose

derivatives of 1,2,3-Triazoles (35), chain length is important for antifungal activity

with n¼ 8 having 14 times better activity than fluconazole with no activity when

the chain length was increased to n¼ 12 [130]. Substituted 1,2,4-triazole and

benzotriazole derivatives having phenoxypropyl piperazine side chains showed

the linker length of three carbon atoms (n¼ 3) between piperazine and the phenyl

ring to be crucial for antifungal activity (36). Compounds with R¼H was having an

MIC of 0.0156 μg/mL; however substitution at R by CH3 (2,3,4 positions), 4-C

(CH3)3, 4-Cl, 3-NO2, 4-Br has good antifungal activity against C. albicans with

MIC values ranging from 0.0156 to 0.25 μg/mL [131]. Benztriazole having no

substitution (R1¼R2¼H) at 5, 6 positions was found to have an MIC value of

0.8 μg/mL while substitution at R1¼R2¼CH3 and R1¼R2¼NO2 was found to have

same MIC value of 1.6 μg/mL in C. albicans (37) [129]. In the triazole series

following the structural requirements in fluconazole a halogenated phenyl ring and

tertiary alcoholic oxygen is preserved (38). In this series compounds having a

phenyl ring with one halogen or trifluoro substituent were found to be active in

Candida spp., Aspergillus spp., and C. neoformans with MIC ranging from 0.015 to

8 μg/mL. The most active compound in the series had an MIC� 0.015 μg/mL in

C. parapsilopsis while having good activity for C. krusei (MIC¼ 0.25 μg/mL) and

C. glabrata (MIC¼ 1 μg/mL). A series of triazole molecules were synthesized

where imidazole ring (A) was connected with variable spacer (X) to a substituted

phenyl ring (39). The active compounds in the series were found to have X¼C–C,

C¼C, C�C, imidazolidine-2-one, 1H-imidazol-2(3H )-one, and R¼4-Cl, 4-F with

MIC80 ranging from 0.015 to 4 μg/mL in the Candida sp. (C. albicans, C. glabrata,
C. krusei, C. tropicalis, C. parapsilosis, C. neoformans). All the compounds have

better activity in C. albicans with an MIC80 of �0.015 μg/mL as compared to

fluconazole (MIC80¼ 4 μg/mL) [132, 133]. A series of triazoles were synthesized

where one triazole ring of fluconazole was modified into benzoxazinone (X¼O,

n¼ 1), benzothiazinone (X¼S, n¼ 1), and benzoxazolinone (X¼O; n¼ 0) moiety,

with the most active compounds 40 having R¼H, Cl and MIC¼ 0.06 μg/mL in

C. glabrata [134].
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6 Pyrimidine Analogue

5-Fluorocytosine or flucytosine (5-FC) (41) (Fig. 6), an antimetabolite, was first

synthesized in 1957 and its antifungal property discovered in 1964 [135]. It is used

for the treatment of invasive mycoses where it is effective against yeasts [136]. 5-

FC is a fluorine analogue which inhibits nucleotide biosynthesis as it enters inside

the fungal cells via cytosine permease and get deaminated to 5-fluorouracil (5-FU)

by cytosine deaminase. 5-FU is a specific inhibitor of an enzyme essential for DNA

synthesis namely thymidylate synthetase. This antifungal is selectively toxic to

fungi as there is little or no cytosinedeaminase in mammalian cells [137]. The drug

application is limited by the high prevalence of resistance in fungal species.

Surveys conducted by Defever et al. and Stiller et al. [85, 137] on C. albicans
estimated that 50–60% of the Candida isolates were susceptible, 30–40% were

partially resistant along with 4–6% were highly resistant. 5-FC is administered in

combination with other drugs such as fluconazole and amphotericin Bat present and

rarely used as a sole agent. Resistance against 5-FC is developed due to mutational

loss of permease activity. The resistance caused due to decreased uptake of 5-FC is

prevalent in C. glabrata and S. cerevisiae, but this phenomenon is of least impor-

tance in case of C. albicans or C. neoformans. The mutational loss of the pyrimidine

salvage enzymes forms the basis of resistance in laboratory or clinical strains of

C. neoformans and C. albicans [138–140].

7 Allylamines

Allylamines form the newly developed class of ergosterol synthesis inhibitors.

They are functionally and chemically very distinct from other classes of ergosterol

binding antifungal agents [141] (Fig. 6). Allylamines inhibits the early steps of

ergosterol biosynthesis leading to accumulation of squalene and absence of other

Fig. 6 Structure of pyrimidine and allylamine antifungal agents
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sterol derivatives [142, 143]. Although clinical failures have been reported in

treatment cases of allylamines yet human pathogenic fungi do not exhibit any

associated resistance. Its resistance mechanism is poorly understood and further

researches are required in this area. Important members of this group include

naftifine and terbinafine.

7.1 Terbinafine

In Europe terbinafine (42) became available in 1991 whereas it got approval in the

USA in 1996 [144]. Its hydrochloride salt is crystalline hydrophobic in nature but

soluble in methanol, dichloromethane, and ethanol. This antifungal is mainly

effective for dermatophytic fungi and used for superficial infections

[145]. Terbinafineis recognized as inhibitor of fungal ergosterol biosynthesis by

inhibiting squaleneepoxidase, an essential component of fungal cell. Fungal cell

death is due to accumulation of squalene, which may increase permeability leading

to disruption of cellular organization. Terbinafine hydrochloride may induce sub-

acute cutaneous erythematous and people with this have been advised to know the

possible risks with their physicians before the start of therapy [146].

A number of adverse drug reactions and side effects have been reported with oral

terbinafine hydrochloride which may possibly due to longer duration of treatment

and due to its extensive distribution in the body [144, 147].

7.2 Naftifine

Naftifine (43) is a synthetic, broad spectrum, allylamine antifungal agent which is

used as a topical medication for the treatment of fungal infections. Naftifine

hydrochloride is a white crystalline powder that is soluble in polar solvents such

as ethanol and methylene chloride [148]. Naftifine hydrochloride, with potent

in vitro antifungal activity against dermatophytes, was found to be effective against

tinea cruris, tinea corporis, and tinea pedis as a topical agent [149]. It has shown

very good activity against Trichophyton rubrum, Trichophyton mentagrophytes,
Trichophyton tonsurans, Epidermophyton floccosum, and Microsporum canis,
Microsporum audouini, andMicrosporum gypseum; and fungistatic activity against
Candida species including Candida albicans [150, 151]. The mode of action of

naftifine is not so clear but it seems to block the sterol biosynthesis via inhibition of

the squalene 2,3-epoxidase enzyme [152]. This inhibition results in the accumula-

tion of squalene, which is known to be toxic to fungi.
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7.3 Amorolfin

Amorolfine (44) is a new topical water soluble antifungal drug of the morpholine

derivatives. It inhibits D14 reductase and D 7-D8 isomerase which reduce ergos-

terol and accumulates in the fungal cytoplasmic membrane. This antifungal is used

for the treatment of infections caused by dermatophyitic fungi and has been very

effective in the treatment of onychomycosis [153, 154].

7.4 Butenafine

Butenafine (45) is a new synthetic benzylamine which has a broad spectrum of

antifungal activity and used for the topical treatment of dermatophytoses caused

fungi such as Trichophyton mentagrophytes,Microsporum canis, and Trichophyton
rubrum. Its structure and mode of action are similar to allylamines as it inhibits

sterol synthesis by blocking squalene epoxidation resulting in depletion of egosterol

which is an essential lipid component of fungal cell membrane [147, 155]. The

dermatophytes isolated from Tinea cruris have been found to be susceptible to both
terbinafine and butenafine. The butenafine 1% cream has been found to exhibit

supremacy over 1% terbinafine cream with statistically significant difference [156].

8 Indoles

Several compounds incorporating the indole moiety have also been reported as

antifungal agents (Fig. 7). A series of 1H-Indole-4,7-diones derivatives have been
synthesized by masking the indole nitrogen atom with CH3 or with substituted

phenyl groups (46, 47). The compounds having substituted phenyl ring were active

for C. krusei, C. neoformans, and A. niger with the most active compound having

R2¼Cl (MIC¼ 0.8 μg/mL; Candida krusei) and a methyl ester attached to

3-position of the indole ring in 47. A series of 5,6-bis(arylthio)-1H-indole-4,7-
diones (48) showed moderate activity with an MIC range of 1.6–100 μg/mL with

the most active compound (MIC¼ 1.6 μg/mL) having R1¼Cl, R2¼H for Candida
tropicalis. The other substitutions such as R1¼CH3, H and R2¼H, Cl, Br, I, OCH3,

CH3; R1¼H, CH3, F, Cl and R2¼H, Cl, Br, F, OH in all the 1H-Indole-4,7-dione
series had potent antifungal activity with MICs ranging from 0.8 to 100 μg/mL

[157]. The aminoguanidine derivatives of N-arylsulfonyl-3-acylindoles indicated

that incorporation of electron donating groups at R1 and R2 improve antifungal

activity. Variations were also made regarding the length of alkyl chain at R3

(methyl, ethyl, propyl) (49). The compounds with R1¼4-Me, R2¼H, R3¼Me

(P. oryzae¼ 79.64%, A. alternata¼ 79.15%, B. sorokinianum¼ 82.28%) and

144 P.K. Shukla et al.



R1¼R2¼4-Me, R3¼Me (P. oryzae¼ 84.84%, A. alternata¼ 82.98%,

B. sorokinianum¼ 80.58%) had good antifungal activity [158].

A series of compounds having indole fused with benzoquinone moiety having

substitutions R1¼H, OH, F; R2¼CH3O, H, CH3, Br, Cl, I, F, OH, R3¼C2H5, CH3,

n-Pr (50) had potent antifungal activity with MIC 6.3–100 μg/mL in the Candida
and Aspergillus sp. [159]. In another series of indole (51) substitution at

R1¼CH3CH2S, H; R2¼C2H5, CH3, n-Pr resulted in compounds with MIC of

1.6–100 μg/mL [159]. A series of 1-benzyl-3-(imidazol-1-ylmethyl)indole deriva-

tives (52) showed that compound having Z¼H, R1¼H, R2¼CH, and X¼4-Cl to be

the most potent in the series with an MIC of 1 μg/mL against C. albicans
(CA980001). Compounds having Z¼H/H/H/H/H (substitution for five compounds

C1/C2/C3/C4/C5 at position Z), R1¼CH3/H/i-propyl/H/n-butyl, R2¼H/H/H/H/H

and X¼4-Cl/4-F/4-Cl/2,4-diCl/4-Cl have MIC values of 3, 4,5,5,3.5 μg/mL respec-

tively for the C. albicans. However none of these compounds are better than

fluconazole (MIC¼ 0.02 μg/mL). Most of these compounds were less potent for

A. fumigatus (AF980003) with the best compound (MIC¼ 8 μg/mL) having Z¼Br,

R1¼H, R2¼H, and X¼2-Cl and 16 times less active than itraconazole [160]. Com-

pounds having substituted-10-methyl-1,2,3,4-tetrahydro-pyrazino[1,2-a]indoles

structure (53) with R¼4-ClC6H4 was the most potent in the series having MIC

values of 31.25, 15.62, and 31.25 μg/mL against A. niger, A. fumigatus, and
A. flavus, respectively [161].

Fig. 7 Structure of indole antifungals
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9 Quinolines

In a quinoline series (Fig. 8) compounds 54 having nitro substitutions at 5 and

7 positions of the quinoline ring and hydroxyl group at the 8 position had less

antifungal activity (MIC80¼ 1.95 μmol/L) compared to fluconazole

(MIC80¼ 0.06 μmol/L) against C. albicans. Two other compounds 55 and 56 had

similar activity (MIC80¼ 1.95 μmol/L) in C. albicans, the former had the quinoline

ring substituted at position 8 by OH group and at position 2 by N-phenylethanimine

moiety having 40-OH substituent at the phenyl ring and the latter had same

substitution at the quinoline ring (8-OH group) but a saturated linker with a

methoxy group attached to the carbon next to the amine group with a phenyl ring

having 2,5 diCl and 4-NO2 substitution [162]. In another series of quinoline

derivatives compounds having substitution at the 2-position by γ-pyridyl ring and

at the C4 (R1) and/or C8 (R2) by methyl or isopropyl groups were found to be

active. Substitutions at the same position by α-Furyl or α-thienyl group yielded

inactive compounds (57). However some compounds having the γ-pyridyl ring
were devoid of antifungal activity that indicated the importance of substituents at

the C4/C8 position to be important for antifungal activity. The most active com-

pounds in the series had C4¼methyl and C8¼methyl, isopropyl with an MIC value

of 12.5 μg/mL [163]. The derivatives of norfloxacin (1-Ethyl-6-fluoro-1,4-dihydro-

4-oxo-7(1-piperazinyl) quinoline-3-carboxylic acid) having R¼3-

(2,4-dichlorophenyl)propyl-2-en-1-one and 2-(2-methoxyphenoxy)ethyl-1-one

(58) were found to inhibit the growth of R. solani by 83% and 94% at a concentra-

tion of 200 mg/L that is comparable to carbendazim (59) (100% inhibition under

similar bioassay conditions) [164]. A series of 5-methyl benzothieno[3,2-b]

quinolinium compounds were synthesized where two compounds having R¼3-

Fig. 8 Structure of quinoline, quinazoline, quinazolinone, and isoquinoline antifungals
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OMe, 4-Cl and for both Y¼OTf (60) [C. neoformans (IC50¼ 6 μg/mL), C. albicans
(IC50¼ 1.5 μg/mL), A. fumigatus (IC50¼ 0.4 μg/mL)] and R¼4-Cl, Y¼OTf

[C. neoformans (IC50¼ 4 μg/mL), C. albicans (not determined), A. fumigatus
(IC50¼ 6 μg/mL)] were observed to be active [165]. The seco analog (61) of the

benzothienoquinoline (60) resulted in N-methyl-3-phenylthio-quinolinium salt. In

this series the most active compound having R¼H and R1¼5-cyclohexylpentyl

group was found to be active in C. neoformans (IC50¼ 0.5 μg/mL), C. albicans
(IC50¼ 2.7 μg/mL), A. fumigatus (IC50¼ 8.6 μg/mL), C. krusei (IC50¼ 0.7 μg/mL)

[165]. In the isoquinoline analog hexahydro-4H-pyrazino[2,1-a]isoquinolin-4-one
series the most potent compound had better activity than fluconazole (2–64 μg/mL)

with R1¼H, R2¼F, R3¼(CH2)8CH3 in 62 and an MIC range of 4–16 μg/mL against

different fungal species such as T. rubrum, C. neoformans, M. gypseum, and
A. fumigatus [166].

10 Quinazolines

In the quinazoline class (Fig. 8) the most potent compound (63) had R¼m-ClC6H4

and Ar¼p-CH3C6H4 group having MIC values of 13.70, 17.07, 16.62 μg/mL

against A. nigers,C. albicans, and F. oxysporum, respectively. At the same bioassay

condition clotrimazole had slightly better activity (A. nigers¼ 12.98 μg/mL,

C. albicans¼ 6.21 μg/mL, and F. oxysporum¼ 10.78 μg/mL) than the most potent

compound in the series [167]. In the quinazoline class of compounds, the compound

64 (Ar¼p-FC6H4) and 65 (Ar¼p-FC6H4, Ar
0¼p-ClC6H4) showed less antifungal

activity than Ticonazole (trosyd) [168].

11 Napthalenes

In a series of naphthalene derivatives (Fig. 9) compounds having R¼7 or 8-NO2

group at the naphthalene ring of 66 with X¼S, Se showed better or comparable

activity (MIC¼ 0.53–25 μg/mL) than fluconazole (MIC¼ 25 μg/mL) on

S. cerevisiae. Better antifungal activity was also observed in S. cerevisiae
(MIC¼ 3.12 μg/mL) when the NO2 group was replaced by R¼7-SO2NH2 and

X¼S, Se. One of the analogs of 66 having X¼S and 7-SO2NH2 substitution was

also active (MIC¼ 0.53 μg/mL) towards C. neoformans like fluconazole

(MIC¼ 0.53 μg/mL) [169]. The butenafine derivative (67) with R¼CH3

(MIC¼ 0.125 μg/mL) had comparable activity to butenafine (MIC¼ 0.125 μg/
mL) in C. neoformans. The terbinafine derivative (68) with R¼CH3 retained

antifungal activity (MIC¼ 0.5 μg/mL) towards C. neoformans comparable to

Butenafine (MIC¼ 0.25 μg/mL); however R¼CH2F, CHF2, CF3, and CN resulted

in less active compounds [170].
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12 Thiazoles

In a series of thiazole derivatives (Fig. 9) compound having the structure 69 had an

MIC of 8 μg/mL in C. tropicalis and in A. niger. The compound was also active in

S. cerevisiae with MIC of 16 μg/mL. Another compound with structure (70) was

also active in C. tropicalis. Compounds having the general structure of 71 with

R¼4-OH–C6H4 was active (MIC¼ 16 μg/mL) in C. tropicalis while R¼2,3-di-

ClC6H5 was active in S. cerevisiae with MIC of 16 μg/mL. Compounds with

general structure 72 having R¼C6H5, 3,4,5 -(OCH3)3–C6H2, 4-OH–C6H4,

2,3-diCl–C6H3 showed good activity with MIC ranging from 16 to 31.25 μg/mL

in S. cerevisiae, C. tropicalis, and A. niger [171]. A series incorporating thiazole,

thiazolidinone, and adamantine structures were synthesized where all the com-

pounds were more potent than ketoconazole and bifonazole (73) under same

biological assay condition. The various substituents at R¼2-Cl, 3-Cl, 4-Cl,

2-NO2, 3-NO2, 4-NO2, 4-OH, (4-OH and 3-OCH3), (4-OH and 3,5-OCH3) and

4-OCH3 of 73were having MIC in the range of 0.52–2.38 μg/mL in different fungal

species (P. funiculosum, P. ochrochloron, T. viride, A. fumigatus, A. niger,
A. flavus, A. versicolor, F. fulvum) [172, 173]. A series of [4-(40-substituted-
phenyl)thiazol-2-yl]hydrazine derivatives (74) showed better activity in

C. glabrata and C. albicans with MIC values within 0.125–16 μg/mL. Under

same assay conditions clotrimazole was found to have MIC values in the range of

2–8 μg/mL in both C. glabrata and C. albicans while fluconazole antifungal

activity (MIC) varied from 4 to 16 μg/mL in C. glabrata and 4–64 μg/mL in

C. albicans. The most active compounds for C. albicans (MIC¼ 0.125 μg/mL)

had Het¼Thiophen-2-yl, Pyridin-3-yl, Pyridin-4-yl, Benzodioxol-5-yl, Indol-3-yl,

Coumarin-3-yl, R¼H, CH3 and R1¼CH3, OCH3 [174].

Fig. 9 Structure of naphthalene and thiazole antifungals
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13 Echinocandins

Echinocandins (75) (Fig. 10) are the most recent antifungals available for use.

Echinocandins are water soluble, large hetrodimeric amphipathic polypeptides.

This antifungal drug inhibit 1,3- β-D-glucansynthetase, resulting in damage of the

cell wall of fungi, cell lysis, and cell death and are also called as “penicillin of

antifungals” [175, 176]. Echinocandins are poorly absorbed through oral route;

therefore they are administered intravenously to cure the localized and systemic

fungal infections. It has a broad range of activity against all Candida species, also

used in empirically in febrile neutropenia and stem cell transplant. At present

medically used echinocandins like caspofungin, micafungin, and anidulafungin

are semisynthetic derivatives with clinical use due to their solubility, antifungal

spectrum, and pharmacokinetic properties [177].

Fig. 10 Structure of echinocandin antifungals
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13.1 Anidulafungin

Anidulafungin (76) is a semisynthetic lipopeptide antifungal approved by Food and

Drug Administration. It was buildup by Eli Lily under clinical development at

Vicuron Pharmaceuticals. It is the fermented product of the mold Aspergillus
nidulans. Anidulafungin is used for the treatment of the persons who have high

risk for serious fungal infections include patients with organ transplantation or

hematopoietic stem cell transplantation, HIV infection/AIDS, malignancies, high-

dose steroid therapy, and invasive Aspergillus infections [178]. It inhibits β-1,3-D-
glucan synthase as glucan is a major structural component of the cell wall of

pathogenic fungi, resulting in cell death.

13.2 Caspofungin

Caspofungin (77) is a semi-synthetic water soluble lipopeptide antifungal drug

which belongs to member of echinocandins. Caspofunginis is a fermented product

of the fungus Glareal-ozoyensis. Caspofungin is administered intravenously and it

inhibits the synthesis of component beta-(1,3)-D-glucan of fungal cell wall [179]. It

is used for the treatment of fungal infections such as Candida infection (intra-

abdominal abscesses, pleural cavity, perotonotis infections and esophagitis) and

invasive aspergillosis [180].

13.3 Micafungin

Micafungin (78) is an echinocandin antifungal agent which was approved by FDA

in March 2008. Micafungin is administered through intravenous route. Beta-(1,3)-

D-glucanan is an essential component of fungal cell wall and the production of

which is inhibited by micafungin. This drug is used in the treatment of infections

caused by Candida sp. [181].

14 Miscellaneous

Diverse structural classes of compounds have been evaluated for antifungal activ-

ity. A series of benzoxazole derivatives (79) (Fig. 11) with fluorine substitution at

different position of the phenyl ring were synthesized. All these compounds were

synthesized as isosteric analogues of benzoheterocyclic-N-myristoyltransferase

inhibitors. The most potent compound against C. tropicalis (MIC80¼ 0.0625 μg/
mL) had R¼2-F substitution on the phenyl ring with better antifungal activity than
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fluconazole (C. tropicalis: MIC80¼ 4 μg/mL) while another compound having

R¼2,3,4-trifluoro substitution in the phenyl ring had equipotent activity

(MIC80¼ 0.25 μg/mL) in C. albicans, C. parasilosis, and C. tropicalis. The com-

pound (R¼2,3,4-trifluoro substituted phenyl ring) had equivalent activity like

fluconazole (MIC80¼ 0.25 μg/mL) against C. albicans and better activity than

fluconazole in C. parasilosis (MIC80¼ 4 μg/mL) and C. tropicalis (MIC80¼ 4 μg/
mL) [182]. In a series of 2-Acylhydrazino-5-arylpyrroles (80) the most active

compound with X¼CN, Ar¼4-OMePh and R¼Et as substituent had an MIC of

0.39 μg/mL in C. albicans that is equipotent to amphotericin B (MIC¼ 0.39 μg/mL)

and better than fluconazole (MIC¼ 0.78 μg/mL) under similar bioassay condition.

The compound also showed good activity in other fungal species [C. glabrata
(MIC¼ 0.78 μg/mL), C. parapsilosis (MIC¼ 0.78 μg/mL), C. krusei
(MIC¼ 0.78 μg/mL)]. Substitution with R¼iPr, 4-OMeBz when X is �COOC2H5

decreases activity drastically (MIC >100 μg/mL); however with X¼CN fungal

activity for R¼iPr improved to great extent (MIC¼ 3.12 μg/mL) as observed

against C. albicans. Hence the CN group is vital for antifungal activity [183]. A

series of antifungal compounds having spiro[cyclopropane-1,40-pyrazol-3-one] as
the basic structural moiety (81) with R1¼H, CH3 and R2¼CO2Me, CO2Et, CO2iPr,

CO2tBt, CN, CONEt2 had weak antifungal activity (MIC¼ 25 μg/mL) in

C. albicans as compared to miconazole and itraconazole (MIC¼ 2 μg/mL)

[184]. In a series of N-alkyl substituted urea derivatives two compounds having

R1¼F, R2¼H and R1¼H, R2¼F had MIC values of 3.1 and 3.5 μg/mL against

T. rubrumas compared to ketoconazole (MIC¼ 3.9 μg/mL) on the same species

(82). None of the compounds in the series are better than ketoconazole for A. niger
(MIC¼ 7.8 μg/mL) except an analogue having the structure 83 had an

MIC¼ 12.5 μg/mL [185]. A series of 5-Arylamino- and 6-arylthio-4,7-

Fig. 11 Structure of different miscellaneous antifungals

Past, Present, and Future of Antifungal Drug Development 151



dioxobenzoselenazoles were synthesized where the best compound with

R1¼R3¼Cl, R2¼H (84) had an MIC¼ 1.6 μg/mL better than 5-Fluorocytosine

(MIC¼ 12.5 μg/mL) in C. albicans. The compound had MIC value of 3.2 μg/mL

in C. tropicalis (5-Fluorocytosine : MIC¼ 12.5 μg/mL). The other active com-

pounds in the series (85) had MIC values of 3.2 μg/mL (R1¼R3¼H, R2¼NO2),

6.3 μg/mL (R1¼R2¼R3¼H), 6.3 μg/mL (R1¼R3¼H, R2¼F), 6.3 μg/mL

(R1¼R3¼H, R2¼CH3), 6.3 μg/mL (R1¼R2¼R3¼H) against C. albicans. The activ-
ity of other compounds in the series varied from 6.3 to 50 μg/mL in C. tropicalis,
C. krusei, A. niger, and A. flavus [186]. A series of benzofuran compounds (86–90)

(Figs. 11 and 12) with different substitutions R1¼H, CH3, C2H5, CN and R2¼H,

CH3, Cl on the phenyl ring have good antifungal activity in C. albicans,
C. tropicalis, C. Krusei, A. niger, A. flavus, and C. neoformans (MIC¼ 1.6–50-

μg/mL). The two best compounds against C. albicans with R1¼CH3, R2¼H (89)

(Fig. 12) and R1¼C2H5, R2¼H (89) were equipotent (MIC¼ 1.6 μg/mL) and was

better than 5-Fluorocytosine (MIC¼ 6.3 μg/mL) and fluconazole (MIC¼ 50 μg/
mL). These two compounds were also active in C. tropicalis and A. niger with both
having MIC of 3.2 μg/mL in the two fungal species [187]. In the benzotriazine

series the most active compound having R1¼H, R2¼H (91) was more potent than

hymexazol [188]. In the chalcones (92) compounds with R1¼H, 4-Br and R2¼H,

4-NO2, 2-NO2 had good antifungal activity with the potent compounds having

electron withdrawing substituents at the para position of the phenyl ring [189].

In the pyrimidinone series three compounds having substitutions as R1¼C6H5,

4-Me2NC6H5, 4-Me2NC6H5 and R2¼C2H5 and X¼S, S, O (93) had MIC¼ 0.35 μg/
mL against A. niger. Another compound having R1¼2-HOC6H4, R2¼C2H5, X¼O

prevents the radical growth of T. koningii after 24 and 48 h completely (100%)

Fig. 12 Structure of different chemical class of antifungals
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[190]. The isoxazolidine derivatives (94) having R1¼OCH3, F and R2¼C6H5,

COOC2H5, CH2OH had MIC values ranging from 2.5 to 3 mM in A. flavus that is
comparable to nystatin (3 mM) [191]. In the carbazole series introduction of azole

(imidazole or 1,2,4-triazole) ring increased activity with better antifungal activity

(2–4 μg/mL) for R¼C4H8, C2H4 in (95) [192]. In the 3,5-disubstituted furanones

series compounds with structure (96) and (97) had equal MIC values of 0.49 μmol/L

in C. albicans. Other compounds in the series having Z¼4-OCH3, 4-I, 3-Br and

4-COOCH3 had MIC values of 0.97, 0.48, 0.97, and 0.48 μmol/L in C. albicans.
Modification in the phenyl ring with Z¼3-COOH, 4-COOH, 4-OH (98) also

resulted in active compounds against C. albicans with MIC values of 0.48, 0.97,

and 0.97 μmol/L, respectively. Amphotericin B and fluconazole had MIC values of

0.03 and 1 μmol/L in the same assay system for C. albicans [193]. In the 2-amino

tetraline series compounds with R¼(CH2)9CH3 had better antifungal activity with

the two potent compounds having 5-OH and 5-OCH3 substitutions in the phenyl

ring having equal MIC values of 0.3125 μmol/L against C. albicans (99). Another
compound having R¼(CH2)8CH3 and 6-OCH3 was active (MIC¼ 0.0625 μmol/L)

in C. albicans strain resistant to fluconazole (MIC >64 μmol/L) (100) [194].

15 Cationic Peptides

The cationic peptides are small cationic and amphipathic molecules isolated from

plants, mammals, and microorganisms with antifungal activity with great potential

for development as new therapeutic agents [195]. Cecropins isolated from the

hemolymph of the giant silk moth (Hyalophora cecropia) is constituted by 35–37

residues with a strongly basic N-terminal linked to a neutral C-terminal by a flexible

glycine–proline link. Both Hyalophora and Drosophila Cecropin (Cecropin A and

B) inhibited growth of S. cerevisiae, D. uninucleata, G. candidum, and

M. anisopliae in MICs ranging from 0.4 to 4 mM [196]. The LD50 value of

Cecropin was also evaluated on germinating and non-germinating A. flavus,
A. fumigatus, A. niger, F. moniliforme, and F. oxysporum. Cecropin B had LD50

values of 3.0, 0.5, 2, 0.2, and 1 μM in A. flavus, A. fumigatus, A. niger,
F. moniliforme, and F. oxysporum respectively while for non-germinating

F. Moniliforme and F. oxysporum the LD50 value was 0.2 μM for both species.

Dermaseptin peptides found in skin secretions of Phyllomedusinae frogs reported in

the same study had LD50 values of 4, 0.05, 2, 0.3, and 0.8 μM in A. flavus,
A. fumigatus, A. niger, F. moniliforme, and F. oxysporum [197]. Indolicin, the

shortest linearly occurring peptide consisting of 39% tryptophan and 23% proline

(ILPWKWPWWPWRR), is found in the cytoplasmic granules of bovine neutro-

phil. Indolicin disrupt the structure of cell membranes as examined on interaction

with T. beigelii [198]. Histatins are histidine rich peptides isolated from human

saliva and had strong antifungal activity in different Candida spp. (C. albicans,
C. glabrata, C. guillermondii, C. krusei, C. lambica, C. parapsilosis, C. pseudo
-tropicalis, C. stellatoidea, and C. tropicalis) with histatin 5 showing the strongest
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fungicidal activity against C. albicans (MIC¼ 100 μM) [199]. Magainins from

Xenopuslaevis (the African frog) had antifungal activity against Candida spp.,

C. neoformans, and Saccharomyces cerevisiae. Magainin 2 acts as an antifungal

against C. neoformans (MIC¼ 6.25 μg/mL), C. glabrata (MIC¼ 25.0 μg/ml),

C. tropicalis (MIC, 12.5 μg/mL), and C. krusei (MIC¼ 12.5–25.0 μg/mL) with

relatively low activity against C. albicans (MIC> 80 μg/mL) [200, 201].

Bombinin-H isolated from skin of Bombina genus are glycine rich peptides active

against fungi, especially bombinin-like peptides-1 in C. albicans (MIC¼ 3–0.4-

μM). Bombinins H2 and H4 also have antifungal activity against C. albicans,
C. guillermondii, and C. tropicalis. Bombinin H2 had MIC values of 3.1, 1.3,

1.1 μM in C. albicans, C. guillermondii, and C. tropicalis respectively while

Bombinin H4 had MIC values of 1.6, 0.7, and 0.6 μM for the above species

[202, 203]. The antifungal activities of the amphibian cationic peptides have been

reported elsewhere [204]. The cationic peptides bind to cholesterol and ergosterolin

fungal cell membranes leading to fungal lysis [205]. Dolastatin 10, a synthetic

cationic peptide, targeted at intracellular tubulin and inhibits microtubule assembly

and tubulin-dependent GTP binding and have effective fungicidal activity against

C. neoformans [206].

16 Monoclonal Antibodies

Since the fungi are eukaryotic organisms, a character shared with the host, it is

difficult to develop a safe drug like antibacterials which are directed against

prokaryotic organisms. In view of this an approach directed towards monoclonal

antibodies against at least most common fungal pathogens like Candida albicans,
Aspergillus fumigatus, and Cryptococcus neoformans is desirable. Identification

and characterization of the proteins that are immunologically dominant and exhibit

strong immune responses during mycoses could have vital repercussions for evolv-

ing new diagnostic, prophylactic, and therapeutic techniques for mycoses. There-

fore efforts focused on the discovery of useful inhibitors of fungal specific, chitin,

cell wall glucan and mannoprotein biosynthesis may play a very important role. In

the absence of a safe and wide spectrum antimycotic agent, efforts may be directed

for the development of monoclonal antibodies (MAbs). The MAbs have improved

the specificity of immune procedures and have served as useful research methods

and tools such as isolation, purification, and characterization of microbial antigens

and development of assays methods for antibody and antigen detection [207–

209]. In market there are many monoclonal antibodies available against a number

of challenging diseases like cancer and many more diseases (Table 1). The anti-

bodies are either developed in mouse which may be humanized, chimeric or in

humans. The MAbs often exhibit adverse reactions like HAMA which is common

for MAbs developed in mouse.

To overcome these types of side effects, an approach leading to the identification

of active peptide sequences from the hypervariable regions of the hybridoma clone
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Table 1 List of monoclonal antibodies approved for therapy

Antibody Brand name

Approval

date Type Indication

MuromonabCD3

[210]

Orthoclone

OKT3

1986 Murine Transplant rejection

Abciximab [211] Reopro 1994 Chimeric Cardiovascular disease

Daclizumab

[212]

Zenapax 1997 Humanized Transplant rejection

Rituximab [213] Rituxan,

Mabthera

1997 Chimeric Non-Hodgkin lymphoma

Trastuzumab

[214]

Herceptin 1998 Humanized Brest cancer

Palivizumab

[215]

Synagis 1998 Humanized Respiratory syncytical virus

Infliximab [216] Remicade 1998 Chimeric Several autoimmune disorders

Basiliximab

[217]

Simulect 1998 Chimeric Transplant rejection

Gemtuzumab

[218]

Mylotarg 2000 Humanized Acute myelogenous leukemia

Alemtuzumab

[219]

Campath 2001 Humanized Chronic lymphocytic leukemia

Efalizumab [220] Raptiva 2002 Humanized Psoriasis

Adalimumab

[221]

Humira 2002 Human Several autoimmune disorders

Ibritumomab

tiuxetan [222]

Zevalin 2002 Murine Non-Hodgkin lymphoma (with

yttrium-90 or indium-111)

Bevacizumab

[223]

Avastin 2004 Humanized Colorectal cancer, age-related

macular degeneration

Cetuximab [224] Erbitux 2004 Chimeric Colorectal cancer, head and neck

cancer

Omalizumab

[225]

Xolair 2004 Humanized Mainly allergy-related asthma

Natalizumab

[226]

Tysabri 2006 Humanized Multiple sclerosis and Crohn’s
disease

Panitumumab

[227]

Vectibex 2006 Human Colorectal cancer

Ranibizumab

[228]

Lucentis 2006 Humanized Macular degeneration

Eculizumab

[229]

Soliris 2007 Humanized Paroxysmal nocturnal

hemoglobinuria

Certolizumab

[230]

Cimzia 2008 Humanized Crohn’s disease

Ustekinumab

[231]

Stelara 2009 Human Psoriasis

Golimumab

[232]

Simponi 2009 Human Rheumatoid and psoriatic

arthritis, ankylosing spondylitis

Canakinumab

[233]

Ilaris 2009 Human Muckle–Wells syndrome

(continued)
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may be helpful. This way a library of peptide sequences may be synthesized and

evaluated for antifungal activity which may have specific activity against fungi.

The peptide sequences thus generated may not only have specific antifungal activity

but may also result in specific diagnostic tolls.

17 Conclusions

Fungal diseases are global health problem with rising prevalence of infections in

immunocompromised hosts related to cases of cancer, AIDS, diabetes, cystic

fibrosis and in invasive surgical procedures. The three major fungal diseases in

immunocompromised subjects are candidosis, aspergillosis, and cryptococcosis.

Azoles, the most common clinically antifungals among the other candidates (poly-

enes, pyrimidines, allylamines, and echinocandins), suffer from developing

Table 1 (continued)

Antibody Brand name

Approval

date Type Indication

Ofatumumab

[234]

Arzerra 2009 Human Chronic lymphocytic leukemia

Tocilizumab

[235]

RoActemra,

Actemra

2010 Humanized Rheumatoid arthritis

Denosumab

[236]

Prolia 2010 Human Bone loss

Ipilimumab [237] Yervoy 2011 Human Metastatic melanoma

Belimumab [238] Benlysta 2011 Human Systemic lupus erythematosus

Brentuximab

Vedotin [239] Adcetris 2011 Chimeric Hodgkin lymphoma, systemic

anaplastic large cell lymphoma

Pertuzumab

[240]

Perjeta 2012 Humanized Breast cancer

Adotrastuzumab

Emtansine [241]

Kadcyla 2013 Humanized Breast cancer

Obinutuzumab

[242]

Gazyva 2013 Humanized Chronic lymphocytic leukemia

Siltuximab [243] Sylvant 2014 Chimeric Castleman disease

Vedolizumab

[244]

Entyvio 2014 Humanized Ulcerative colitis, Crohn’s
disease

Ramucirumab

[245]

Cyramza 2014 Human Gastric cancer

Secukinumab

[246]

Cosentyx 2015 Human Psoriasis
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resistance with drug–drug interactions and drug toxicity. This chapter presented the

most common antifungals used for human health and also a brief update about the

latest developments in antifungal agents.

CDRI Communication No:9207
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Abstract Neglected tropical diseases (NTDs) belong to a diverse group of com-

municable diseases caused by pathogens including helminthes, protozoa, bacteria,

and viruses. The NTDs prevail in tropical and subtropical conditions in 149 coun-

tries and affect billions of people, resulting in an economic burden of billions of

dollars every year. The major neglected tropical bacterial diseases (NTBDs) are

Leprosy, Buruli ulcer, and Trachoma. Leprosy and Buruli ulcer are caused by

members of the Mycobacterium genus viz M. leprae and M. ulcerans and are

responsible for the most severe medical impact in the tropics. Trachoma is the

result of infection of the eye with Chlamydia trachomatis and it is responsible for

the visual impairment of about 1.8 million people, of whom 0.5 million are

irreversibly blind. In this chapter the above major NTBDs are discussed in terms

of their epidemiology, pathogenic vector, metabolism, genomic and immunological

analysis, classification, treatment, resistance, and vaccine development.
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1 Introduction

The neglected tropical diseases (NTDs) are mostly chronic parasitic infections

affecting human health in the developing countries. The parasites responsible for

such diseases are viruses, bacteria, protozoa, and helminthes. Recently, Fenwick [1]

reported 12 “core” NTDs: Human African trypanosomiasis, Buruli ulcer, leprosy,

Chagas’ disease, trachoma, dracunculiasis, ascariasis, trichuriasis, leishmaniasis,

schistosomiasis, onchocerciasis, and lymphatic filariasis. Bacterial infections are

particularly prevalent in the tropical regions. According to the World Health

Organization (WHO) and the Centers for Disease Control and Prevention (CDC),

the four major bacterial infections are Buruli ulcer, leprosy, trachoma, and yaws.

Widespread occurrence of these diseases is also observed in the temperate regions

as a result of migration of human carriers from tropical zones. In temperate regions,

inappropriate diagnosis caused by misinterpretation of signs and symptoms coupled

with improper therapy and preventive measures results in further progression of

these diseases. In this context, tuberculosis and leprosy are the major diseases,

affecting millions worldwide.

Mycobacterium sp. is responsible for more human infections than other bacteria,

with mycobacteriosis having severe impact in tropical countries. Tuberculosis

(TB) caused byMycobacterium tuberculosis is the most well-knownmycobacterium

infection in humans. When it comes to social stigma, the mycobacterium infection

known as leprosy can be considered the leader of all bacterial infections. Further-

more, atypical mycobacteria are responsible for Buruli ulcer, a commonly occurring

skin disease. Trachoma caused by Chlamydia trachomatis is responsible for visual
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impairment in 1.8 million people worldwide, including 0.5 million with irreversible

blindness. Furthermore, the high death rates associated with anthrax and yaws have

led to these diseases being deliberately used in bioterrorism. The other significant

bacterial infections of tropical regions are pyomyositis, bartonellosis, and the sexu-

ally transmitted diseases lymphogranuloma venereum and granuloma inguinale [2]

2 Leprosy

2.1 Introduction

Leprosy was first reported in India (600 BC), where the disease is known as kustha

(meaning “eating away” in Sanskrit). It was described as being dissimilar to vitiligo

[3, 4]. The prehistoric medical texts of Sushruta, Vagbhata, and Charaka report that
Indian physicians saw leprosy as a disease that could be alleviated and cured. The

Sushruta Samhita recommended treatment of leprosy with oil from the chaulmoo-

gra tree; this was the backbone of treatment until the introduction of sulfones

[5, 6]. Leprosy is a chronic infection by Mycobacterium leprae [7, 8] and is also

known as Hansen’s disease, named after Gerhard Amauer Hansen, who discovered

M. leprae in 1873 [9]. M. leprae multiplies slowly, with an incubation period of

2.9–5.3 years. The symptoms may take as long as 20 years to appear. Leprosy is

characterized by infection of the skin, upper respiratory passage and nerves, and

associated immunological damage. The nerve damage is responsible for repeated

ulceration and paralysis affecting hands, feet, and eyes. If detected early it can be

reversed with steroid treatment; otherwise, permanent nerve damage causes signif-

icant morbidity [7]. To improve the social stigma associated with the disease, in

1948 the International Leprosy Association abandoned the word “leper” for

describing leprosy patients. Now, the term Hansen’s disease is more usually used

for leprosy [10]. The disability and related social stigma associated with leprosy has

resulted in a significant barrier to full participation of individual leprosy patients in

society, resulting in socioeconomic burden for those associated and for society.

2.2 Transmission and Epidemiology

Leprosy transmission does not require a tropical environment. Historically, the

disease has affected people in nearly every corner of the world, including countries

traversed by the Arctic Circle. At present, its higher prevalence in the tropical region

is best attributed to socioeconomic factors [11]. Infected humans are the most

common source of leprosy, although infected nonhumans are also known. Humans

with untreated leprosy may have billions of organisms per gram of tissue, which are

shed from nasal mucosa. Healthy bearers ofM. leprae in the nasal mucosa may also

be a factor in the transmission of leprosy. Rates of population nasal carriage of
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M. lepraeDNA, based on polymerase chain reaction (PCR) studies, are much higher

than the registered prevalence rates of leprosy [12]. The mode of entry forM. leprae
into a host is ambiguous, but the only seriously considered sites are the upper

respiratory tract and skin. Rees and McDougall reported the infection of immuno-

deficient mice through aerosols containing M. leprae, and the nasal route was

considered to be the most important [13]. It is assumed that M. leprae settles in the

lymph node and from there roams to the skin and nerves. Experimental models and

clinical examples of transmission through the skin have also been reported [14]. Nat-

urally acquired leprosy was firstly perceived in armadillos in 1974 and infected up to

half of the armadillos in some regions [15]. Similarly, native leprosy has been

detected in monkeys and chimpanzees in West Africa and elsewhere [16–

18]. Humans can acquire leprosy from wild infected armadillos and possibly from

other zoonotic sources in other geographical areas [19, 20]. There is no evidence of

leprosy transmission by insects or any other vectors.

The global registered prevalence of leprosy has decreased markedly since 1985,

when around 5.4 million cases were registered for treatment. A total of 213,899 new

cases of leprosy were reported to WHO at the end of the first quarter of 2015, from

121 countries, the vast majority of cases occurring in the eastern Mediterranean,

Africa, South-East Asia, the Americas, and the western Pacific. The countries that

reported the most new cases were India, Brazil, Indonesia, Nigeria, Democratic

Republic of Congo, and Ethiopia. The prevalence rate of 0.31 per 10,000 population

in the first quarter of 2015 differs marginally from the data of 2014 (0.32 per 10,000

population) (Fig. 1) [21]. The approval and widespread use of multidrug therapy

Fig. 1 Registered cases of leprosy per 10,000 population (prevalence rate) in 2014
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and large-scale public health campaigns from 1982 onwards has contributed to the

drastic decrease in the number of leprosy patients. Over 14 million people have

been diagnosed with leprosy since 1985. A significant proportion of these have

ongoing disability as a result of leprosy-related nerve damage. A probable 3 million

people are living with leprosy-caused physical impairments and disabilities and the

related social stigma.

2.3 Bacteriology

2.3.1 Cellular Morphology

M. leprae is a strong acid-fast rod-shaped organism with rounded ends and parallel

sides. Its length varies from 1 to 8 μm and the diameter is 0.3 μm (Fig. 2)

[22]. M. leprae looks very similar to Mycobacterium tuberculosis in size and

shape, and is an obligatory intracellular parasite that cannot be cultivated in vitro,

although it can be grown in the nine-banded armadillo (Dasypus novemcinctus) and
in the footpad of mice (Shepard’s hind footpad inoculation method). M. leprae can
be recognized in stained biopsies, smears of nasal secretions, and in slit-skin

smears. M. leprae has a tropism for infection of skin keratinocytes and histocytes,

with the purpose of entering the Schwann cells of the peripheral nerves. This leads

to axonal atrophy and dysfunction, with segmental demyelination via laminin-

binding protein [23–25]. The main targets of the bacteria are macrophages, where

it forms large clumps (globi). The bacteria prevent lysosome and phagosome fusion

to avoid degradation [26]. M. leprae has a slow doubling time of 14 days and it

remains viable for up to 2 months. The slow replication time is a result of the

restricted intake of nutrients through its waxy walls. The cell walls ofM. leprae are

Fig. 2 Suspension of nude-

mouse footpad-derived

M. leprae under the
scanning electron

microscope
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made up of a covalently linked peptidoglycan–arabinogalactan–mycolic acid com-

plex, similar to other mycobacterial cell walls. The immunological specificity of

M. leprae is a result of the presence of phenolic glycolipid-1 (PGL-1) a dominant

lipid in the cell wall. The interaction ofM. leprae with the laminin of Schwann cells

requires the involvement of PGL-1, as suggested by Vincent and coworkers [27].

2.3.2 Metabolism

Knowledge of metabolic pathways gives new insights for the development of new

antileprotic drugs. Genomic studies have revealed the involvement of the Embden–

Meyerhof–Parnas (EMP) pathway for the oxidation of glucose to pyruvate for

generation of energy in M. leprae. Energy is produced in the form of ATP, which

is produced by acetyl-CoA via glycolysis through the Krebs cycle. Lipid degrada-

tion and glyoxylate shunt are the major pathways for energy production in

M. leprae and M. tuberculosis according to biochemical studies and genome

analysis [28, 29]. Five different membrane proteins of M. leprae import lipids

into the cell; these lipids are the major source of carbon. M. leprae is not able to

generate ATP from the oxidation of NADH because of the absence of anaerobic and

microaerophilic electron transfer systems and a severely truncated aerobic respira-

tory chain [30]. However, the anabolic capabilities of M. leprae are less

affected [31].

2.3.3 Genomics and Proteomics

Cole and coworkers sequenced the genome ofM. leprae and published the results in
Nature [30]. An extreme case of reductive evolution has been observed in the

genome of M. leprae in comparison with M. tuberculosis [32, 33]. This is revealed
by a major reduction in G+C content (66% for M. tuberculosis versus 58% for

M. leprae) and smaller genome size (4.4 Mb for M. tuberculosis versus 3.3 Mb for

M. leprae). The most salient feature of the M. leprae genome is the presence of

1,133 pseudogenes (mutational gene loss), compared with only six for

M. tuberculosis [34]. This suggests that genes nonessential for survival of

M. leprae are eliminated during the process of evolution. This reduction in the

genome has led to elimination of several metabolic pathways, resulting inM. leprae
with specific growth requirements.

M. leprae cannot acquire iron from the extracellular environment as a result of

deletion of the entire mbt operon and, thus, cannot use either the membrane-

associated or excreted form of mycobactin T. Furthermore,M. leprae cannot utilize
iron because of the absence of genes responsible for iron acquisition in its genome.

Hence, M. leprae is dependent only on the intracellular iron, which is regulated

through genes encoding iron-containing proteins or complexes such as ferredoxin

( fdxCD), cytochrome c (ccsAB), a hemogloblin-like oxygen carrier (glbO), the
heme group (hem genes), and the iron storage protein bacterioferritin (bfrA and
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ideR) [35]. The genomic analysis thus explains the obligatory intracellular nature of

M. leprae and provides better understanding of its pathogenicity, which may be

useful in drug discovery and development programs.

2.4 Pathogenesis and Immune Response

The host immunological response to M. leprae is crucial in determining either

clinico-pathological manifestation or immunity and the type of disease. A protec-

tive immune response in leprosy depends on cell-mediated immunity (CMI) for

killing M. leprae. Antibodies are produced to M. leprae antigen, and are abundant

in lepromatous leprosy, but do not appear to have any useful role in the elimination

of these organisms.

2.4.1 Innate Immunity

An effective innate immune response and the low virulence of the leprosy bacillus

retard the development of leprosy. Dendritic cells (DCs) may be the first cells to

encounter the bacilli at the site ofM. leprae invasion of the host (e.g., nasal mucosa

or skin abrasion). DCs uptake M. leprae and the consequential local production of

cytokines and chemokines regulates inflammation and is recognized to affect the

course of adaptive CMI into a type 1 T helper (Th1) or Th2 cell response [36]. Even

though DCs are identified as operational presenters of M. leprae antigens, expres-
sion of major histocompatibility complex (MHC) classes I and II is downregulated

in monocyte-derived DCs infected with M. leprae bacilli [37]. In contrast, DCs

stimulated with M. leprae membrane antigens upregulate production of both MHC

class II and CD40 ligand-associated interleukin-12 (IL-12), suggesting that entire

live bacilli may suppress the interaction of DCs and T cells [38].M. leprae-infected
DCs express PGL-1 on the surface. PGL-1 exhibits immunosuppressive properties

and masks the DC-expressed PGL-1 with specific antibody. It also upregulates both

gamma interferon (IFN-γ) production and the proliferative response by T cells

[39]. Macrophage-derived DCs are more effective antigen-presenting cells; addition-

ally, they are highly susceptible to killing by M. leprae membrane-specific CD8+

cytotoxic T cells [40]. Higher levels of CD1+ DCs are found in tuberculoid leprosy

(TT) lesions than in lepromatous leprosy (LL) lesions [41]. Langerhans cells are a

subset of DCs and are initiators of the immune response in the skin. LL patients

have considerably fewer Langerhans cells, in both the lesion and healthy skin, than

uninfected controls or TT patients [42]. On the other hand, patients with TT have an

amplified number of Langerhans cells in lesions, suggesting the active infiltration of

these cells to these sites. The analysis of leprosy biopsy samples has shown that

monocytes and DCs in TT lesions express many more Toll-like receptors (TLR1

and TLR2) than those in LL lesions: Th1-type cytokines were generally associated

with TLR1 and TLR2 activation, and Th2-type cytokines were involved in
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inhibition of activation. In vitro studies indicated thatM. leprae 19-kDa and 33-kDa
lipoproteins could activate monocytes and monocyte-derived DCs through TLR2

[43]. Massone et al. performed a retrospective immunohistochemical study and

showed that plasmacytoid DCs are not involved in the immune response against

M. leprae, whereas FoxP3-positive cells (markers of regulatory T cells) were

present in 95% of the cases, with an average density of 2.9% of the infiltrate [44].

Receptors of Innate Immunity

The pathogen-associated molecular pattern exhibited by microorganisms is

detected by the pattern recognition receptors expressed on the immune cells at

the site of exposure. The calcium-dependent or C-type lectins, such as DC-specific

intercellular adhesion molecule-grabbing nonintegrin (DC-SIGN, also known as

CD209), mannose receptor CD206, and langerin (CD207) form a group of pattern

recognition receptors. The binding of CD206 to specific carbohydrate groups on

pathogens assists internalization, resulting in antigen processing and presentation.

CD206 is primarily expressed on cells of the myeloid lineage, especially mature

macrophages, which facilitate the uptake of virulent mycobacteria [45]. DC209

expressed on DCs via binding with mannose-containing structures recognizes the

pathogens [46]. In a similar manner, CD207 expressed by Langerhans cells has a

single calcium-dependent carbohydrate recognition domain and identifies only N-
acetylglucosamine, mannose, and fucose [47]. The TLRs with extracellular leucine-

rich motifs comprise a second category of pattern recognition receptors. They are

phylogenetically conserved transmembrane proteins with ten subtypes, among

which TLR2 homodimers, TLR2–TLR1 heterodimers, and TLR4 are crucial for

mycobacteria recognition. The TLRs play a crucial role in the production of

cytokines IL-12 [48] (induction of Th1-type immunity) and tumor necrosis factor

alpha (TNF-α) [49]. TNF-α is also responsible for tissue destruction in leprosy.

Another group of receptors responsible for uptake of mycobacteria are the C0

receptors. Phagocytosis of M. leprae is mediated by complement receptor

1 (CR1) and CR3 present on the monocyte surface and by CR1, CR3, and CR4

on macrophages [50].

2.4.2 Adaptive Immunity

T cell lineage cells play a crucial role in resistance toM. leprae. LL patients are not

prone to cancer or the adaptable infections that affect persons with immunodefi-

ciency diseases. Resistance to leprosy has been estimated to be present in 95% of

the population. Protection may occur early, with no obvious signs of disease. The

strong immune response may control the development of leprosy but simulta-

neously damage the tissues (i.e., CMI-associated granulomatous inflammation

leading to peripheral nerve injury).
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T-Lymphocyte Subsets

1. CD4+ and CD8+ cells: TT lesions exhibit mostly CD4+ helper cells with a CD4+

to CD8+ ratio of 1.9:1, which is 2:1 in normal peripheral blood [51]. Cytotoxic T

cells play a crucial role in the localization, activation, and maturation of mac-

rophages, leading to restriction or elimination of the pathogen. CD8+ cells are

harbored at the periphery of the TT lesion, whereas CD4+ cells remains distrib-

uted throughout the lesion [52]. However, CD8+ T cells are dispersed throughout

LL lesions rather than at the periphery, with a CD4+ to CD8+ ratio of 0.6:1. The

CD8+ suppressor cells may downregulate the activation of macrophages and

suppression of CMI.

2. T regulatory cells: These cells constitute 5–10% of all CD4 T cells in peripheral

blood and typically express CD25 and the fork-head family transcription factor

P3 (FoxP3). FoxP3-positive cells are present in 95% of leprosy cases, with

average density of 2.9% of the infiltrate [44].

3. CD1-restricted T cells: Human CD1 molecules bind ligands via hydrophobic

interaction in an antigen-binding pocket designed to accommodate the chains of

lipids and glycolipids. In vitro and in vivo studies confirmed that CD1 molecules

are crucial for mycobacterial lipid presentation in the immune response to

M. leprae. The mycobacterium-reactive double-negative T cell lines derived

from the skin lesion of a leprosy patient responded to mycobacterial subcellular

fractions in the presence of CD1-expressing antigen-presenting cells. In contrast,

lipoarabinomannan-depleted soluble cell wall fraction was not capable of induc-

ing detectable T cell proliferation. Lipoarabinomannan also induces these T cells

to secrete large amounts of IFN-γ. The CD1+ cells are commonly positive for

CD83, a marker for mature DCs, and have a strong connection between CMI in

leprosy and CD1 expression [53].

4. Cytotoxic cells: Cytotoxic cells can be classified into T cells and natural killer

(NK) cells:

(a) Both CD8+ and CD4+ T cells can lyse M. leprae-infected macrophages and

function as class I- and class II-restricted cytotoxic T cells, respectively [54–

56]. The target cells are lysed by cytotoxic T lymphocytes, which is medi-

ated by perforin and cytotoxic granules (granzyme B), a serine protease

found in NK cells and cytotoxic T cells [57]. The perforin is released by T

cytotoxic cells whenever they come into contact with the target cell, leading

to pore formation in the target cell membrane. This allows granzyme B entry

to the cell, followed by activation of caspases, and resulting death of target

cells. The occurrence of granulysin is more common in TT skin lesions than

in LL lesions. M. leprae-infected macrophages target cells destroyed by

cytotoxic T cells may contribute to defense from leprosy as an adjunct to

ongoing attempts at intracellular killing or growth inhibition mediated by

IFN-γ-activated macrophages. It has been demonstrated that the presence of

viable M. leprae inside the cell for a long time can cause impairment of
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several important functions of infected macrophages, especially the ability

to be activated by stimulation with IFN-γ [58, 59].

(b) NK cells in a variety of neoplastic and pathogen-infected target cells are

responsible for non-MHC-restricted cytotoxicity. Although antigen specific-

ity is absent in the cytotoxicity of NK cells and the more active IL-2-

stimulated lymphokine-activated killer cells, they are directed against mac-

rophages and Schwann cells infected by M. leprae. Administration of IL-2

into LL lesions seems to recruit NK cells by promoting migration to lesion

foci, with subsequent local clearance of the bacilli [60, 61].

Macrophages

Macrophages are the primary host cells for M. leprae and have major functions in

antigen processing and presentation, secretion of cytokine/chemokines, and micro-

bicidal activity. M. leprae can survive in normal mouse macrophages but can be

killed or inhibited by IFN-γ-activated macrophages in vitro [58, 62]. In normal

macrophages, only live M. leprae blocks phagosome–lysosome fusion.

Phagosomes in activated macrophages having M. leprae are able to fuse with

secondary lysosomes. Through generation of reactive oxygen intermediates

(ROIs) and reactive nitrogen intermediates (RNIs), macrophages can inhibit or

kill the invading pathogens.

Cytokines

The CMI response is crucial for host resistance to infection by mycobacteria and is

thought to be regulated by a balance between the type 1 cytokines (IL-2, IL-12,

TNF-α, IFN-γ) and the type 2 cytokines (IL-4, IL-6, and IL-10). The production of

IL-10 during bacterial infection has been shown to suppress production of inflam-

matory mediators and aid the development of Th2 immunity. The Th1/Th2 para-

digm suggests that Th1 and Th2 cells are responsible for the cellular and humoral

immune response, depending on the functional discrimination of T-helper cells

based on the pattern of cytokine production [63]. It has been observed that a Th2

cytokine pattern is produced by peripheral blood mononuclear cells (PBMCs) and T

cell lines in lepromatous patients afflicted by M. leprae in vitro, whereas a Th1

cytokine pattern by PBMCs and T cell lines is observed in tuberculoid patients.

CD4+ clones isolated from TT lesions secrete mainly IFN-γ, whereas CD4+ clones
from LL lesions secrete IL-4. Large amounts of IL-4 are produced from CD8+

clones from LL patients. Resistance to M. leprae is developed in tuberculoid

lesions, as a result of the high expression of IL-12 and IL-18 [64].
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2.5 Classification of Leprosy

Leprosy can be classified as borderline tuberculoid (BT), tuberculoid (TT), border-

line lepromatous (BL), borderline borderline (BB), and lepromatous leprosy

(LL) types.

2.5.1 Initial Changes

The initial indication of skin infection withM. leprae is the multiplication of bacilli

within the fixed cells of the skin. Initially, there is focal damage at blood vessels

near the site of M. leprae entry. M. leprae spreads centripetally along the fibers of

cutaneous nerves and proliferates within Schwann cells, which then burst and

release bacteria into endoneural spaces, where they are engulfed by histiocytes.

2.5.2 Indeterminate Leprosy

The earliest lesions are usually indeterminate leprosy and present as inadequately

defined macules, mildly hypopigmented in dark skin and slightly erythematous in

lighter skin. Indeterminate leprosy can last for months, resolve, or progress to TT,

borderline leprosy, or LL, depending on the host immune response to the infection.

Histological examination shows foci of inflammatory cellular exudates, mainly in

the region of the finest nerve fibers of the dermal plexuses (perineural paravascular

inflammation), which predominantly contain lymphocytes and histiocytes, with or

without scarce acid-fast bacilli. These changes are nonspecific unless acid-fast

bacilli are found in nerves, arrectores pilorum muscles, or the subepidermal

area [65].

2.5.3 Tuberculoid Leprosy

A proper CMI response produced by initial interaction between bacteria and dermal

histiocytes results in migration from indeterminate leprosy towards TT, which is

defined by skin lesions and nerve damage. Histologically, TT is characterized by

the transformation of histiocytes into groups of epithelioid cells, which may

combine to form giant cells. Well-constrained foci of these cells are frequently

surrounded by a zone of lymphocytes and are known as epithelioid granulomata.

Efficient mycobacterial phagocytosis and antigen presentation results in an effec-

tive Th1 immune response of cell-mediated type; therefore few, if any, recogniz-

able acid-fast bacilli are seen histologically. Nerve bundles become swollen by

proliferation of Schwann cells, which develop into epithelioid cells.
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2.5.4 Lepromatous Leprosy

The initial skin lesions are small hypochromic macules with indistinct edges. If left

untreated, they form copper colored papules or nodules known as leproma. Mac-

rophages proliferate in LL lesions and can become foamy because of a sufficient

quantity of scantily processed mycobacterial lipid material; however, failure of

phospholipase activity results in inadequate antigen processing. Lymphocytes are

very few. In mature lepromatous disease, chronic inflammatory tissue with

bacteria-filled cells dominates the dermis, whereas the subepidermal zone of the

dermis is clear of infiltrate. Histoid leprosy is an unusual nodular form of LL. The

histopathological characteristics are well-formed lesions; polygonal, spindle-

shaped, and foamy histiocytes; and a large number of solid staining acid-fast bacilli.

2.5.5 Borderline Leprosy

Borderline leprosy has three major subgroups: borderline tuberculoid (BT),

midborderline (BB), and borderline lepromatous (BL). Borderline leprosy corre-

sponds to a transition state between lepromatous and tuberculoid leprosy. BT is

defined by the occurrence of several large asymmetrical and hypoesthetic lesions

with peripheral macules or infiltration of the skin. Borderline–borderline

(BB) leprosy is defined by the existence of several non-anesthetic annular lesions

with indistinct edges. BL is defined by the presence of more than ten bilateral and

non-anesthetic lepromas and annular lesions. An inflammatory reaction is observed

in the superficial layers of the dermis, consisting of small round cells, histiocytes,

and clumps of epithelioid cells but without giant cells.

2.5.6 Classification by WHO

According to WHO, patients can be divided into three groups: (1) paucibacillary

leprosy (PB), (2) paucibacillary single-lesion leprosy (PBSLL), and

(3) multibacillary leprosy (MB). PB and MB are initially identified through skin

smears. Appropriate patient classification and dose regimen in most leprosy pro-

grams depend on the number of nerve and skin lesions: PBSLL, one skin lesion; PB,

two to five skin lesions; and MB, more than five skin lesions. A patient with a

positive skin smear must be considered as having MB, for which the maximum-

tolerated dose (MTD) regimen for MB is followed [66].

2.6 Nerve Damage Mechanism

The ability ofM. leprae to cause nerve damage is based on its unique propensity to

invade Schwann cells. The specificity of M. leprae for Schwann cells is co-related
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to the tissue-specific expression of laminin-2 on Schwann cells. The PHL-1 of

M. leprae has been shown to bind to the G-domain of the α2 chain of laminin-2 on

the membrane of Schwann cells [27]. Laminin-binding protein 21 (LBP 21, 21-kDa

histone-like protein) also facilitates the intracellular entry of M. leprae into the

Schwann cell by binding [67, 68]. The receptors expressed on monocytes and

macrophages might also mediate intracellular uptake by M. leprae. On monocytes,

expression of PGL-1 leads to M. leprae phagocytosis via serum complement 3 and

complement receptor CR3 [50]. On macrophages, CR1 and CR4 assist phagocyto-

sis ofM. leprae [69]. Another phagocytic receptor expressed on macrophages is the

mannose receptor, which binds mannose and other carbohydrates [70, 71]. Nerve

injury in leprosy involves bothmyelinated and unmyelinated nerves [72, 73]. Biopsy

specimens taken from the affected nerves of leprosy patients has revealed

perineural and intraneural inflammation and, in myelinated fibers, eventual demy-

elination. Axonal degeneration and regeneration can be observed with fibrosis,

which leads to an empty matrix. Nerves occasionally undergo caseation and

become difficult to recognize [74]. T cells activated by Schwann cell processing

possess direct cytotoxicity. Presentation ofM. leprae proteins and peptides to MHC

class II-restricted CD4+ Th1 cells, in turn, leads to inflammatory damage to the

nerve [75]. TLRs are involved in immunological communications between the host

and M. leprae. Schwann cell killing through the activation of TLR2 by M. leprae
has been examined in vitro [76]. In tuberculoid disease, granulomatous inflamma-

tion develops at sites of infection, including the endoneurium, and may destroy

infected nerve fibers. On the other hand, in lepromatous disease, prolific bacterial

growth occurs inside Schwann cells and endoneural macrophages [77]. Persisting

mycobacterial antigens (both protein and glycolipid) have been identified in nerves

and these contribute to chronic ongoing neural inflammation [78]. Schwann cells

exposed in vitro to necrotic neurons produce pro-inflammatory cytokines such as

TNF-α and nitric oxide, which are potent inflammatory mediators [79]. TNF-α has

been detected in nerve lesions and also promotes nerve damage [80]. Transforming

growth factor beta (TGF-β), a downregulatory cytokine, has also been detected in

the biopsies of infected hosts [81].M. leprae can also deregulate mitogen-activated

protein kinases (MAPKs) and monofilament proteins, which could lead to structural

nerve damage [78]. These processes produce Wallerian and axonal damage in TT

[82]. Patients with LL can show a very high number of bacteria but comparatively

little inflammation. Acute and chronic neuritis may occur as a result of induction of

an immunologic response to dead M. leprae in the nerve cells [23].

2.7 Treatment of Leprosy

M. leprae is naturally resistant to most of the usually prescribed antibiotics because

of the high number of lipids in its cell wall, which prevent penetration by antibi-

otics, especially hydrophilic compounds (β-lactams, glycopeptides, fusidic acid,

and chloramphenicol) [83]. Chaulmoogra oil, extracted from the seeds of the
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Hydanocarpus wightiana tree, was the first leprosy treatment [84]. One of its

compounds, hydnocarpic acid (C16H28O2) (1; see Fig. 3), exhibits in vitro activity

against some mycobacteria species, but is inactive against M. leprae [85].

2.7.1 Chemotherapy of Leprosy

The drugs presently used to treat leprosy can be divided into two main groups, first-

line and second-line. First-line drugs are dapsone, rifampicin, and clofazimine.

Second-line drugs are the fluoroquinolones, minocycline, and clarithromycin.

Dapsone

The modern era of leprosy chemotherapy began in 1940, when Faget showed the

advantage of promin (sodium glucosulfone, 2; see Fig. 4) in the treatment of

leprosy [86].

Patients were intravenously administrated 5 mL of 30% promin solution, which

causes severe pain to the patient. Promin and other sulfones cannot be used as

substitutes for dapsone when intolerance develops, because this is a general reac-

tion to sulfones, and is not specific to dapsone [87]. In 1950, a more effective

sulfone, dapsone (4, 40-diaminodiphenyl sulfone, 3; see Fig. 4) became the standard

chemotherapy drug for leprosy and was used across the globe for treating both MB

and PB forms of the disease [88]. Its mode of action has been clearly established

[89]. Dapsone competes with para-aminobenzoate (PABA) to bind with

dihydropteroate synthase (DHPS) and inhibit the bacterial synthesis of dihydrofolic

acid. DHPS is encoded by folP1 and is involved in folic acid synthesis
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[90, 91]. Dapsone is also known as a myeloperoxidase inhibitor. Myeloperoxidase

is the enzyme that converts hydrogen peroxide into hypochlorous acid, which is the

most potent oxidant generated by neutrophils during respiratory burst and causes

significant tissue damage during inflammation, [92]. Therefore, dapsone also mod-

ulates the immune response by acting as a scavenger of active oxygen species. This

mechanism of action is well correlated with its use in the treatment of dermatitis

herpetiformis rheumatoid arthritis [93]. Dapsone may also have potential use in the

treatment of Alzheimer’s disease and stroke, because its myeloperoxidase inhibi-

tion mechanism has been suggested as a neuron-sparing mechanism for reducing

inflammation in neurodegenerative diseases [94]. Chlorproguanil-dapsone is more

potent than pyrimethamine-sulfadoxine and could be introduced in the near future

to delay the onset of antifolate resistance and as “salvage therapy” for

pyrimethamine-sulfadoxine failure in the treatment of malaria [95]. Long-term

dapsone monotherapy led to treatment failure and the emergence of dapsone-

resistant strains of M. leprae in the 1970s [96, 97]. Major adverse effects are

uncommon in dapsone chemotherapy. Dapsone hypersensitivity is characterized

by fever, hepatitis, and exfoliative dermatitis, which may be life threatening.

Dapsone hypersensitivity generally develops after 4–6 weeks of treatment and, if

symptoms develop, treatment must be discontinued and urgent medical attention

sought. Mild hemolytic anemia is common in dapsone treatment, but severe

hemolysis occurs in patients with glucose-6-phosphate dehydrogenase deficiency

so dapsone should be avoided for these patients.

Rifampicin

Rifampicin (4; see Fig. 5), also known as rifampin, is an antibiotic used to treat a

number of bacterial infections, mainly tuberculosis and leprosy. It is a semisyn-

thetic compound from the naturally occurring rifamycins produced by Nocardia
mediterranea [98, 99]. Although rifamycin (5) is poorly active, it is spontaneously

oxidized and hydrolyzed to yield the active rifamycin S. Upon reduction, rifamycin

S yields the hydroquinone form called rifamycin SV (6), which was the first

member of this class to be used as an antibiotic. It was first introduced for the

treatment of leprosy in 1970 and is currently the key bactericidal component of all

recommended MDT regimens [100]. A single dose of rifampicin can reduce the

number of viable bacilli to undetectable levels within a few days, with killing rates

measured in excess of 99.9% after 1 month [101]. Rifampicin acts by specifically

inhibiting bacterial DNA-dependent RNA synthesis by bacterial DNA-dependent

RNA polymerase, leading to a massive failure in protein synthesis [102]. Rifampi-

cin targets the β-subunit of RNA polymerase, which is encoded by rpoB [103]. The

rifampicin binds in a pocket of the RNA polymerase β-subunit deep within the

DNA/RNA channel, but more than 12 Å away from the active site (Fig. 6).

Rifampicin acts by directly blocking the path of the elongating RNA by formation

of a phosphodiester bond in the RNA backbone [104, 105]. Various other deriva-

tives of rifampicin have been synthesized to achieve more potent molecules such as
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rifabutin [LM 427 (7)], rifapentine [DL 473 (8)], and benzoxazinorifamycin

[Rifalazil, KRM 1648 (9)] (Fig. 5). These molecules display stronger bactericidal

activities against M. leprae than rifampicin [106–111]. However, there is no

difference in antileprotic activity between patients treated with rifampicin 600 mg

daily and those treated with rifamycin derivatives. These compounds can be used in

chemotherapy only if they are active against rifampicin-resistant strains of

M. leprae. Unfortunately, the claim that rifabutin is active against rifampicin-

resistant M. leprae [106] has not been confirmed in supplementary experiments.

Fig. 6 Binding of rifampicin in the active site of RNA polymerase
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The major side effects associated with rifampicin are renal failure, thrombocy-

topenia, influenza-like syndrome, and hepatitis. Rifampicin resistance in leprosy is

very rare. Rifampicin resistance in M. leprae also correlates with missense muta-

tions within the rpoB gene (S425L mutation) [112]. Substitutions within codon

Ser456 have been shown to be the most frequent mutations associated with the

development of the rifampicin-resistant phenotype in M. leprae [113]. Docking

studies have been very useful in the determination of ligand binding site [114–

118]. A recent docking study demonstrated stable binding of rifampicin through

two hydrogen bonds with the His420 residue of native rpoB than with mutant rpoB,
where one hydrogen bond was found with Ser406. The difference in binding

energies signifies that rifampicin is less effective in the treatment of patients with

the S425L variant [119]

Clofazimine

Clofazimine (lamprene) [(3-p-chloroanilino)-10-( p-chlorophenyl)-2,10-dihydro-2-
(isopropylimino) phenazine] (10, Fig. 7) is a fat-soluble iminophenazine drug that

has been used in multidrug therapy (MDT) for leprosy treatment since 1962.

Clofazimine stabilizes the lysosomal membrane, which results in the inhibition of

macrophages. Clofazimine also inhibits the motility of neutrophils [120], transfor-

mation of lymphocytes [121], proliferation of PBMCs induced by mitogen [122],

and complement-mediated solubilization of preformed immune complexes in vitro

[123]. The Kv1.3 (KCNA3) channel blocker activity of clofazimine in human T

cells has opened a new direction for the treatment of rheumatoid arthritis, multiple

sclerosis, and type 1 diabetes [124]. The immunosuppressive activity of

clofazimine has been reported to be effective in treating autoimmune diseases

such as psoriasis [125], Miescher’s granulomatous cheilitis [126], Crohn’s disease,
and ulcerative colitis [127]. In a recent application of computer-aided drug design

for the integration and optimization of drug discovery and preclinical development,

clofazimine has been repositioned as an anti-trypanocidal agent [128]. Clofazimine

has also been shown to inhibit the growth of triple-negative breast cancer cells via

inhibition of canonical Wnt signaling [129]. The mechanism of action of

clofazimine has not yet been fully elucidated and may be multifactorial. However,

it has been suggested to work through its preferential binding with mycobacterial

DNA, which appears to occur mainly at the base sequences containing guanine.
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This may explain clofazimine’s preference for the G+C-rich genomes of

mycobacteria over human DNA [130]. Clofazimine-sensitive cellular mechanisms

also include mitochondrial depolarization [131], upregulation of cellular phospho-

lipase A2 (which is toxic and inhibits bacterial proliferation), caspase activation

[132], and induction of apoptosis [133].

Clofazimine is also a functional inhibitor of acid sphingomyelinase

[134]. Clofazimine accumulates extremely in macrophages, forming insoluble,

intracellular crystal-like drug inclusions during long-term oral dosing. These inclu-

sions can modulate innate immune signaling by inhibiting TNF-α and boosting

IL-1RA secretion [131]. To develop more potent phenazine derivatives, several

derivatives have been synthesized, and some of them are significantly more active

in vitro against M. leprae than clofazimine [135, 136], nevertheless none of them

has shown activity vivo [137]. The lack of positive in vivo results could be a result

of the pharmacokinetic properties, in particular the low lipophilicity of the deriv-

atives, which is also responsible for skin coloration. It would be challenging to

develop a nonpigmenting phenazine with higher in vivo activity against M. leprae,
which could be used as a substitute for clofazimine in the treatment of leprosy.

Clofazimine is relatively nontoxic drug, but it produces skin pigmentation (pink

to brownish) in leprosy patients and discoloration of most bodily fluids and secre-

tions. These changes clear within 6–12 months after stopping treatment. Other

associated skin-related side effects are icthyosis and pruritis. The anti-inflammatory

activity of clofazimine is of great importance in leprosy because it suppresses

erythema nodosum leprosum (ENL), an extensive inflammatory reaction occurring

during treatment. In higher doses, clofazimine produces more skin pigmentation.

Occasionally, clofazimine causes crystal deposition in the intestinal tract, which

leads to severe gastrointestinal side effects that may mimic an acute abdomen

[138]. Clofazimine-resistant leprosy has been reported a few times over the years.

No molecular method is available for detection of clofazimine resistance

[139, 140]. In a recent study conducted in M. tuberculosis, mutations in the

rv0678 gene, which encodes a transcription repressor of efflux pump MmpS5–

MmpL5, causes overexpression of the efflux pump, which results in development of

cross-resistance to both clofazimine and bedaquiline (TMC207) [141]. Shuo Zhang

et al. characterized clofazimine mutants isolated in vitro from M. tuberculosis
H37Rv and found two new genes (rv1979c and rv2535c) that are associated with

clofazimine resistance in M. tuberculosis [142].

Fluoroquinolone Derivatives

Fluoroquinolones (Fig. 8), a new class of compounds with limited toxicity and

characterized by broad spectrum antimicrobial activity, including against

mycobacteria, have been introduced for the chemotherapy of leprosy. Ciprofloxacin

(11) is more active than other commercially available fluoroquinolone derivatives,

but is virtually inactive against M. leprae in mice, even at a dose of 150 mg/kg

daily, most likely because of its lower in vitro activity against M. leprae [143] and
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unfavorable pharmacokinetic properties [144]. Pefloxacin (12) was the first fluoro-

quinolone to show promising activity against M. leprae. Pefloxacin was developed

in 1979 and was approved in France in 1985 (http://www.bailii.org/ew/cases/

EWHC/Patents/2008/2413.html). Ofloxacin (13) has the strongest in vitro and

in vivo activities against M. leprae. Ofloxacin is a synthetic antibiotic of the

second-generation fluoroquinolones. Ofloxacin was first patented in 1982 and

approved by the FDA in December 1990. Ofloxacin is a racemic mixture of 50%

levofloxacin (14) (the biologically active component) and 50% dextrofloxacin.

Franzblau et al. reported that sparfloxacin is more active against M. leprae than

ofloxacin [145]. Clinical trials of sparfloxacin (15) showed that the effect of 200 mg

daily was similar to that of ofloxacin 400 mg daily, although the treatments have not

yet been compared in the same trial [146]. Moxifloxacin (16) is a fourth-generation

synthetic fluoroquinolone antibacterial agent that proved highly effective in all trial

patients. A single 400-mg dose of moxifloxacin resulted in significant (P� 0.006)

killing, of 82–99% of M. leprae bacilli, with a mean of 91% [147]. The in vitro

antibacterial activity of sitafloxacin (17) (DU-6859a) against M. leprae was eval-

uated and found to be potent, with a minimum inhibitory concentration of

0.1875 μg/mL [148, 149]. The fluoroquinolones are rapidly developing, with

many new compounds appearing that might prove to be more active against

M. leprae.
Levofloxacin (14) possesses twofold greater antileprotic activity than ofloxacin

and exhibits synergistic activity with rifabutin and other rifamycin analogs against

M. leprae [150]. Other quinolones such as lomefloxacin (18), WIN 57273 (19), and

temafloxacin (20) (Fig. 8) show good bactericidal activity in mice, but their effect

on leprosy patients has yet to be studied [151]. The antileprotic effects of these
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fluoroquinolones appear to be a result of interactions with both DNA gyrase and

topoisomerase IV, a related type II topoisomerase (Fig. 9). The DNA gyrase is more

sensitive in Gram-negative bacteria, and topoisomerase IV more sensitive in Gram-

positive bacteria. First and second generation fluoroquinolones selectively inhibit

the topoisomerase II ligase domain, leaving the two nuclease domains intact; this

results in DNA fragmentation via the nuclease activity of the intact enzyme

domains (Fig. 9) [152]. Third and fourth generation fluoroquinolones have greater

selectivity for the topoisomerase IV ligase domain, resulting in enhanced Gram-

positive coverage. Some fluoroquinolone compounds have been shown to inhibit

the synthesis of mitochondrial DNA [153].

In general, fluoroquinolones are tolerated, with side effects ranging from mild to

moderate [154]. The major side effects associated with fluoroquinolone therapy are

nausea, diarrhea, and other gastrointestinal complaints; skin rash may also occur. A

variety of undesired CNS-related effects have been reported, including insomnia,

headaches, dizziness, nervousness, and hallucinations. Quinolones are associated

with an increased risk of tendinitis and tendon rupture in all age groups [155]. The

FDA held a joint meeting on 5 November 2015, and asked the committee to review

side effects in fluoroquinolone therapy (e.g., tendonitis and tendon rupture, periph-

eral neuropathy, and cardiac arrhythmia) to determine whether the use of these

drugs justifies the associated risk [156]. The first ofloxacin-resistant M. leprae was
described in 1994 and other cases have been found subsequently [157]. In most

resistant strains of M. tuberculosis, gyrA mutations at highly conserved regions are

responsible for the development of ofloxacin resistance. The gyrA gene is highly

similar to that of M. tuberculosis, and missense mutations within codon Ala91 of

this region have been found in the majority of ofloxacin-resistant strains of

M. leprae [158].

Fig. 9 Structure of

bacterial DNA gyrase

complexed with DNA and

ciprofloxacin molecule

(green); Protein Data Bank

ID: 2XCT
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Minocycline

Minocycline (7-dimethylamino-6-demethyl-6-deoxy-tetracycline) (21; Fig. 10) is

prepared semisynthetically from natural tetracycline antibiotics and is the only

tetracycline active against M. leprae. Although minocycline was synthesized by

Lederle Laboratories in 1966, its activity against M. leprae was only confirmed in

1987 [159, 160]. Minocycline antileprotic activity may be a result of its lipophilic

properties, allowing it to penetrate the cell wall more effectively than other tetra-

cyclines [161]. In clinical trials, minomycin at 100 mg daily dose level displayed

powerful bactericidal activity in previously untreated LL patients. After 28 and

56 days treatment, more than 99.9% of the M. leprae had been killed

[162]. Minocyclin activity is additive when combined with other antileprosy

drugs such as dapsone and rifampin. Minocycline is used for single lesion

paucibacillary leprosy with rifampicin and ofloxacin in MDT.

The mechanism of action of minocycline against M. leprae is not clear but is

considered to be similar to that of all tetracyclines, which are well-known protein

synthesis inhibiters. The tetracyclines bind reversibly to the 30S ribosomal subunit,

blocking the binding of aminoacyl-tRNA to the mRNA ribosome complex [163]. A

recent study by Regen et al. showed that minocyclin could be involve in the

inhibition of local cytochrome P450 (CYP450)-mediated degradation

[164]. Minocycline is also known for its indirect inhibition of inducible nitric

oxide synthase (NOS), which is a known retrograde neurotransmitter

[165]. Minocycline has been confirmed to have neurorestorative as well as

neuroprotective properties. Minocycline is proven to be beneficial in neurodegen-

erative diseases such as Huntington’s disease, Parkinson’s disease, and schizophre-

nia [166]. Minocyclin also has an anti-inflammatory effect, which is a result of its

inhibition of apoptosis via attenuation of TNF-α, downregulating pro-inflammatory

cytokine output [167]. Minocyclin is associated with side effects such as gastroin-

testinal upset, photosensitivity, and dizziness and is not recommended for children

and pregnant women. Persistent serpentine supravenous hyperpigmented eruption

(PSSHE) appears in LL after minocycline treatment [168]. There is no evidence of

minocyclin resistance when used alone. The molecular mechanism of resistance to

minocycline in M. leprae is still unknown, and the resistant strains have not been

identified. Three different mechanisms have been suggested for tetracycline resis-

tance: (1) energy-driven integral membrane protein-dependent efflux of tetracy-

cline, (2) enzymatic inactivation of tetracycline, or (3) ribosomal protection by a

soluble protein [169].
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Clarithromycin

Clarithromycin or 6-O methylerythromycin A (22) is a semisynthetic macrolide

antibiotic derived from erythromycin A (23) (Fig. 11) and displays significant

activity against M. leprae in humans [162, 170]. In this category, erythromycin

was the first drug to be tried for the treatment of leprosy, but was found to be

ineffective in mice as a result of poor gastrointestinal absorption. In LL patients,

daily administration of 500 mg of clarithromycin kills 99% of viable M. leprae
within 28 days, and 99.9% by 56 days. Its mechanism of action is thought to be

similar to that of erythromycin. Clarithromycin is first metabolized to 14-OH

clarithromycin, which is active and works synergistically with its parent compound.

Clarithromycin initiates action by penetrating the bacteria cell wall and revers-

ibly binding to domain V of the 23S rRNA of the 50S subunit of the ribosome,

blocking translocation of aminoacyl tRNA and polypeptide synthesis.

Clarithromycin also inhibits hepatic microsomal CYP3A4 isoenzyme and

P-glycoprotein, an energy-dependent drug efflux pump [171, 172]. Clarithromycin

can be taken orally because of its stability in the gastric acid medium.

Clarithromycin has good absorption and diffusion through most tissues and phago-

cytes and is transported actively to the infection site. A missense mutation in the

gene encoding 23S rRNA of bacteria and mycobacteria causes decreased binding of

clarithromycin to ribosomes, with development of resistance [173, 174]. In the case

of M. leprae, this resistance mechanism has not yet been confirmed as You

et al. reported that no mutation of the 23S rRNA gene was observed in a

clarithromycin-resistant strain of M. leprae [175].

Other Antileprotic Agents

There are a few novel therapies being investigated using antileprotic drugs, and

preclinical studies are in progress for several new drugs (e.g.,

dialkyldithiocarbamates, bipyridyl analogs, diaryl-quinolines, and ansamycins)

that have already been tested for other mycobacteria. The macrolide derivatives
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roxithromycin and fosfomycin have anti-inflammatory and immunomodulatory

activities in addition to their anti-M. leprae activity [176], which may be of

advantage in antileprosy treatment [177].

There are several reports of failures and ongoing research in antileprotic drug

discovery. Some of these are related to fusidic acid, dihydrofolate reductase

inhibitors (brodimoprim, K-130), cephalosporins (β-lactams), mycobacterial ribo-

nucleotide reductase (MRR) inhibitors, deoxyfructo-5-hydroxytryptamine, and

aminoglycosides.

Fusidic acid (24; Fig. 12) is active againstM. leprae both in axenic medium and

in macrophage culture, as determined in the BACTEC 460 system [178]. In a

clinical trial, doses of 500 mg daily for 12 weeks/750 mg daily for 4 weeks followed

by 500 mg daily for 8 weeks were given to lepromatous patients. After 8–12 weeks

of treatment, all patients showed various degrees of clinical improvement and

significant decline in the number of M. leprae in skin smears; however, the results

of footpad inoculations showed that fusidic acid only displays weak bactericidal

activity against M. leprae [179]. Therefore, the future of fusidic acid as an

antileprosy drug remains uncertain.

The most important dihydrofolate reductase (DHFR) inhibitors are K-130 (25),

brodimoprim (29), and epiroprim (28) (see Fig. 12). The X-ray structure of E. coli
DHFR shows a positively charged arginine moiety in the cavity of the active center

[180]. Trimethoprim (27) analogs bearing more negative substituents lead to

enhanced activity against the isolated enzyme. However, such compounds exhibit

permeability problems in intact bacteria. Synthesis of such as K-130, which is a

hybrid of trimethoprim and dapsone through a linker is more lipophilic with

negatively polarized but unionized groups binds with DHFR and additional binding

sites than trimethoprim through the its dapsone part. The hybrid demonstrated

higher activity than either trimethoprim or dapsone againstM. lufu. After 4 months
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of treatment with 0.03% K-130 alone, no viable M. leprae were detected.

Brodimoprim stopped multiplication of M. leprae at a diet concentration of 0.1%,

and at 0.05% in combination with dapsone (0.001%). Other experiments on

M. leprae suspensions, measuring the inhibition of tritiated thymidine uptake and

ATP levels, showed similar inhibition by both K-130 (25) and K-128 (26)

[181, 182]. In vivo experiments revealed that combination of 0.01 mg/L of dapsone

and 1 mg/L of brodimoprim resulted in 100% inhibition of the metabolic activity of

M. leprae, and the effect was synergistic [183]. The first clinical trials in Paraguay

and Ethiopia showed that combinations of brodimoprim and dapsone and of

brodimoprim/dapsone plus rifampicin were highly effective for the treatment of

leprosy. The tolerance of the regimens used was generally good [184]. An in vivo

study of epiroprim, either singly or in combination with dapsone, againstM. leprae
using a mouse footpad model showed that a concentration of 0.05% in the diet

completely inhibited the growth of both dapsone-sensitive and dapsone-resistant

strains of M. leprae [185].
Cephalosporins, like penicillins, are β-lactam antibiotics that work by inhibiting

the bacterial transpeptidase enzyme responsible for cell wall synthesis. Cephalor-

idine (30) was found to be effective againstM. leprae in mice at doses of 300 mg/kg

daily [186]. It was observed that the order of growth inhibition was cefoxitin (31)ffi
cephaloridine (30) >7-aminocephalosporanic acid (32), cephaloglycin (33), and

cefuroxime (34) (see Fig. 13 for structures) [187]. Unfortunately, some of the

cephalosporins are exceptionally expensive and further scientific effort may lead

to cheaper and orally more effective β-lactam antibiotics.

Thiacetazone (35; Fig. 14) is known for its activity againstM. leprae. It has been
found that related thiosemicarbazones (TSC) are metal ion chelaters and act as

inhibitors of the iron-containing bacterial enzyme MRR [188]. The toxicity of

acylpyridine-TSCs was significantly reduced by replacing the thioamide group by

different N-heterocycles. This led to the development of a new compound, PH22

(36), with increased antibacterial activity and chelating properties. The mode of

action of PH22 derivatives is thought to be the result of inhibition of DNA synthesis
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by inhibition of MRR. Another important molecule active against M. leprae is

PQ22 (37).

Deoxyfructo-5-hydroxytryptamine (DF5HT) is a human metabolite, first

detected in 1981 [189]. This metabolite shows antileprotic activity in vitro and in

the mouse footpad system and was found to be bacteriostatic [190]. DF5HT is also

active against bacilli in Schwann cells of a nerve culture, and in macrophages from

multibacillary patients. Experimental results demonstrated enhanced lymphocyte–

macrophage interaction promoted by the drug, which could be the result of stim-

ulation of the CMI. In a clinical trial conducted in India, a dose of 10 mg/kg was

given to six patients with MB for 6 months. Improvement occurred in five out of six

patients, both in clinical and histological terms. In some cases, DF5HT showed the

ability to clear bacilli faster than dapsone. This could be the result of an

immunostimulating effect [191]. Scientists are also looking at other human metab-

olites, such as deoxyfructo-5hydroxytryptophan, deoxyfructo-serotonine, and some

lipid-soluble derivatives of DF5HT [192]. The time taken for resorption and

penetration into M. leprae-infected tissue is very dissimilar for these metabolites,

and their application could be advantageous in the treatment of MB.

Aminoglycosides exert an antileprotic effect by binding the 30S ribosomal

subunit; some also bind to the 50S subunit and result in the inhibition of protein

synthesis and damage to the RNA translation function. Aminoglycosides have

shown good activity in an animal model and in clinical trials conducted in Malaysia

[193–195]. The two important compounds of this class, kanamycin (38) and

amikacin (39) (Fig. 14), have shown potential activity against M. leprae
[196]. Unfortunately, aminoglycosides are not absorbed if administered orally;

intraperitoneal injections have been used in animal studies but are not very practical

for larger scale administration. Furthermore, the high doses needed may cause renal

and acoustovestibular damage in chronic therapy. At a dose level of 100 mg/kg,
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both agents (kanamycin and amikacin) are bactericidal. At lower doses, kanamycin

loses its activity but streptomycin is still effective [197]. Streptomycin (40) was

found to combine synergistically with rifampin, even if administered only once a

month. It is anticipated that monthly streptomycin might present an alternative to

clofazimine in MDT, and could be used for MB patients once a month with

rifampin [187].

2.7.2 Therapeutic Strategies and Drug Resistance

In order to improve treatment efficacy and drug resistance in M. leprae, WHO

recommended MDT for leprosy in 1981. Initially, patients with MB were treated

daily with dapsone and clofazimine along with a monthly dose of rifampin for

2 years or until the skin smear was negative. Modifications in the recommendations

and diagnostic criteria have been made several times since 1981. Since 1998, WHO

has recommended 1 year of treatment for MB and 6 months of treatment for

PB. Additionally, WHO recommends that patients with a single lesion be treated

with a single combination dose of rifampin (600 mg), ofloxacin (400 mg), and

minocycline (100 mg) [66], Children with a single lesion should take half the adult

dose of the three medications. However, it has been suggested that because of lack

of long-term follow-up, this recommendation has to be considered experimental.

Other drugs (i.e., rifabutin, ofloxacin, sparfloxacin, levofloxacin, minocycline, and

clarithromycin) with antimycobacterial properties can also be used if needed as

substitutes in the current therapeutic programs.

Treatment regimes as recommended by WHO

6 month regimen for paucibacillary leprosy

Dapsone (daily in mg) Rifampicin (monthly in mg)

Adult 50–70 kg 100 600a (once)

Child 10–14 yearsb 50 450a (once)
aUnder supervision
bAdjust dose appropriately for a child of less than 10 years, for example, dapsone 25 mg daily and

rifampicin 300 mg given once a month under supervision

12 month regimen for multibacillary leprosy

Dapsone (daily

dose in mg)

Rifampicin (monthly

dose in mg)a Clofazimine

Adult

50–70 kg

100 600 (once) 50 mg (daily) and 300 mga

(once in a month)

Child 10–14

yearsb
50 450 mg (alternate days) 50 mg (daily) and 150 mga

(once in a month)
aUnder medical supervision
bAdjust dose appropriately for a child of less than 10 years, for example, dapsone 25 mg daily,

rifampicin 300 mg given once a month under supervision, clofazimine 50 mg given twice a week,

and clofazimine 100 mg given once a month under supervision
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Single lesion paucibacillary leprosy (one-time dose of three medications taken together)

Rifampicin (mg) Ofloxacin (mg) Minocycline (mg)

Adult 50–70 kg 600 400 100

Child 5–14 yearsa 300 200 50
aNot recommended for pregnant women or children of less than 5 years

MDT has been very practical and successful in the treatment of both MB and

PB. There has been a considerable decrease in the overall number of registered

cases globally; however, MDT has not been able to reduce the number of newly

registered cases and the problem of drug resistance still persists. Some 19% of

M. leprae isolates from biopsied samples were resistant to dapsone, rifampin, or

clofazimine at various concentrations. It was also observed that 6.23% of the

isolates were resistant to more than one drug in the mouse footpad susceptibility

assay [198]. Several instances of M. leprae multidrug-resistant strains have been

reported [113], for which ofloxacin and minocycline have been recommended.

Although there is a lack of knowledge about the mechanism of resistance of

M. leprae to antileprosy drugs, current understanding of drug-resistant cases

reported for M. tuberculosis and other bacteria indicates that resistance in

M. leprae could be a result of chromosomal mutation. This type of mutation is

generally found in patients that had undergone inappropriate or inadequate drug

therapy. It has been estimated that a mutation frequency of 10�6 and 10�7 to 10�8 in

a population may be possible for dapsone and rifampin or ofloxacin, respectively

[199, 200]. Clofazimine resistance rates in M. leprae are relatively low. Because

undiagnosed MB patients can have large bacterial loads (>1011 M. leprae), it is
possible that a patient could contain up to thousands of rifampin- or ofloxacin-

resistant organisms and 105 dapsone-resistant organisms. Inappropriate therapy for

these patients could result in the spread of one or more resistant phenotypes.

2.7.3 Vaccination

In addition to WHO-recommended MDT, there are many indications that further

efforts are required to prevent the re-emergence of leprosy and to eradicate it. These

efforts include an effective vaccine with potential for both prophylactic and ther-

apeutic use. An antileprosy vaccination can be immunotherapeutic or

immunoprophylactic. The main objective in immunotherapy is to deactivate the

mechanisms leading to immunopathology and to amplify intracellular mechanisms

by which bacilli are killed. On the other hand, the immunoprophylactic approach is

characterized by restoration of the host recognition of shared mycobacterial anti-

gens to promote Th1 responses, to induce CD8+ cytotoxic cells, and to

downregulate the proportion of T cells producing Th2 interleukins. The vaccine

being studied is M. bovis BCG, but its failure to protect certain populations clearly

indicates that there is pressing need for an improved vaccine against leprosy. Other

vaccines being used or explored are Mycobacterium w., Mycobacterium ICRC

(M. avium intracellulare), and heat-killed M. leprae, M. lufu, and M. habana.
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Researchers have identified the multiple antigens that are recognized by the T cells

of leprosy patients, although it is currently unclear how or if their responses are

affected during treatment [201, 202]. The BCG has been found to have good

potential in highly endemic countries such as India and Brazil [203–205]. The

comparative genomics of different mycobacterial species have been explored,

resulting in the identification of new vaccine targets, which provides new hope in

the direction of a new leprosy vaccine.

3 Buruli Ulcer

3.1 Introduction

Buruli ulcer (BU), caused by Mycobacterium ulcerans, is the third most deadly

mycobacterial infection, after tuberculosis and leprosy. BU is characterized by an

indolent necrotizing infection of the skin, subcutaneous tissue, and bone. In the

early stage of BU infection, a painless nodule is formed on the skin and the infection

generally swells; later, the nodule later turns into an ulcer. In the later stage of

infection, the ulcer becomes larger inside than at the surface of the skin, which

becomes swollen as a result of the infection [206]. BU is more common in humid

rural tropical areas and predominantly affects children aged between 5 and

15 years. Sir Albert Cook is supposed to have been the first to identified skin ulcers

with BU in 1897, in Uganda. Later, in 1948, the disease was found in Bairnsdale,

Australia, and the etiological agent was identified [207, 208]. The disease is

sometimes called Bairnsdale or Searles’ ulcer in Australia, and Kumusi ulcer in

Papua New Guinea. The name Buruli ulcer was first used by Clancey and

coworkers after correlating the geographic location of their observations in Buruli

County, Uganda (now called Nakasongola District) [209]. In distinction to tuber-

culosis and leprosy, BU is related to environmental factors and is thus considered

noncommunicable [210]. In July 1998, WHO organized the first international

conference on Buruli ulcer control and research, and recognized BU as a

re-emerging infectious disease in West and Central Africa with an important public

health impact [211]. In the endemic region, BU causes public health and psycho-

social problems to a very high extent because of potential disabling sequelae,

estimated to occur in at least 60% of patients [212]. The number of patients with

BU now exceeds those with leprosy or tuberculosis in someWest African countries,

which indicates its catastrophic effects [213]. Despite a re-emergence of BU over

the past 10–20 years, the disease has for decades remained largely ignored in terms

of funding and research by many national and public health programs [214].
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3.2 Transmission and Epidemiology

There are two main theories related to the mode of transmission of M. ulcerans:
(1) that infection is developed via direct inoculation of the skin from contaminated

soil, vegetation, or water and (2) that infection is developed indirectly from the bites

of insects that have become contaminated from the environment. The main risk

factors associated with BU are proximity to a water source, poor wound care, and

having uncovered skin. In the African endemic region, aquatic insects are thought

to be potential vectors for transmission of the disease to humans

[215, 216]. Marsollier and coworkers showed that M. ulcerans was transmitted to

mice via the bites of aquatic insects having M. ulcerans in the salivary glands

[217]. Portaels et al. isolated M. ulcerans in pure culture from an environmental

specimen for the first time [218]. Even though this theory is widely accepted, there

is little evidence to support the role of this type of aquatic insect as a major vector.

The incubation period of Buruli ulcer was previously estimated to be between 4 and

13 weeks [219]. Recently, the mean incubation period was calculated at 4.5 months

(18 weeks) [220]. The existence of colonies of native possums (small tree dwelling

marsupials) with high concentrations of M. ulcerans in their gastrointestinal tracts

and feces suggests that Buruli ulcer in this region may be a zoonosis and that

humans are a spillover host [221–223]. Because there is no published evidence for

direct person-to-person transmission of M. ulcerans, it is necessary to analyze

whether contamination of an environmental reservoir with M. ulcerans from

chronic ulcers plays a role in local transmission [224].

BU has been reported in more than 33 countries, mainly the rural wetlands of

tropical and subtropical countries, especially in terrain that has seasonal flooding. A

few reports have also come from tropical latitudes in southern Australia, China, and

Japan. Incidence rates are currently highest in West and Central Africa (Benin,

Cameroon, and Côte d’Ivoire). Other endemic countries are the Democratic Repub-

lic of the Congo and Ghana. In 2014, there were 2,251 new cases of Buruli ulcer

globally and 2,151 of them were from the African region (Fig. 15). Since 2009,

when 5,000 cases were reported, there has been a considerable reduction of more

than 50% in the number of new cases [225]. The re-emergence of BU could be a

result of environmental changes such as deforestation, topographic human-made

alterations (dams, irrigation systems), and increasing numbers of people carrying

out manual basic agriculture in wetlands [226, 227]. In Africa, about 48% of those

infected are children under 15 years, whereas this number is 10% in Australia and

19% in and Japan. The genders are affected equally and no racial susceptibility is

known. Most of the lesions are formed on the limbs, with highest frequencies on the

lower extremities. Lesions in humans also arise at the sites of antecedent trauma,

which is possibly the most common means by whichM. ulcerans is introduced into
the skin or subcutaneous tissue from surface contamination [228]. Reported trauma

can be as severe as gunshot or landmine wounds or as slight as a hypodermic

injection [229]. There are multiple reports of patients with Buruli ulcer in

nonendemic countries (e.g., France, Germany, Canada, and the USA).
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3.3 Bacteriology

M. ulcerans is an acid-fast (HCl), alcohol-fast, rod-shaped bacillus that is charac-

terized by its slow-growing nature, optimally on routine mycobacteriologic media

such as L€owenstein–Jensen medium or Brown and Buckle media at 30–32�C. The
bacteria was first isolated and characterized in 1948 in Australia by MacCallum and

associates [208]. M. ulcerans is microaerophilic (low, 2.5%, oxygen concentration

required for growth), exquisitely sensitive to UV radiation, and sensitive to tem-

peratures of 37�C or higher. These properties are in good agreement with the

concept that in nature, especially tropical environments, the organism proliferates

in stagnant water as a saprophyte, symbiont commensal, or parasite

[230]. M. ulcerans is an environmental mycobacterium closely related to

M. marinum, with >97% genetic homology and identical mycosides

[231, 232]. M. marinum infections take place worldwide and are described by

granulomatous inflammation and intracellular infection [233]. There are two main

genomic differences between M. ulcerans and M. marinum. The first difference is
the unique virulence plasmid pMUM, which encodes the enzymes that synthesize a

novel type 1 polyketide called mycolactone [234]. Mycolactone is a necrotizing

immunosuppressive soluble polyketide cytotoxin that exhibits the unique clinical

and histopathological features of Buruli ulcer. Mycolactone inhibits the local

immune response by diffusing into the surrounding tissues and inducing tissue

necrosis [235, 236]. The second genetic difference is the presence of high copy-

Fig. 15 Geographical distribution of Buruli ulcer worldwide, 2014
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number insertion sequences (ISs), IS2404 and IS2606. These ISs are the target of a

M. ulcerans-specific PCR, which is now the gold standard for diagnosis of Buruli

ulcer across the globe. The IS2404 PCR is extremely sensitive and specific, because

of the high number of M. ulcerans cells present in most lesions and the high copy

number of the PCR target inside each cell [237].

3.3.1 Metabolism

Studies of the metabolic pathways of M. ulcerans support the prominence of lipid

degradation for central carbon metabolism, and have uncovered intact glycolysis

and pentose phosphate pathways in lieu of the Entner–Doudoroff pathway

[231]. M. ulcerans has a divided tricarboxylic acid (TCA) cycle; it converts

α-ketoglutarate to succinate via α-ketoglutarate decarboxylase, which is evidenced

by the absence of α-ketoglutarate dehydrogenase [238]. The TCA cycle incorpo-

rates the glyoxylate shunt, and thusM. ulcerans metabolism can lead to two-carbon

degradation products (acetyl-CoA) and propionyl-CoA from β-oxidation of host

fatty acids. The methyl citrate pathway metabolism of propionyl-CoA can occur in

several ways.M. ulcerans lacks methylisocitrate lyase, which causes a reduction in

the metabolism of propionic acid with a detrimental effect on growth

[239]. M. ulcerans also lacks the nitrate and fumarate reductase systems, resulting

in its aerobic rather than anaerobic nature. M. ulcerans has maintained >400

putative oxidoreductases, dehydrogenases, and mono- and dioxygenases, signifying

that a robust and complex respiratory potential remains in aerobic conditions

[231, 240].

The secondary metabolites and cell envelope of M. ulcerans have been more

extensively studied than those of other mycobacteria. It has been found by geno-

mics that, as a result of depletion of genes encoding polyketide synthase (PKS),

M. ulcerans lacks the pks2 locus required for the production of sulfolipids

[241]. M. ulcerans liberates the energy (NADP) and substrates (malonyl-CoA and

methylmalonyl- CoA) for the production of mycolactone. M. ulcerans has retained
a significant anabolic lipid, which is essential for preservation of the mycobacterial

cell wall. M. ulcerans has been shown to produce diunsaturated, methoxy, and

ketomycolic acids and other lipids synthesized by fatty acid synthases I and II

[242]. M. ulcerans also produces a highly abundant and apolar cell wall, whose

lipids include diesters of phthiodiolone [243, 244]. In M. ulcerans, the β-diol
backbone of phthiodiolones is produced from C16–C18 fatty acids by five type I

PKSs encoded by the genes ppsA to ppsE. These PKSs process p-
hydroxyphenylalkanoate by producing phenolphthiodiolones, which undergo fur-

ther modification by glycosylation to generate immune modulators, virulence

factors, and phenolic glycolipids (PGLs) [232, 245]. M. ulcerans contains both

mevalonate and nonmevalonate pathways for polyprenoid synthesis [246]. The

polyprenyl phosphate forms lipid-linked sugar intermediates formed by sequential

condensation of isopentenyl diphosphate and dimethylallyl diphosphate, which are

required by bacteria during cell wall biosynthesis.
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3.3.2 Genomics and Proteomics

M. ulcerans and M. marinum have more or less identical genomes, but are pheno-

typically different. M. ulcerans produces no photochromogenic pigments and

replicates slowly, whereas M. marinum replicates twofold every 6–11 h with no

mycolactone production. Stinear et al. reported the complete genome sequences

from a strain of clinical M. marinum (strain M) and an African epidemic strain of

M. ulcerans (strain Agy99, isolated from Ghana in 1999). This genomic analysis

established the reductive evolution of M. ulcerans from M. marinum [231, 233,

247]. Computer-based genomic comparison of M. marinum and M. ulcerans
established similar genetic compositions for these bacteria, with more than 4,000

orthologous and syntenic protein-coding DNA sequences (CDSs) with average

98.3% sequence identity. This study also confirmed a loss of 1.1 Mb of DNA in

M. ulcerans as a result of deletions. Many chromosome rearrangements had

occurred and insertion sequence elements were identified, especially IS2606

(91 copies) and IS2404 (213 copies), which disrupt more than 110 genes

[231]. M. ulcerans strains have 11 chromosomal CDSs that seem to be bacterium

specific and might, in combination with mycolactone, resulting in the pathogenesis

associated with BU. In conclusion, it is better to say thatM. ulcerans has evolved by
lateral gene transfer and reductive evolution, procurement of the virulence plasmid

pMUM001, huge expansion of IS2606 and IS2404 content, extensive formation of

pseudogenes, rearrangements of the genome, and deletion of genes.

PE and PPE are protein families particularly found in the cell envelope of

mycobacterium, but their function has not been elucidated. The PE and PPE pro-

teins are predominantly rich in glycine and alanine, have characteristic N-terminal

domains, and are influenced by amino acid content. The reductive genome of

M. ulcerans leads to a decrease in PE and PPE proteins from 281 in M. marinum
to 115 in M. ulcerans, supplemented by reduction in the related ESX secretion

systems and their effector proteins [248]. The members of the ESAT-6 (6 kDa early

secretory T cell antigenic target) protein family and specific effectors such as EspA

(ESX-1 secretion-associated protein A) are exported by the ESX loci, which

encodes type VII secretion systems [249, 250]. The genes encoding LipY

(an immunodominant PPE protein with triacylglycerol hydrolase activity) have

been deleted in M. ulcerans. Furthermore, the number of ESX secretomes is

depleted from five systems to three [231, 251]. As a result of this, there is a loss

of expression of ESAT-6 (considered important in granuloma formation and path-

ogenesis) and the EspA 1068 effector proteins, which are reduced to 2 paralogs in

M. ulcerans from 18 inM. marinum [250, 252]. Huber and coworkers revealed that

some strains of M. ulcerans display a similar pattern to that of M. ulcerans Agy99,
whereas others have acquired loss-of-function mutations or independent deletions

in these regions, suggesting that loss of the ESX loci is an advantage for

mycolactone producers [253]. M. ulcerans also synthesizes phenolphthiodiolone

(highly apolar and abundant polyketide-derived methyl-branched lipid intermedi-

ate, responsible for PGL synthesis) but cannot make PGL, because the gene for the
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glycosyl transferase that adds the rhamnosyl moiety (locus tag mUL_1998) is

inactive [232].

3.4 Pathogenesis and Immune Response

3.4.1 Mycolactone and Pathogenesis

Mycolactones are polyketide-derived macrolides with poor immunogenic potential

[254]. Mycolactone A/B is the most active and prevalent, and is representative of

M. ulcerans strains from Africa [255]. If mycolactone A/B (41¸ Fig. 16) is added

externally, there is intense cytotoxic activity in vitro, affecting macrophages,

monocytes, lymphocytes, neutrophils, fibroblasts, adipose cells, epithelial cells,

and DCs [236, 254, 256, 257]. Mve-Obiang showed that 0·01 ng/mL of

mycolactone A/B is enough to induce cell death in L929 cells [255]. The

apoptogenic activity of mycolactone is linked to cytotoxicity, because Buruli

ulcer lesions are reported to show massive apoptosis [258]. In 1999, mycolactone

was isolated and shown to cause cell-cycle arrest in cultured L929 murine fibro-

blasts [235]. Mycolactone is composed of a 12-membered ring (macrolide) to

which two polyketide-derived side chains are attached. Mycolactone is structurally

similar to immunosuppressants such as rapamycin, FK506, and cyclosporin A. The

characteristic mixture of mycolactone congeners differs in clinical isolates from

different geographical areas [255]. Mycolactone A/B has the highest activity in

mammalian cell lines. It exists as a 3:2 equilibrium mixture of Z-Δ40,50 and E-Δ40,50

isomers, as shown in Fig. 16 [259].

Stinear et al. reported the identification of a giant plasmid (pMUM001) bearing

mycolactone-producing enzymes. The plasmid pMUM001 is composed of

174,155 base pairs (bp), with 62.8% G+C content. Its 81 protein-coding DNA

sequences bear a cluster of genes for complete mycolactone synthesis

[234, 260]. A type II thioesterase and a FabH-like ketosynthase may play important

roles in the chain termination and transfer of the mycolactone acyl side chain to the
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Fig. 16 Mycolactone A/B as Z-Δ40 ,50/E-Δ40 ,50 ¼ 3:2 dynamic equilibrium mixture
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core [254]. The discovery of pMUM001 had a great impact on mycobacterial

research because mycobacterial plasmids had never been directly linked to viru-

lence. The role of mycolactone in M. ulcerans survival in nature has not yet been

clarified. A painless lesion and poor acute inflammatory cellular infiltration are

characteristics of BU infection. The mechanism of loss of pain sensation

(hypoesthesia) is related to nerve degeneration, which occurs through invasion of

bacilli or mycolactone at the perineural and endoneurial level [261, 262]. Recently,

it has been shown that mycolactone activates type 2 angiotensin II receptors, which

results in hypoesthesia through potassium-dependent hyperpolarization of neurons

[263]. Mycolactone-exposed cells undergo cytoskeletal rearrangement in vitro as a

result of a modification in actin dynamics and binding of mycolactone to Wiskott–

Aldrich syndrome protein (WASP) and neural WASP [264]. Mycolactone has

different effects on DCs and T cells, signifying that it might bind to a different

receptor and interfere with distinct signaling pathways. Mycolactone also inhibits

the cytokine production and function of the Sec61 translocon (responsible for

translocation of proteins into the endoplasmic reticulum) and affects the prepro-α
factor, IL-6, and β lactamase (conventional secreted proteins; two nonmammalian

model proteins and a cytokine used routinely in translocation assays); TNF and

thrombomodulin (both type I membrane proteins); and Cox-2 (an enzyme resident

in the endoplasmic reticulum) [265, 266].

Scherr and coworkers studied both naturally and non-naturally occurring vari-

ants and established the structure–activity relationship of synthetic mycolactones.

They showed the importance of the lower C5-O-linked polyunsaturated acyl side

chain and the C-linked upper side chain. Greater variation in cytotoxic activity

against mammalian cells was observed as a result of changes in the lower side chain

compared with changes in the upper side chain. Mycolactone A/B had no antimi-

crobial activity against Gram-negative and Gram-positive bacteria and was not

active against Dictyostelium and Saccharomyces [267]. Hence, generation of

additional mycolactone variants is required to obtain a better understanding of the

pathogenic effect. A nontoxic variant that competes with mycolactone for receptor

binding could eventually lead to the development of novel anti-BU drugs.

3.4.2 M. ulcerans-Associated Immune Response

Mycolactone is involved in immune suppression by affecting both the innate and

adaptive immune responses. Infection is associated with granulomas, initiated by

infected macrophages in mycolactone-negative strains of M. ulcerans
[268]. According to Schutte et al., antibiotic treatment for 8 weeks leads to an

active inflammatory process in skin compartments as a result of reversal of local

immunosuppression [269]. Mycolactone has been shown to interfere with phago-

cytosis by J774 macrophages [268]. An intramacrophage growth phase is also

observed, which is in accordance with the development of cell-mediated and

delayed-type hypersensitivity responses in BU patients [270]. Toraddo et al.
showed that mycolactone modulates macrophage microbicidal activity as a result

of dose-dependent inhibition of the IFN-γ-induced protective mechanisms,
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including phagosome maturation/acidification and increased NO production, lead-

ing to increased bacterial load [271]. Mycolactone also inhibits production of

chemokines, cytokines, and other secreted immune modulators and intracellular

effector molecules such as Cox-2 and IL-1β [257, 272]. Mycolactone had no effect

on the TLR-dependent activation of the MAPK and nuclear factor (NF)-κB signal-

ing pathways.

At noncytotoxic concentrations (<50 ng/mL), mycolactone inhibits the pheno-

typic and functional maturation of DCs and, in response to TLR ligands, exerts a

selective effect on the secretion of inducible chemokines and cytokines by DCs

[273]. This suppressive effect inhibits the capacity of DCs to prime cellular immune

responses, resulting in the initiation of adaptive immune responses.

Because mycolactone inhibits production of IL-2 by activated T cells, its

immunosuppressive properties extend to lymphocytes [274]. The production of

PMA/ionophore-induced chemokines and cytokines by primary human CD4+ T

lymphocytes is strongly inhibited by mycolactone. Mycolactone also strongly

inhibits the production of many Th1, Th2, and Th17 cytokines by T cells

[275]. The large dose (50 or 100 μg) used for subcutaneous administration of

mycolactone causes T cell homing in vivo, resulting in massive depletion of T

cells in the peripheral lymph nodes, which is associated with defective expression

of L-selectin [276]. Moreover, mycolactone reduces the levels of L-selectin, because

it also reduces the expression of microRNA let-7b. Recently, caspase-3 was

described as a target of let-7b in mesenchymal stem cells, signifying that reduced

let-7b contributes to apoptosis in T cells [277].

The main characteristic of Buruli ulcer is that lesions are painless, despite

extensive tissue necrosis. En et al. showed that the nerves in the perineurium are

invaded by M. ulcerans and that invasion can extend further to the endoneurium,

with degeneration of vacuoles in Schwann cells involved in the formation of

myelin. Mycolactone at a dose level of 100 μg induced nerve damage, hemorrhage

in neurons, neutrophilic infiltration with loss of nuclei in Schwann cells, and

vacuolar changes in myelin [262, 278]. These studies suggest a direct role of

mycolactone in the destruction of nerves; however, no evidence of neural degen-

eration was observed in mycolactone-induced analgesia [263].

3.5 Buruli Ulcer Manifestation and Classification

Buruli ulcer at the skin level manifests as papules, nodules, plaques, edema, and

ulcers, defined as follows:

A papule is usually a painless, non-tender, sometimes itchy, raised intradermal skin

lesion of<1 cm in diameter. The surrounding skin may be reddened. Papules are

commonly observed in Australia and can be confused with an insect bite

(Fig. 17a).

A nodule is a lesion 1–2 cm in diameter that extends from the skin into the

subcutaneous tissue. It is typically firm and painless, but may be itchy. The
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surrounding skin may be discolored, often hypopigmented, in comparison with

adjacent areas. Nodules are commonly seen in Africa (Fig. 17b).

A plaque is a firm, non-tender, painless, elevated, well-demarcated, indurated

lesion >3 cm in diameter with irregular edges. The skin around the lesion is

often also discolored; in dark-skinned people it is generally hypopigmented

(Fig. 17c).

Edema is diffuse, often extensive, firm, usually non-pitting swelling with ill-defined

margins, which involves part or all of a limb or other part of the body. There may

be changes in color over the affected area of skin. It may be painful.

An ulcer is a painless, deep ulcer extending into the subcutaneous fatty tissue. It has
undermined edges and variable induration extending from the margin of the

ulcer into the surrounding healthy skin, usually with good differentiation on

palpation. The surrounding skin may also be edematous. The floor of the ulcer

may have a white, cotton wool-like appearance as a result of necrotic slough.

Untreated ulcers are painless, unless there is secondary bacterial infection. When

there is more than one ulcer and the ulcers are close together, they often

communicate beneath normal-looking skin and could spread over a sizeable

distance (Fig. 17d).

Osteitis/osteomyelitis is a complication of severe cases, usually resulting from

contiguous spread of infection from covering non-ulcerative or ulcerative dis-

ease, especially on the forearm or lower leg. Some cases could be the conse-

quence of hematogenous spread ofM. ulcerans. Joints and small bones are often

involved.

WHO has introduced a classification system based on lesion size and treatment

recommendation. The two reasons behind this classification are (1) small lesions

Fig. 17 Skin level manifestations of Buruli ulcer: (a) papule, (b) nodule, (c) plaque, and (d) ulcer

[279]
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are more likely to heal with only antibiotic treatment and (2) small lesions reflect

the health-promoting impact of early diagnosis and can therefore be used to monitor

progress [279]. Classification is based on three categories:

• Category I: a single lesion <5 cm in diameter including the indurated areas

defined by palpation. Most category I lesions heal completely with antibiotic

treatment.

• Category II: a single lesion measuring 5–15 cm in diameter including the

indurated areas defined by palpation. Some category II lesions heal completely

with antibiotic treatment.

• Category III: a single lesion >15 cm in diameter, multiple lesions, lesion(s) at a

critical site (eye, breast, genitalia), and osteomyelitis. Category III ulcers are

typically managed, in addition to antibiotics, by surgery (debridement and skin

grafting) to achieve an acceptable rate of healing. Multiple small lesions and

lesions at critical sites may heal with antibiotics alone. Treatment indications

may differ according to the subcategory:

(a) A single lesion >15 cm in diameter and osteomyelitis (complete antibiotics

before surgery)

(b) Lesions at critical sites (complete antibiotics and carefully avoid surgery if

possible)

(c) Small multiple lesions (complete antibiotics, if possible, before considering

surgery)

3.6 Treatment

The traditional approach for treatment of BU has been surgery to remove necrotic

tissue and subsequent skin grafting to repair the defect [280, 281]. This approach is

therapeutic for many small lesions, but relapse rates in some centers can be as high

as 18–47% [282]. In Australia, a relapse rate of up to 32% was reported for those

treated only with surgery [283]. In 2012, WHO published “Treatment of Mycobac-
terium ulcerans disease (Buruli ulcer): Guidance for health workers” [279]. WHO

currently recommends 8 weeks of multidrug therapy with a combination of rifam-

picin, streptomycin, clarithromycin, and moxifloxacin for the treatment of BU.

3.6.1 Chemotherapy

Rifampicin: As described in the section “Rifampicin,” rifampicin is a semisynthetic

derivative of rifamycin. It has bactericidal action against tubercle bacilli in cellular

locations, as already described. The recommended dose of rifampicin is 10 mg/kg

body weight (8–12 mg/kg) daily or three times weekly; maximum daily dose is

600 mg. Vitamin K should be co-administered with rifampicin during pregnancy to

reduce the risk of postnatal hemorrhage.
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Streptomycin: As described in the section “Other Antileprotic Agents,” strepto-

mycin is an aminoglycoside bactericidal antibiotic (antimycobacterial) drug. The

recommended dose of streptomycin in adults is 15 mg/kg body weight (12–18 mg/

kg) daily or two or three times weekly; maximum daily dose is 1,000 mg. Strep-

tomycin causes auditory nerve impairment and nephrotoxicity in the fetus and

should not be used in pregnancy.

Clarithromycin: As described in the section “Clarithromycin,” clarithromycin is

a semisynthetic macrolide antibiotic derived from erythromycin A. It displays

significant activity against M. ulcerans in humans. Clarithromycin is converted to

14-OH clarithromycin by rapid first-pass hepatic metabolism that is less active

against M. ulcerans. The conversion of clarithromycin to 14-OH clarithromycin

increases for co-administration with rifampicin, whereas the blood concentration of

rifampicin increases slightly. Of all the macrolide drugs, clarithromycin and its

metabolites have the best oral bioavailability (50%) and can thus be administered

orally. The recommended dose of clarithromycin for adults is 7.5 mg/kg twice daily

using immediate-release tablets and 15 mg/kg once daily for extended-release

capsules. For children, the recommended dose is < 20 kg body weight using

immediate-release tablets or 7.5 mg/kg once or twice daily for pediatric suspension.

Clarithromycin should not be used during pregnancy except under clinical circum-

stances in which no alternate therapy is available.

Moxifloxacin: As described in the section “Fluoroquinolones Derivatives,”

moxifloxacin is a synthetic fourth-generation fluoroquinolone antibiotic. The pres-

ence of a methoxy group at the C8 position of the fluoroquinoline ring makes it less

likely that Gram-positive bacteria will become resistant. Multiple mutations in

bacteria are necessary for the development of moxifloxacin resistance; hence,

resistance to moxifloxacin develops slowly. The recommended dose is 400 mg

once daily for all indications. No dosage adjustments are essential for gender, aged

populations, low body weight adults, mild or moderate hepatic insufficiency, renal

impairment, or patients on chronic dialysis.

3.6.2 Combination Therapy

According to WHO guidelines and published results [279], clarithromycin is the

preferred oral companion drug to rifampicin. The combination use of ciprofloxacin

instead of moxifloxacin is based on published in vitro results of its activity against

M. ulcerans [284, 285], and on clinical experience with its use in combination with

rifampicin [286–288]. However, use of ciprofloxacin alone has not been studied in

clinical trials and it is not currently recommended by WHO. In a mouse model,

clarithromycin combined with a fluoroquinolone antibiotic showed effectiveness, and

can be used if rifampicin is contraindicated or not tolerated [289]. The effectiveness of

rifampicin and amikacin and their combination was estimated in the experimental

treatment of mice. After 7 weeks of treatment with this combination, no viable bacilli
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were found in the infected tissues and these remained uninfected during the following

6 months with no sign of relapse [290]. The healing of BU lesions is slow and can

continue for up to 12 months after completion of the recommended 8-week antibiotic

regimen if skin defects are large, particularly if the diagnosis of BU was delayed

[291]. A recent study related to prolonged streptomycin administration revealed

significant persistent hearing loss; nephrotoxicity was also present in both adults and

children but appeared to be transient [292]. Omansen et al. showed that the avermectins

(42), ivermectin (43), andmoxidectin (44) (seeFig. 18). inhibited growthofM.ulcerans
at 4–8 μg/mL and showed dose-dependent killing in culture-based and biolumines-

cence assays. The avermectins are low-priced and already in use for treatment of river

blindness. Thus, there may be a chance to repurpose a well-tolerated drug for the

treatment of BU [293].

3.6.3 Thermotherapy and Other Methods

M. ulcerans grows best at 30–33�C and not above 37�C and this property has been

explored for therapeutic purposes. A temperature of approximately 40�C
maintained in the ulcerated area for 68 days managed to cure all treated patients.

There was no evidence of local recurrence during follow-up periods of up to
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22 months [294]. In 2007, a cheap phase-change material device, widely used in

commercial pocket heat pads, was explored as a prospective treatment for ulcera-

tive lesions. In patients with small ulcers, complete wound healing occurred

without further intervention, whereas patients with larger defects underwent skin

grafting after successful heat treatment. All patients were relapse-free 1.5 years

after treatment [295].

Ointments generating topical nitrogen oxides promoted healing in one small

controlled trial and could be a treatment of choice in resource-poor regions

[296]. Nitric oxide has also been shown to killM ulcerans in vitro [297]. Phenytoin
(45) powder appears to promote healing, possibly as a result of accelerated

fibrogenesis [298]. The effectiveness of hyperbaric oxygen (2·5 kPa of partial

pressure) in humans need to be confirmed through controlled trials, although its

effectiveness has been proven in mice infected with M. ulcerans [299, 300].

3.7 Vaccine

There is no specific vaccine against BU. BCG vaccination may provide some

protection against M. ulcerans infections for 6–12 months and appears to prevent

BU-related osteomyelitis in adults and children [301]. BCG vaccines are used to

boost the immune response by the use of recombinant BCG overexpressing pro-

tective antigens [302, 303]. Sometimes, boosting through adjuvanted subunit pro-

tein vaccines [304–306] or viral vectors expressingM. tuberculosis antigens is also
used [307]. The limited protection of BCG vaccination is a result of antigenic

differences between BCG and mycobacterial strains of M. ulcerans. The use of a

live, attenuated mycolactone-deficient M. ulcerans strain could be another alterna-

tive. The advantage of this approach is the expression of all antigens produced by

virulent M. ulcerans bacteria, except the mycolactone toxin. As a result, a broad

spectrum of humoral and cellular M. ulcerans-specific immune responses are

induced [308]. In M. ulcerans, many proteins are highly homologous with other

mycobacterial proteins; for example, 84% amino acid sequence identity was found

between antigen 85A (Ag85A) of M. ulcerans and M. tuberculosis [309]. Delay in

BU progression in mice was achieved by the use of a DNA vaccine coding for

Ag85A from either M. tuberculosis or M. ulcerans, with better protection in the

case of M. ulcerans [310]. Protection against M. ulcerans in mice was observed by

the use of DNA vaccination with M. ulcerans heat shock protein (Hsp)65

[311]. However, this Hsp is immunogenic and homologous with human Hsp60,

which is a serious drawback for vaccine development [312]. To develop a vaccine,

there is a need for identification of specific M. ulcerans antigens. Some protein-

coding sequences of plasmid pMUM001 may encode surface-exposed antigens and,

if these surface-exposed antigens turn out to be more than hypothetical, they could

have implications for serodiagnosis as well as for vaccine development [210].

Neglected Tropical Bacterial Diseases 209



4 Trachoma

4.1 Introduction

Trachoma, also known as granular conjunctivitis, Egyptian ophthalmia [313], and

blinding trachoma, is an infectious disease caused by the obligate intracellular

bacterium Chlamydia trachomatis. The trachoma, described in the Egyptian Ebers

Papyrus in 1500 BC, is one of the ancient diseases of humankind [314, 315]. Repeated

infection over many years leads to chronic sequelae, with pain, discomfort, and

permanent damage to the cornea of the eye, leading to irreversible visual impairment

or blindness. In fact, trachoma is the one of the most common cause of blindness

worldwide after cataracts, age-relatedmacular degeneration, corneal opacity, diabetic

retinopathy, and vitamin A deficiency (in children) [316]. The infection is transmitted

through eye contact and the nasal discharge of infected people, predominantly young

children. It is also transmitted by flies having contact with infected people. In

trachoma, a severely scarred eyelid (trachomatous conjunctival scarring) turns

inwards, causing the eyelashes to rub against the eyeball (trachomatous trichiasis)

resulting in constant pain and light intolerance. Women are two to three times more

prone to blindness than men. Although trachoma is more related to the blindness

caused by C. trachomatis, it is important to consider its role in sexually transmitted

diseases. Chlamydial urogenital infections can cause cervicitis, urethritis, pelvic

inflammatory disease, and infertility. Trachoma mostly occurs in Africa and Asia,

but is also found in South America and Australia. Nowadays, due to improvements in

living standards, trachoma has completely disappeared from the developed world.

However, it still has catastrophic effects on people in less developed countries. The

main causes for the spread of trachoma in these areas are crowded living conditions,

poor sanitation, and scarcity of clean water and toilets [313, 317].

4.2 Transmission and Epidemiology

The symptoms of trachoma in aged peoples are a result of their exposure to

trachoma when young. This is relevant to the fact that, after disappearance of

trachoma, late sequelae (including trichiasis) can still occur for decades

[318, 319]. Cross-sectional and longitudinal studies have shown that a lower risk

of trachoma is associated with a clean face [320]. Facial cleanliness also decreases

the severity of trachoma, probably by reducing the probability of transmission

[321]. Because water is necessary for face washing, its source is closely related to

the prevalence of active trachoma. Crowded conditions and close contact enable

exchange of infected secretions, especially among children. Eye-seeking flies have

been supposed to be physical vectors for C. trachomatis and it has also been

identified in trapped flies; however, transmission through flies is not certain

[322, 323]. Whether the presence of a latrine and its distance from the house affect

the chances of trachoma is not clear, although the absence or distance of latrines

might reduce breeding sites for the eye-seeking fly Musca sorbens [324].
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Trachoma is endemic in many of the remote and poorest areas of Asia, Africa,

the Middle East, and Australia (Fig. 19) [325]. An intensive global trachoma

mapping effort is ongoing at present and should be completed soon [326]. WHO

classes 51 countries as endemic for trachoma and estimates that 232 million people

live in these endemic areas, with most blinding trachoma in Africa. Active tra-

choma affects an estimated 21 million people, with visual impairment of about 1.8

million people, of whom 0.5 million are irreversibly blind. In 2013, in the

29 endemic countries of the Africa region, 204,000 cases of trichiasis were operated

upon and 55 million people were treated with antibiotics for trachoma

[317, 327]. The estimated number of people affected by trachoma has fallen from

360 million people in 1985 to approximately 80 million people today (Table 1).

Fig. 19 Global distribution of trachoma, 2012

Table 1 WHO estimates of

the global burden of

trachoma, by year

Year Active trachoma Blindness Trichiasis

1956 400 – –

1971 400–500 1–2 –

1981 500 6–7 –

1985 360 6–9 –

1994 146 5.9 –

1996 – – 10.6

2003 84.0 1.6 7.6

2007 40.6 – 8.2

2011 21.4 2.2 7.3

Data are millions of individuals
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Some reports suggest the low rate of prevalence in China and India, in spite of

their large populations. Follicular or severe inflammatory trachoma is mostly

prevalent in children aged less than 5 years, and the prevalence can reach 60% or

more [328–330]. Active inflammation symptoms increase with age, meaning that

up to 90% of infected people over 25 years old could have scarring [331].

4.3 Bacteriology

In 1907, the presence of Chlamydia was defined for the first time in conjunctival

epithelial cells from patients with trachoma, but C. trachomatis was not isolated in

pure culture until 1957 [332, 333]. Collier and coworkers described experimental

inoculation of a human volunteer with a virus isolated from a trachomatous patient

[334]. C. trachomatis is nonmotile and ovoid in shape. The bacteria are not spore

forming, but the elementary bodies turn into spores when released into the host

[335]. It has a cytoplasmic membrane and outer membrane analogous to those of

Gram-negative bacteria; nevertheless, it lacks a peptidoglycan cell wall.

C. trachomatis requires a eukaryotic host cell in order to remain viable because it

cannot synthesize its own ATP [336]. There are two C. trachomatis biovars (variant
prokaryotic strains that differs physiologically and/or biochemically from other

strains in a particular species), namely the trachoma and the lymphogranuloma

venereum biovars [337]. Both biovars lead to the 19 different serotypes or serovars.

The serovars A–K are assigned to the trachoma biovar, and serovars L1, L2, L2a,

and L3 to the lymphogranuloma venereum biovar. The serovars A, B, Ba, and C

cause trachoma by infecting the epithelial cells of the eye. Serovars D–K are

responsible for sexually transmitted genital-tract infections [338]. The serovar

specificity depend on epitope variance of the major outer membrane protein

(MOMP), which constitutes 60% of the surface proteins [339]. MOMP character-

ization is important for differentiation between the C. trachomatis serovars. The
C. trachomatis strains are recognized by monoclonal antibodies (mAbs) to epitopes

in the VS4 region of MOMP [340], although these mAbs may similarly crossreact

with two other Chlamydia species, C. suis and C. muridarum. C. trachomatis has a
single chromosome of about 1 Mbp and a multicopy plasmid that functions as a

virulence factor [341].

4.3.1 Chlamydial Life Cycle

A significant factor in the chronic nature of these infections is related to the unique

developmental life cycle of chlamydial bacteria. C. trachomatis can adopt two

distinct forms in its life cycle: the small, metabolically inactive, extracellular

elementary body (EB) and the larger, metabolically active, intracellular reticulate

body (RB). In C. trachomatis, EBs are usually smaller than the replicative stage

RBs (0.3 μm for EBs compared with 1.0 μm for RBs) [342–344]. EBs are the
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infectious form of C. trachomatis, whereas RBs are the replicating form. The

developmental life cycle alternates over a 48–72 h period between EB and RB

[345]. The life cycle of C. trachomatis begins with attachment and entry of

infectious EBs into host epithelial cells. Heparan sulfate proteoglycans are

suggested to be involved in this process [346]. In the host cell after endocytosis,

EBs persist within a membrane-bound compartment named an inclusion, where

they start to differentiate into RBs (Fig. 20). The stability of the EB cell wall is a

result of outer membrane proteins that are highly crosslinked with disulfide bonds,

including MOMP and two cysteine-rich proteins OmcA and OmcB [347]. The

breaking of disulfide bonds takes place during EB to RB transformation, which

leads to a more fluid and permeable membrane that allows transport of nutrients and

ATP from the host, which is necessary for the transformation steps [348]. In the

host cells, inclusions utilize most of the cytoplasm and become several thousand

times larger through binary fission of the contained RBs. This is followed by the

fusion of inclusions and differentiation of RBs back into EBs. Simultaneously,

DNA condensation takes place, leading to an overall reduction in DNA size. The

newly formed EBs are eventually released by cell lysis and/or extrusion to attack

uninfected cells. It is difficult for the immune system to eliminate the pathogen,

because C. trachomatis exists most of the time in intracellular inclusions that are

not exposed to lysosomal enzymes and even inhibits the fusion of phagosomes with

lysosomes [349].

4.3.2 Metabolism

Genome sequencing revealed that Chlamydia is not an “energy parasite” as had

previously been believed, because they possess the necessary pathways for ATP

Fig. 20 Schematic representation of chlamydial life cycle
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generation in addition to ATP/translocases for acquiring ATP from the host

[343, 350]. C. trachomatis generates ATP via substrate-level phosphorylation by

the enzymes phosphoglycerate kinase and pyruvate kinase, resulting from metab-

olism of glucose-6-phosphate to pyruvate via glycolysis [351, 352]. C. trachomatis
has a glycolytic pathway and a linked TCA cycle. The TCA cycle is incomplete in

C. trachomatis because of the lack of three enzymes: aconitase, citrate synthase,

and isocitrate dehydrogenase [352–356]. Genomics revealed that acetyl-CoA

resulting from pyruvate in glycolysis and acetyl-CoA derived from fatty acid

degradation cannot enter the TCA cycle [357, 358]. As a result of this, constant

metabolite exchange with the host is mandatory for TCA cycle operation [353]. The

C. trachomatis succinate dehydrogenase subunit C is not functional because it lacks

the functionally residues required for the binding of hemes and for interaction with

vitamin K2 [359, 360]. The succinate dehydrogenase or complex II of the respira-

tory chain acts as a regulator of the TCA cycle and of oxidative phosphorylation.

C. trachomatis has the capacity to produce ATP by oxidative phosphorylation using

the respiratory chain, which consists of a Na+-translocating NADH dehydrogenase,

a V-type ATPase, succinate dehydrogenase, and cytochrome bd oxidase.

C. trachomatis is auxotrophic for most amino acids, cofactors, and purine and

pyrimidine nucleotides and therefore depends on the import of host-derived com-

pounds [352–356].

Jiangwei Yao et al. showed that fatty acid synthase II and FabI are essential for

chlamydial replication, in contradiction to the results of Saka et al., who suggested

that the fatty acids and phospholipids of chlamydial membranes are obtained from

the host [361, 362]. There is growing evidence for the occurrence of some degree of

metabolic activity in the EB stage [363, 364]. The concept of chlamydial EBs as

metabolically inert or spore-like may therefore be in need of modification.

4.3.3 Genomics and Proteomics

C. trachomatis has a genome that consists of 1,042,519 nucleotide base pairs and

approximately 894 likely protein-coding sequences; the average size of the genes is

1,050 bp [354]. C. trachomatis has few repetitive elements and pseudogenes,

reflecting its long-term co-adaptation to life within eukaryotic hosts [365]. The

C. trachomatis strains have an extrachromosomal plasmid, which was shown by

sequencing to be a 7,493-bp plasmid with a copy number approximately fourfold

greater than that of the chromosome [366, 367]. The chlamydial plasmids are

nonconjugative and nonintegrative. They do not encode antibiotic resistance

genes and do not display signs of genetic flexibility [368]. The plasmids from

different Chlamydia species show nucleotide sequence identity of 69–99%, with

very high identity within C. trachomatis [366, 369]. The C. trachomatis plasmid

brings a set of five open reading frames (ORFs), which share identity with episomal

maintenance genes common to other plasmids, and a set of three genes encoding

proteins of unknown function, each of which is Chlamydia specific. Some

C. trachomatis strains are deficient in these plasmids, and the consequences help
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in detection of the C. trachomatis strain. C. trachomatis strains lacking plasmids

have an unusual inclusion morphology, no glycogen, and show no alteration in

antibiotic sensitivity. The plasmid of C. trachomatis is a favored target for

DNA-based diagnosis. The chlamydial plasmid is a common target for nucleic

acid amplification test (NAAT)-based diagnosis of human infections [370]. The

glycogen biosynthesis gene glgA is downregulated in plasmid-negative

strains [368].

4.4 Immune Response in Trachoma

In trachoma, cytokines and chemokines are produced after infection (released by

infected epithelial cells) and are responsible for both adaptive and innate immune

responses against C. trachomatis [371]. Several pro-inflammatory cytokines, such

as TNF-α, IL-1, IL-6, and IFN-γ, were found to be involved [372]. The recruitment

of phagocyting neutrophils and macrophages is induced by IL-1 and TNF-α
[373]. Chlamydia infections are recognized by host pattern recognition receptors

(PRRs) that recognize chlamydial lipopolysaccharide (LPS) via TLR4 [374–377]

and heat shock protein Hsp60 through TLR2 and TLR4 [378–383]. In addition to

TLRs, cytosolic PRRs recognize chlamydial pathogen-associated molecular pat-

terns (PAMPS). Chlamydia infection also leads to production of reactive oxygen

species (ROS), and K+ efflux activates ROS production [384–386]. During the

initiation of Chlamydia infection, there is an acute localized inflammatory response,

mainly mediated by polymorphonuclear leukocytes (PMNs) and mononuclear

leukocytes, recruited by cytokines and chemokines [387, 388]. Chlamydia-infected
cells secrete the pro-inflammatory cytokines, chemokines, and interferons such as

IL-1α, IL-1β, GM-CSF, IL-8, IFN-α, and IFN-γ. The adaptive immune response at

the site of infection is due to immature DC infiltration [389]. The expression of

chemokines that are chemotactic for natural killer (NK) cells is significantly

induced at the site of infection [389, 390]. The intracellular localization of

C. trachomatis in inclusions restricts its exposure to antibodies and replication,

resulting in prolonged infection [391]. The inhibition of apoptosis of infected host

cells and the induction of apoptosis in T cells by secretion of TNF-α both lead to the

avoidance of immune responses [392, 393]. C. trachomatis releases cytoplasmic

proteases that downregulate the expression of MHC I and II, thus inhibiting the

activation of T cell responses [394].

4.5 Classification and Grading of Trachoma

After an incubation period of about 5–10 days, the infected phase of trachoma

begins with conjunctivitis characterized by the formation of lymphoid follicles,

irritation, and a watery discharge. The trachoma conjunctivitis may extent to the
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upper margin of the cornea, where vascularization occurs during healing, forming

shallow grooves called Herbert’s pits [337]. Repeated conjunctivitis can lead to

fibrosis, which causes permanent scarring of the upper tarsal conjunctiva, the

contraction of which leads to trichiasis (rubbing of eyelashes against the cornea)

and entropion (inward folding of the eyelids).

Trachoma can be assessed by the WHO grading system, which categorizes

trachoma into five stages [395, 396]. The eyelids and cornea are diagnosed first

for corneal opacity or turned eyelashes. The normal conjunctiva is thin, smooth,

pink, and transparent with large deep-lying blood vessels running vertically. Exam-

ination of the conjunctiva over the stiffer part of the upper lid (tarsal conjunctiva) is

carried out by turning over (everted) the upper eyelid (Fig. 21a). The five stages are

as follows:

• TF – Trachomatous inflammation, follicular: The presence of five or more

follicles in the upper tarsal conjunctiva. Follicles are round swellings that are

paler than the surrounding conjunctiva, appearing white, grey, or yellow. Folli-

cles must be at least 0.5 mm in diameter (Fig. 21b).

• TI – Trachomatous inflammation, intense: Pronounced inflammatory thickening

of the tarsal conjunctiva that obscures more than half of the normal deep tarsal

vessels. The tarsal conjunctiva appears red, rough, and thickened. There are

usually numerous follicles, which may be partially or totally covered by the

thickened conjunctiva (Fig. 21c).

• TS – Trachomatous scarring: The presence of scarring in the tarsal conjunctiva.

Scars are easily visible as white lines, bands, or sheets in the tarsal conjunctiva.

They are glistening and fibrous in appearance. Scarring, especially diffuse

fibrosis, may obscure the tarsal blood vessels (Fig. 21d).

Fig. 21 Different grades of trachoma according to WHO guidelines: (a) area of upper eyelid

examined, (b) trachomatous inflammation – follicular, (c) trachomatous inflammation – intense,

(d) trachomatous scarring, (e) trachomatous trichiasis, and (f) corneal opacity
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• TT – Trachomatous trichiasis: At least one eyelash rubs on the eyeball. Evidence
of recent removal of inturned eyelashes should also be graded as trichiasis

(Fig. 21e).

• CO – Corneal opacity: Easily visible corneal opacity over the pupil. The pupil

margin is blurred viewed through the opacity. Such corneal opacities cause

significant visual impairment (less than 6/18 or 0.3 vision), and therefore visual

acuity should be measured if possible (Fig. 21f).

4.6 Treatment

Treatment of trachoma includes surgery and the usage of antibiotics. To prevent

corneal opacification, the abrasive action of lashes on the cornea must be stopped by

surgical correction of the eyelid margin, with epilation as an acceptable short-term

option. The two procedures recommended by WHO are bilamellar tarsal rotation

and posterior lamellar tarsal rotation (or Trabut) [397]. Antibiotics are used to target

the source of the trachoma (i.e., C. trachomitis) and to eliminate bacteria inside the

host. Because both of the above methods require an adequate amount of money,

which is not available in the endemic countries, it is important to follow the rule

“prevention is better than the cure” in affected communities.

4.6.1 WHO SAFE Program

The blindness caused by trachoma can be prevented by precautionary actions and

early treatment, before the incidence of scarring. In 1997, WHO established the

Alliance for Global Elimination of Trachoma by the year 2020 (GET 2020), a

partnership with the aim of eliminating blindness caused by trachoma [398]. The

GET 2020 alliance recommends interventions for prevention and management of

trachoma, known as the SAFE program. SAFE is an acronym for surgery for

trichiasis, antibiotics for active disease, facial cleanliness to reduce transmission,

and environmental improvements [337]. Surgery includes epilation for infections

with few inturned eyelashes, and bilamellar tarsal rotation and posterior lamellar

tarsal rotation (or Trabut) for more severe trichiasis [397, 399]. However, high

relapse rates decrease the success of surgery [400]. Treatment with antibiotics is

desirable to prevent relapse, reduce the severity of disease, and decrease transmis-

sion rates. WHO recommends the application of tetracycline ointment twice daily

for 6 weeks, as well as a single oral dose of azithromycin (20 mg/kg) [401]. Face

washing removes infectious ocular secretions and also reduces the risk of being

targeted by eye-seeking flies. Several studies have shown that proper sanitation and

control of flies by insecticides are important factors in the control of trachoma

[322, 402, 403].
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4.6.2 Antibiotic Treatment

The spread of trachoma was controlled by the use of sulfonamides in North

America in 1930–1940; nevertheless, their use has been stopped as a result of

severe side effects such as the Stevens–Johnson syndrome [404, 405]. Afterwards,

oral treatment with tetracycline (46), doxycycline (47), and minocycline (Fig. 22)

were recommended for periods of up to 1 year, but adverse effects were observed in

children and fetuses [406–408]. Doxycycline treatment was discontinued because it

leads to permanent discoloration of teeth during childhood development

[409]. However, oral erythromycin has been used for the management of trachoma,

but it was also found to be associated with gastrointestinal side effects

[410]. Today, topical tetracycline eye ointment is the most commonly used antibi-

otic in the treatment of trachoma and is a part of the SAFE protocol.

Tetracycline

The recommended treatment for active trachoma is 1% topical tetracycline

(achromycin) ointment, twice daily for 6 weeks [411]. This treatment has proven

successful, but is difficult because the ointment is applied onto the inner surface of

the lower eyelids. Furthermore, the use of ointments momentarily leads to blurred

vision and stinging eyes [412]. Consequently, compliance is poor and trained staff

are usually needed for effective application. Tetracyclines are broad-spectrum

antibiotics that exhibit activity against a wide range of Gram-positive and Gram-

negative bacteria. Tetracycline is a natural product produced by the strains Strep-
tomyces aureofaciens and Streptomyces rimosus [413]. Tetracyclines are polyke-

tide antibiotics with a linear tetracyclic core (rings A to D) of complex

stereochemistry having several adjacent chiral centers. The core scaffold of the

tetracyclines is produced by the programmed synthesis determined by type II

polyketide synthases, and tailoring reactions introduce functional groups with

specific configurations [414]

Tetracycline is a bacteriostatic compound associated with the reversible inhibi-

tion of protein synthesis by binding with the bacterial ribosome and stopping the

association of aminoacyl-tRNA with the ribosomal acceptor site. In C. trachomatis,
tetracycline is known to cross the outer membrane in the form of positive ion
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Fig. 22 Structures of antibiotics used in the management of trachoma
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coordinated complexes, through the OmpF and OmpC porin channels. Subse-

quently, the complexes aggregate in the periplasm and released a lipophilic mole-

cule that diffuses through the cytoplasmic membrane via an energy-dependent

mechanism. Once in the cytoplasm, they encounter higher internal pH and divalent

metal concentrations, become chelated to Mg2+, and bind the ribosome in a chelated

complex form [415–417]. The ribosomal protein S7 is part of the high-affinity

binding site; the proteins S3, S8, S14, and S19 are also considered to be important in

the binding [418]. The hydrophilic side of the molecule may be responsible for the

chemical interactions with 16S rRNA, leaving space on the hydrophobic side

susceptible to chemical substitutions, which is well-tolerated by tetracycline

[413, 419]. Side effects from tetracyclines are not common, but of particular note

is phototoxicity. Tetracyclines are teratogens and can cause teeth discoloration in

the fetus. Therefore, tetracycline is not recommended for oral use in children under

8 years of age.

Azithromycin

The WHO recommends a single oral dose of azithromycin (48) of 20 mg/kg up to

1 g and this is now the standard medication for mass treatment in trachoma-endemic

regions [420]. Although azithromycin is an expensive drug, mass distribution is

possible because of Pfizer’s continuing large-scale donation program [421]. The

short duration of treatment, safety, and better compliance has made azithromycin

the first-line medication in treating active trachoma [420]. Furthermore, with oral

azithromycin, systemic treatment is necessary, which has proven to be more

effective in preventing relapse of trachoma [412].

The azithromycin synthesized in 1980 (9-deoxo-9a-aza-9a-methyl-9a-

homoerythromycin) is an azalide, a subclass of macrolides [422, 423]. In addition

to its activity against Gram-negative pathogens (e.g., C. trachomatis), it has immu-

nomodulatory properties and, for this reason, is used to treat diseases distinct from

infections. Azithromycin is a semisynthetic analog of erythromycin in which an

extra nitrogen atom has been inserted into the macrocyclic lactone (azalide),

resulting in a higher degree of structural stability, excellent tissue penetration,

low toxicity, and a long half-life of approximately 68 h [424]. Azithromycin

reversibly inhibits bacterial protein synthesis by targeting 23S rRNA of the 50S

ribosomal subunit of bacterial ribosomes close to the peptidyl-transferase center ,

where it prevents both the formation of peptide bonds and the translocation of

peptidyl tRNA, leading to the inhibition of translation [425, 426]. The binding site

involves hydrogen bond interactions between C5 mono- or disaccharide side chains

of azithromycin and the nitrogen bases of nucleotide residues in domain V of 23S

rRNA [426]. The hydrophobic interaction of the lactone ring with the ribosome

may account for more than 25% of the free binding energy of the drug, which

indicates that the lactone ring interacts hydrophobically with a crevice formed by

rRNA bases 2,057–2,059 [427].
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Azithromycin is stable in gastric acidic medium. It is readily absorbed, passively

through organic ion channels in the small intestinal lumen and/or actively through

ATP-dependent phosphoglycoprotein transport channels [428, 429]. The absorp-

tion of azithromycin takes place in the blood circulation; azithromycin interacts

weakly with the phase I protein cytochrome P450-3A (CYP3A), but without

significant alteration [430]. Azithromycin is actively transported to the site of

infection, due to its high concentration in phagocytes. The concentration of

azithromycin in the tissues may be much higher than in plasma as a result of ion

trapping and its high hydrophobicity. The most common side effects are nausea,

abdominal ache, diarrhea, and vomiting. Azithromycin treatment may lead to

pseudomembranous colitis. Rarely, patients develop cholestatic hepatitis or delir-

ium. The use of some macrolides leads to prolonged cardiac repolarization and QT

interval with risk of cardiac arrhythmia and torsades de pointes. Such effects of

azithromycin cannot be ignored in patients at increased risk for prolong QT interval

[431]. However, chlamydial infection relapse rates are high when only individual

cases are treated, probably due to re-infection by untreated family members. Thus,

community-inclusive management of antibiotics is needed [432].

4.7 Bacterial Resistances

Antibiotic resistance is an ongoing global medical emergency and we are in great

need of new antibacterial agents to combat promptly emerging resistant pathogens.

The use of antibiotics at a large scale raises the concern of the emergence of

resistant C. trachomatis strains. Currently, there are no examples of stable tetracy-

cline resistance in clinical strains of C. trachomatis at extraocular sites. However,
the swine pathogen Chlamydia suis is commonly tetracycline resistant, both in

America and Europe. In tested US strains, this resistance is mediated by a genomic

island carrying a tet(C) allele [371, 433]. There is no report of macrolide resistances

in C. trachomatis, which was recently confirmed in a study conducted by West

et al. in Tanzania [434]. There may be some other factors of persistent infection that

are in the need of evaluation. The development of resistance in other azithromycin-

sensitive bacteria such as Streptococcus pneumoniae in the nasopharynx after mass

drug treatment has been reported [435, 436]. Improvements in environmental and

education factors are required to eradicate trachoma completely, in addition to the

mass administration of antibiotics. Environmental risk factors include water supply,

fecal and refuse disposal, animal pens within households, and fly density. Effective

control of trachoma needs prolonged effort and is best integrated with local health

systems and other development sectors. Antibiotic treatment strategies show lim-

itations in controlling trachoma as a result of recurrence. The reasons could be the

typical development cycle of C. trachomatis, the extended kinetics of disease

pathogenesis, and limited proper diagnosis. Thus, an effective vaccination would

help to resolve an infection quickly and provide immunity [437].
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4.8 Vaccine

Development of a vaccine against C. trachomatis infections includes several ongo-
ing efforts. In initial trials, killed whole C. trachomatis EBs, recombinant cLPS, and

cHsp70 were used [438]. These methods brought partial, provisional protection and,

in some cases, more severe disease-associated symptoms were observed probably as

a result of adverse effects initiated by the immune system [339]. Extensive research

was carried out to determine the potential of major outer membrane protein

(MOMP) as a subunit vaccine candidate. MOMP consists of four variable domains,

which comprise the serovar-specific epitopes, and five constant domains that are

highly conserved between the different serovars and contain several conserved CD4

andCD8T cell epitopes [439–441].MOMPhas been used in several vaccine studies,

but efforts to induce protection using MOMP peptides, MOMP, or plasmids

expressing MOMP have not been promising, although strong cell-mediated and

humoral immune responses were observed after vaccination. An increased level of

IgA and IgG and longer-lived CMI led to reduction, but not prevention, of infection

in immunized primates [442–444]. Kari and coworkers showed that systemically

administered native MOMP as a subunit vaccine produced significant reduction in

ocular shedding in nonhuman primates [445].

The polymorphic membrane protein D (PmpD) is a major protective antigen on

the surface of chlamydial EBs that could generate neutralizing antibodies and seems

to display the potential to become an effective vaccine candidate [446]. The

N-terminal (N-pmpD) translocates to the surface of bacteria, where it noncovalently

binds the components of the outer membrane. Antibodies raised against N-pmpD

blocked chlamydial infectivity in epithelial cells, indicating that N-pmpD works as

an adhesin [447]. This shows that anti-PmpD antibodies prevent infection

[447, 448]. PmpD may play a role in regulation of host gene expression, leading to

apoptosis of uninfected epithelial cells and T cell suppression [446]. There is a need

to investigate the effects responsible for the beneficial immune response by PmpD as

it is a multifunctional protein with the potential to trigger different pathological

pathways. DNA vaccines have been proposed as viable alternatives to conventional

live or peptide vaccines [449]. The potential of DNA-encoded chlamydial antigens

or epitopes to induce Th1-type immunity against Chlamydia in mice has been

reported [450, 451]. The virus vectors, as well as DCs, have been examined and

were reported to be promising for development of a vaccine [452, 453]. New

ongoing advanced research, with developments in vaccine adjuvants and delivery

mechanisms, promises that a C. trachomatis vaccine may soon be within the reach.

5 Conclusion

This chapter has discussed the relevant biology and approaches for the treatment of

the three major NTBDs: leprosy, BU, and trachoma. There is a lack of research

programs in the area of NTBDs and current progress in the clinical management of
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NTDs is mainly the result of major efforts by WHO. The WHO Strategic Plan for

Leprosy Elimination 2005 had the elimination of leprosy as its main goal, demar-

cated as a reduction in prevalence to less than one case per 10,000 population. The

main principle of leprosy control is “morbidity control,” that is, timely detection of

new cases, their management with effective chemotherapy in the form of MDT,

prevention of disability, and rehabilitation. The Innovative and Intensified Disease

Management (IDM) program of WHO was founded to control NTDs (e.g., BU) by

combining expertise in disease-specific areas with cross-cutting issues such as

surveillance, capacity building, advocacy, and research with the aim of eliminating

or controlling the disease. WHO also established the SAFE strategy and the

association for the Global Elimination of Blinding Trachoma (GET 2020) and

expect to eliminate trachoma by the year 2020. Although the continuous efforts

of WHO in the management of these diseases have been commendable, there are

still several barriers to cross before achieving the goals.

Clinical management of these three diseases mainly depends on the use of

antibiotics. The major limitation of antibiotics is their use for the management of

NTBDs with HIV infection. Furthermore, chemotherapy with antibiotics involves

the risk of emerging resistance to antibiotics, which has been classified by WHO as

one of the biggest threats to human health. Hence, there is a continuous need to

search for new chemical entities to combat this growing problem of antibiotic-

resistant infections. Drug development in the area of NTBDs is very limited

because of the low profit to pharmaceutical industries. In addition to antibiotics,

alternative inexpensive methods of treatment must be explored, such as heat

therapy and hyperbaric oxygen, which have both shown promising results in the

management of BU. Development of a vaccine will certainly help researchers and

medical practitioners to eradicate these diseases. The statement “prevention is

better than the cure” applies in the Third Word because of the high poverty rate,

low hygiene, and poor environment. Furthermore, clinical management is mainly

dependent on the work of WHO. These three illustrations of neglected bacterial

diseases indicate that they need more attention and extensive research for their

control and eradication.

CDRI communication no: 9210
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